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ABSTRACT 

The increase of the band-gap in Zn1-xMgxO alloys with added Mg facilitates tunable control of the 

conduction band alignment and the Fermi-level position in oxide-heterostructures. However, the maximal 

conductivity achieved by doping decreases considerably at higher Mg compositions, which limits 

practical application of this material as a wide-gap transparent conductive oxide.  

In this work, transparent conductive Ga-doped Zn1-xMgxO (ZnMgO:Ga) films were epitaxially 

grown via pulsed laser deposition (PLD) on sapphire by optimizing the substrate temperature and other 

parameters of deposition. Zn0.90Mg0.09Ga0.01O/sapphire films deposited at 400˚C have a Hall mobility (µ) 

of 24.5 ± 2.5 cm2V−1s−1 and a free electron density (n) of 3.81×1020 ± 0.20×1020 cm-3, yielding an 

electrical conductivity (σ) = 1450 ± 10 S/cm.  Zn0.68Mg0.31Ga0.01O/sapphire films deposited under the 

same growth conditions, have similar crystalline quality, but significantly worse electrical properties 

(σ = 262 ± 22 S/cm,  µ = 9.2 ± 0.5 cm2V−1s−1, n = 1.79×1020 ± 0.06×1020 cm-3). This comparison provides 

evidence that the electrical properties deteriorate with increasing Mg content in doped ZnMgO 

independent of crystalline quality. Polycrystalline Zn0.90Mg0.09Ga0.01O/a-SiO2 samples deposited under 

identical conditions on amorphous silica substrates had both inferior crystal quality and inferior electrical 

properties (σ = 80 ± 8 S/cm, µ = 2.5 ± 0.2 cm2V−1s−1, n = 2.04 × 1020  ± 0.20 × 1020 cm-3) compared to 

their epitaxial counterparts. These results suggest that the electrical properties of ZnMgO:Ga are further 

deteriorated by the decrease of the crystalline quality. Overall, the results of this study indicate that both 

intrinsic material properties and crystalline quality influence the electrical properties of single-phase 

ZnMgO:Ga thin films.    

Next, we combine first-principles calculations and material synthesis & characterization to show 

that the leading cause of the conductivity decrease, besides the extended defects, is the increased 

formation of acceptor-like compensating intrinsic defects, such as zinc vacancies (VZn), which reduce the 
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free electron concentration and decrease the mobility through ionized impurity scattering. Following the 

expectation that non-equilibrium deposition techniques should create a more random distribution of 

oppositely charged dopants and defects compared to the thermodynamic limit, we studied the pairing 

between dopant GaZn and intrinsic defects VZn as a means to reduce the ionized impurity scattering.  

Indeed, the post-deposition annealing of Zn0.68Mg0.31Ga0.01O films grown by PLD increases the mobility 

by 50% resulting in a conductivity as high as σ = 475 S/cm.   

Motivated by the insight that zinc vacancies (VZn) are present at a high concentration (~1×1020 cm-3) 

in ZnMgO:Ga films and act as both compensating acceptors and as scattering centers, three strategies were 

implemented to suppress their influence.  First, oxygen partial pressure (pO2) was varied during deposition 

as a way to increase the formation energy of VZn. Although this approach appears effective when 

decreasing pO2 down to 1×10-4 Torr, further decreases in pO2 to as low as 1×10-7 Torr (as in high vacuum) 

does not appear to further prevent the formation of VZn. We hypothesize this is due to the activation of 

alternative non-pO2 related VZn defect formation mechanisms that can occur in this wide band-gap oxide. In 

a second study, the Ga concentration in Zn0.7Mg0.3O:Ga was increased from 1 at.% to 2 at.% and 4 at.%. 

However, both n and µ were observed to decrease monotonically with increasing Ga in the examined range. 

In a final study, Zn0.7Mg0.3O:Ga films with different Ga concentrations were annealed in forming gas to 

passivate VZn using hydrogen. Modest improvements in the electrical properties of the 4% Ga-doped 

ZnMgO film upon annealing at 400˚C suggested a small amount of VZn passivation. However, the kinetic 

process was too slow to yield an effective approach for electrical property enhancement.  

The results of these studies provide important insights into the deleterious effects of both extended 

defects and intrinsic zinc vacancy defects on the electrical properties of ZnMgO:Ga. By careful control of 

deposition and post-processing conditions, we have shown that it is possible to reduce both types of defects 

and thereby synthesize high-quality ZnMgO:Ga films with record breaking conductivity, thereby bringing 

the promise of this material closer to fruition. 
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CHAPTER 1 INTRODUCTION 

Semiconductors have played a pivotal role in the information technology era.  They provide the 

materials foundation for much of our daily electronic life, including smart phones, laptops, Wifi, GPS, and 

cloud computing.  Semiconductors will continue to play a tremendously important role in the new 

sustainability era [1].  They are a critical component in many renewable energy technologies (e.g., solar 

cells and concentrated solar thermal power) as well as in applications to improve energy efficiency (e.g., 

light emitting diodes (LED) and energy-efficient low-emissivity (low-e) windows).  As the number of 

applications increases, there are increasing needs for semiconductors with unique or tailored properties, 

such as a specific absorption edge onset, band-gap, or conduction band edge. Band-gap engineering has 

therefore become a crucial aspect of semiconductor development. Building on the concepts of band-gap 

engineering, this dissertation aims to develop a wide-band-gap semiconductor ZnMgO with independent 

tunability of band-gap, band alignment, and electronic conductivity. More broadly, this dissertation also 

uncovers important scientific insights and general methodologies that can be used to better understand and 

control the electrical properties of thin-film semiconductors.     

 

1.1 Motivation 

This section defines the research topic of this work. In addition, it reviews the state-of-the-art and 

the current research challenges to motive the research objectives listed in Section 1.2. 

1.1.1 Motivations to perform band-gap engineering in ZnO 

Band-gap engineering ZnO is the interest of this work.  The purpose is to vary the band-gap of ZnO 

by altering its composition while maintaining the crystal structure.  So far, Be, Mg, Cd and Cu[2-5] atoms 
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have been reported to alloy with ZnO for the purposes of band-gap engineering.  Among them, Zn1-

xMgxO (ZnMgO) has attracted the most attention.[6, 7]  

Intrinsic ZnO is an n-type non-degenerate semiconductor. The semiconductivity of ZnO was first 

found by Fritsch in 1935 via Hall and Seebeck measurements[8].  Electrons can be generated by 1) doping 

with extrinsic dopants or 2) depositing under carefully controlled pO2 conditions [9] or 3) annealing in 

vacuum or in hydrogen containing atmospheres. When the carrier concentration in ZnO exceeds the 

threshold, an impurity band forms from overlapping of dopant states in the energy space of the ZnO and it 

becomes a degenerate semiconductor. This section will review ZnO’s application as a transparent 

conducting oxide (TCO) in its degenerate form and as a wide-band-gap semiconductor in its non-

degenerate form. Motivations to change the band-gap and band-alignment for each application are also 

presented. 

Degenerate ZnO is a very attractive transparent conducting oxide (TCO) material.[10] TCOs 

generally refer to a class of oxide materials that are electrically conductive (conductivity higher than 1000 

S/cm) and optically transparent (transparency larger than 80%) in the visible range (380 nm–750 nm). 

TCOs are commonly used as transparent electrodes in flat-panel displays, touch screens, solar cells, LED, 

e-paper, as well as coatings in energy-efficient low-emissivity windows.  The market demand of 

transparent electrodes is forecast to grow from 1.9 billion in 2012 to $5.1 billion by 2020, primarily 

driven by large-area applications like flexible panel displays and solar cells.[11] Currently, indium tin 

oxide (ITO) commands the biggest portion of the transparent electrode market, 97.6% in 2010 [12]. 

However, indium is a relatively rare metal, with an abundance of only 0.1 ppm, similar to silver.[13] It is 

expected that the supply of ITO is unlikely to meet the growing demand.[12, 14]  The high cost and potential 

shortage of indium metal have initiated an intense search for replacements. Degenerate ZnO is considered 

as a promising substitute for ITO, because of its good optical and electrical properties and the larger 

abundance of Zn (132 ppm) vs. In (0.1 ppm) in the earth crust.[13] 

There are four primary motivations to tune the band-gap and alignment of ZnO as a TCO:  
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• First, shifting the band-gap of ZnO effectively changes its band-edge (primarily the 

conduction band minimum). This unique property can be used to improve the performance 

by optimizing the band alignment at the interface between transparent electrodes and 

semiconductors within many optoelectronic devices.[15, 16]   

• Second, more ultraviolet (UV) light can penetrate through ZnMgO than through ZnO due 

to a larger band-gap.  Therefore, ZnMgO is suitable for UV-transparent top electrodes in 

UV light sensors, UV LEDs as well as some types of solar cells[17].   

• Third, it is found that ZnMgO has lower transmittance and higher reflectance than ZnO in 

the infrared region.[18] This property is beneficial for the application of near-IR reflecting 

mirrors and heat reflectors.   

Finally, a quantum well (QW) structure of doped ZnMgO/intrinsic ZnO layers could enable modulation 

doping and enhance the mobility[19, 20]. Specifically, in each bi-layer, the ZnMgO layer is heterovalently 

doped while the ZnO layer is without intentional doping.  The free electrons generated in the ZnMgO 

layers will conduct in ZnO layers due to the band bending between ZnO and ZnMgO. Because there are 

fewer scattering centers in the intrinsic ZnO layers compared to normal degenerate ZnO, the mobility of 

electrons could be substantially higher. A mobility as high as 160 cm2/Vs was obtained for 

ZnO/Zn0.6Mg0.4O QWs with a sheet carrier density of 1.1×1013 cm-2.[21] Therefore, this structure could be 

an interesting candidate for high conductivity UV transparent electrodes as well as high-mobility layers 

for transparent field-effect transistors. 

Non-degenerate ZnO, lightly doped and processed under oxidizing conditions, is a promising wide-

band-gap semiconductor materials. ZnO is widely considered to be an alternative to group III nitrides 

used as the emitters of ultraviolet laser diodes or light emitting diodes (LED), because it has following 

desirable properties in addition to large abundance and nontoxicity[22-24]:  

• ZnO has a large exciton binding energy of 60 meV. This enables UV laser diodes etc. to 

operate under room temperature.  
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• ZnO has the largest optical gain ever reported among III-V and II-VI semiconductors   

• ZnO has a high melting point and large cohesive energy, which leads to slower device 

degradation because it is harder to generate dislocations.      

• The interfacial energy between ZnO and sapphire or other oxide substrate makes two-

dimensional growth favorable even at relative low temperature, which results in high 

quality films.    

 

Three factors directly motivate research on band-gap engineering ZnO as a wide-band-gap 

semiconductor. First, an emitter/detector of wider band-gap could emit/detect lower wavelength light. 

Second, successful band-gap engineering of ZnO would enable ZnMgO/ZnO heterojunctions like 

quantum wells and supperlattices, which are key building blocks of modern electronics using traditional 

III-V semiconductors[25].  Specifically, the different band alignments and the similar lattice constant 

between ZnMgO and ZnO can be used to confine the electrons and minimize interface defects 

respectively. Third, there have been several reports of p-type ZnMgO.[26-28] It has been observed that 

increasing the Mg content increases the band-gap and also increases the acceptor binding energy, thus 

decreasing the hole concentration at high Mg levels. These reports suggest band-gap engineered ZnO may 

offer avenues for producing a viable p-type TCO, which is technologically desirable yet experimentally 

challenging.  

In addition to the conventional wide-band-gap semiconductor applications, the ability to tune the 

band-gap of ZnO also has the potential to impact the emerging field of transparent electronics. 

Conducting TCOs can be combined with semi-insulating high mobility TCO materials to create 

transparent transistors, which can be a viable alternative to the conventional amorphous Si TFTs that are 

currently used in flat panel displays. In this application, it is very important to use semiconductors of high 

mobility to enable a transistor of high frequency. The electron mobility in ZnMgO/ZnO quantum 

structures can be higher than the current widely used indium zinc oxide (typical mobility is 40 cm2/Vs to 
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60 cm2/Vs), due to a mechanism similar to the above-mentioned modulation doping.[21, 29] This provides 

the potential to create a whole new class of transparent electronics. 

1.1.2 Current challenge in band-gap-engineered ZnO: optimize electrical properties  

Because of these compelling opportunities, ZnMgO has been a topic of intensive research efforts 

over the past 15 years. Ohtomo et al. prepared hexagonal Zn1-xMgxO films with Mg concentrations up to 

33 at.% and band-gap energies up to 3.99 eV by PLD in 1998[3]. This result was soon reproduced and 

confirmed by others[30]; ZnMgO thin films with different Mg concentrations were deposited on sapphire 

substrates via different type of deposition methods.[31-33] In general, these films were single-phase wurtzite 

alloys up to 33-36 at.% Mg.  In addition, the UV transmission measurement showed the optical band-gap 

of the alloy linearly increased with Mg up to 4.15 eV for 0≤x≤0.36[3, 6]  

Currently, the biggest challenge in band-gap engineering of ZnO is that the electrical properties of 

ZnMgO are in general inferior to ZnO, and the electrical properties deteriorate with the expansion of the 

band-gap (i.e., with increasing Mg substitution).[21, 34-39]  Intrinsic ZnO is an n-type semiconductor; its 

carrier concentration can be increased both by processing under reducing conditions and by extrinsic 

doping. Increase of the Mg content greatly reduces the electrical properties of intrinsic ZnO. Such 

deterioration is not ideal for TCO or semiconductor applications. When employed as a transparent contact, 

the decreasing conductivity reduces device performance, which offsets the benefits of the wider band-gap. 

For example, both OPV[15] and CIGS[40] solar cell devices integrating ZnMgO electrodes show 

compromised device performance due to the lower mobility/conductivity of ZnMgO compared to ZnO, 

which overshadows the positive influence of the optimized band alignment. When employed as a 

transparent semiconductor, the decrease in carrier concentration and mobility is also detrimental to most 

device performance[25].  

In order to increase the conductivity, heterovalent dopants that have been successfully used in 

ZnO[41-43], (e.g., Al3+, Ga3+ or In3+) have also been added to ZnMgO, but appear to be less effective as the 

Mg concentration increases [37, 44, 45].  Different deposition techniques [21, 38], processing conditions[18, 36], 



 6 

and dopant concentrations[34, 36, 38] etc. have been explored to enhance the conductivity. Figure 1.1 

summarizes the mobility, carrier concentration, and conductivity of doped ZnMgO as a function of Mg 

content in many reports.  These studies show a clear trend of decreasing conductivity due to a lower 

mobility and carrier concentration with increasing Mg content especially for Mg concentration larger than 

15%. The doping efficiency (the number of electron generated by one dopant atom) is also noticeably 

reduced with increasing Mg content. Consequently, the state-of-the-art conductivity of ZnMgO at 30 at.% 

Mg is below 300 S/cm[21, 34], which is far below the highest conductivity of ZnO[46, 47] (~10,000 S/cm). 

 

Figure 1.1 Review of (A) mobility, (B) carrier concentration, and (C) conductivity of n-doped ZnMgO as a 
function of Mg content in literature.  Matsubara[34], Wei[38] Koike[21], Cohen[36], Ma[18], Lu[48], and 

Maejima[39]. 
 

Most efforts on enhancing the conductivity of ZnMgO have focused on technological or processing 

aspects rather than fundamental physical understanding. To the first order, the microscopic origins of the 

electrical property deterioration are not clear.  There are likely at least two possible microscopic origins of 

the deterioration of electrical properties of ZnMgO:Ga with increasing Mg concentration: (i) increasing 

extended defects due to the decrease of crystal quality (e.g. grain boundaries, dislocations) in the material 

(ii) changes in quasi-bulk properties (e.g. effective mass, mobility, dopant ionization energy etc.)[45, 49] due 

to higher Mg content in the alloy.  Unfortunately, there is little consensus on what types of quasi-bulk 

property changes are mainly responsible for the electrical property deterioration. Since different causes 

(A) (B) (C)
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require different remedies, the lack of mechanistic understanding makes it hard to strategically tackle this 

problem.  Furthermore, the lack of fundamental understanding makes it difficult to predict, control, and 

reproduce the properties of ZnMgO for specific device applications.  

 

1.2 Research Objectives 

Based on the challenges described in the previous section, the research described in this PhD thesis 

has three objectives:  

1) Develop a fundamental understanding of the causes of electrical property deterioration in ZnMgO.  

2) Enhance the efficiency of the carrier generation and transport process in ZnMgO.  

3) Develop tools to describe the non-equilibrium state and influence it to obtain desirable electrical 

properties.  

The purpose of the first task is to provide fundamental insights into heterovalently doped ZnMgO 

and help identify the best path forward to further improve the conductivity of wide band-gap ZnMgO.  The 

purpose of the second goal is to achieve a versatile ZnO-based system with independent tunability of band-

gap, carrier concentration, and conductivity.  Such a system would enable the application of ZnO-based 

materials systems in a wide range of devices including solar cells, solid-state lighting, The goal of the third 

task is to provide important new insight on thin film growth under non-equilibrium conditions. 

 

1.3 Strategies and Steps 

 The overall strategy for this research is to control and engineer the defects in ZnMgO to optimize its 

electrical properties. This approach is selected for three reasons.  First, defects directly influence the 

electric properties. Second, there are no systematic defect studies on ZnMgO. Third, insights on ZnO 
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defect equilibrium may not be applicable for ZnMgO due to composition differences, band structure 

differences, and the metastable nature of ZnMgO. 

1.3.1 Understand the influence of extended defects and intrinsic defects on the electrical 

properties of doped ZnMgO 

In order to effectively improve the electrical properties of ZnMgO, it is crucial to first identify the 

causes of the commonly observed deterioration with increasing Mg content. The causes can be divided 

into two broad categories. The first category is associated with changes to the crystal quality (i.e. 

extended defects); the second category is associated with changes to the quasi-bulk properties due to 

higher Mg content in the alloy.  The first category is not inherent to ZnMgO, and can be addressed by 

improving the crystal quality, while the second category is directly related to the material properties of 

ZnMgO.  

In order to distinguish the effects of these two types of defects, in this thesis we developed high 

quality ZnMgO epitaxial films with minimum extended defects and compared them to standard 

polycrystalline ZnMgO films with the same composition (but a much larger density of extended defects). 

We carried out this comparison for films with different Mg content in order to investigate the interplay 

between the electrical properties, extended defects, and the Mg content in ZnMgO. 

1.3.2 Investigate the mechanisms that limits the electrical properties in high quality epitaxial 

ZnMgO   

After understanding and minimizing the detrimental effects of extended defects, the conductivity of 

the best ZnMgO films was still substantially lower than the best ZnO films. So, we then sought to 

understand what other mechanisms could be influencing the electrical properties of these high quality 

epitaxial ZnMgO films. Specifically, we wanted to determine the limits to carrier generation and transport 

in ZnMgO:Ga. Answering this question required a combined theory-experimental approach which 

suggested that higher-than-thermodynamically-predicted non-equilibrium zinc-vacany defect populations 

likely limit the conductivity of ZnMgO:Ga.  
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1.3.3 Improve electrical properties by manipulating the defects in non-equilibrium films 

After identifying the negative influences of zinc vacancies on electrical properties, the final focus 

of this thesis work was to develop strategies to reduce its impacts and thereby further increase the 

electrical properties of ZnMgO.  

 

1.4 Thesis Organization 
This thesis consists of seven chapters in total. Following this introduction, Chapter 2 reviews the 

properties of ZnMgO, the basic theory of its electrical and optical properties, and the literature on ZnMgO. 

Chapter 3 outlines the deposition and annealing techniques as well as the characterization methods used 

in this research. Chapter 4 differentiates the impacts of extended defects and point defects on the 

electrical properties of doped ZnMgO:Ga as a function of Mg content. In addition, the chapter pinpoints 

optimized the growth conditions to obtain high quality epitaxial ZnMgO:Ga films that minimize the 

negative impacts of extended defects. Chapter 5 focuses on investigating the remaining mechanisms that 

still limit the electrical properties in these high quality epitaxial ZnMgO:Ga films. In particular, the 

chapter explores the influence of extrinsic point defects (GaZn) and intrinsic point defects (such as zinc 

vacancies, VZn) on the electrical properties of ZnMgO:Ga. Based on the insights gained from Chapter 5, 

Chapter 6 explores methods to manipulate intrinsic acceptors and their complexes to further increase the 

electrical properties of ZnMgO, resulting in films with record-breaking conductivity. Last but not the least, 

Chapter 7 offers conclusions and proposes future research directions.   

The work in Chapter 4 and Chapter 5 has been turned into two multi-authored journal articles 

respectively. In particular, the author of this thesis, Yi Ke, has been the primary researcher in both studies. 

Ke is responsible for proposing the original ideas, conducting most experiments, analyzing most data, and 

integrating the data into final synthesis. Dr. Joseph Berry provides daily help on experimental operations. 

Dr. Stephan Lany have done the calculations in Chapter 5 shown in Figure 5.1 and Figure 5.4.  Dr. Philip 

Parilla has been contributing with his deep expertise on XRD, thermal measurement and critical thinking. 
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Dr. Andriy Zakutayev has helped with experiments design and strategic thinking on the research 

approaches. Dr. Tim Ohno has offered critical help to set up and trouble shooting the Temperature 

Dependent Hall measurement. Dr. Ryan O’Hayre and Dr. David S. Ginley overseen the whole process 

and have provided important directional guidance.  
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CHAPTER 2 BACKGROUND 
This chapter provides background relevant to this dissertation. In particular, the chapter provides a 

review of the basic properties of ZnMgO in addition to a review of the basic theory of free carrier 

generation and transport in semiconductors with and without defects.       

 

2.1 ZnMgO Material Background 

This section describes two properties of ZnMgO that are fundamental to the discussions in this 

thesis.  The first subsection gives a brief explanation for the observed band-gap tunability; the second 

subsection discusses the stability of ZnMgO.   

2.1.1 Crystal structure of ZnO, MgO, and ZnMgO  

The ZnO compound has three common phases: wurtzite structure, zinc blende and rocksalt (NaCl).  

Wurtzite is the most thermodynamically stable phase under ambient conditions. Figure 2.1 shows a 

schematic of the wurtzite structure; it has a hexagonal close packed (hcp) bravais lattice and belongs to the 

P63mc space group[50]. The ZnO wurtzite phase consists of two interpenetrating hcp cation (Zn) and 

anion(O) sub-lattices which are displaced along the c-axis by the Zn-O bond length. 

                               
Figure 2.1 ZnO wurtzite crystal structure [50] Figure 2.2 MgO rocksalt structure [51]
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Magnesium Oxide (MgO) has a sodium chloride (NaCl) structure with a lattice constant of 4.215Å 

as shown in Figure 2.2.   The structure of MgO can be described as an fcc lattice of O2- ions with Mg2+ ions 

occupying all the octahedral sites or vice versa.    

Because the Mg2+ tetrahedral ionic radius (0.57Å) is close to that of Zn2+(0.60Å), it was expected 

that Mg atoms can replace a significant fraction of Zn atoms.  However, the solubility of Mg in ZnO 

wurtzite structure has been a topic of debate. According to the MgO-ZnO binary system phase diagram 

reported by Segnit and Holland[52](Figure 2.3) the solid solution limit of MgO in wurtzite ZnO is less than 

4% at 1800˚C, and this solubility limit is further reduced at lower temperature. Bergstein et al. later 

constructed a small portion of (Zn,Mg)O phase diagram by using ultra-fine MgO source powder to clarify 

the solubility limit of MgO[53]. Their results are plotted in Figure 2.4: the solubility limits for samples 

sintered at 1500˚C, 1400˚C and 1200˚C are approximately 18 at.%, 17 at.% and 15 at.% respectively. 

         
Figure 2.3 ZnO-MgO phase diagram by by Segnit 

and Holland[52] 
Figure 2.4 a small portion of ZnO-MgO phase 

diagram by Bergstein et al.  [53] 
 

Despite of the controversy, the non-equilibrium nature of many thin film process techniques make 

it possible to achieve phase-pure wurtzite ZnMgO alloy with high Mg concentrations. Experimentally, 

single-phase wurtzite ZnMgO thin films with Mg content larger than 33 at.% have been repeatedly 

reported.[3, 30] Park et al. even enhanced the Mg content in the hexagonal ZnMgO films up to 49 at.%  Mg 

using metalorganic vapor-phase epitaxial growth.[33] As shown in Figure 2.5, based on experimental 

observations, the crystal structure of ZnMgO can be divided into three regions as a function of the Mg 
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content. Although the exact values of the Mg content boundaries that separate these three regions vary 

somewhat with deposition technique and conditions, the overall phase evolution trend from the 

hexagonal-phase to the cubic-phase with the increase in the Mg concentration stays the same.  When there 

is less than 35 at.% Mg content in the films, the alloy generally retains the wurtzite structure, while if the 

films have more than 50 at.% Mg, the rocksalt structure is obtained. A mixed phase region exists in 

between these limits.  The ZnMgO films discussed in Chapter 4-6 generally have less than 35% Mg and 

they are all wurtzite unless otherwise noted.     

 

Figure 2.5 Summary of the band-gap energy of Zn1-xMgxO (ZnMgO) as a function of Mg content.  Mg-poor 
wurtzite structure data from Ohtomo[3] et al.(circle); Mg-rich rocksalt structure data from Choopun[54] et al. 

(triangle and square)

2.1.2 Thermal stability of ZnMgO  

The solubility limits indicate that the accommodation of 30 at.% Mg in wurtzite-ZnMgO represents 

a metastable condition.  Therefore, Ohtomo et al. investigated the thermal stability of supersaturated Zn1-

xMgxO (ZnMgO) thin films and ZnMgO/ZnO bilayers[55], as stability is crucial for device applications. 

The Zn1-xMgxO thin films were deposited using laser molecular-beam epitaxy (LMBE) on sapphire at 

550°C. The as-deposited films were annealed from 700°C to 1000°C. Segregation of MgO occurred at 

850°C in films of Mg content above 15 at.%.  However, films with Mg content of 15 at.% or lower 
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showed no segregation of MgO even at annealing temperatures as high as 1000°C.  In addition, the 

thermal diffusion of Mg across the ZnMgO/ZnO interface was observed only after annealing above 

700°C.  Therefore, they concluded the thermodynamic solubility of MgO in ZnMgO wurtzite ZnMgO 

epitaxial films is about 15 at.% and ZnO-based alloy films and heterointerfaces are stable enough for the 

fabrication of high-crystallinity heterostructures at high temperature. 

2.1.3 Energy Band Structure of ZnMgO  

Experimentally, the relationship between the band-gap and the Mg content is found to be near linear 

by many groups[6, 56, 57]. Wenckstern et.al. summarized experimental values for the energy Eg of the 

fundamental absorption edge from more than 30 studies.[7] They found the composition evolution of the 

energy of the fundamental absorption edge could be well described by Vegard’s law including a bowing 

parameter, which can be simplified as following: 

    
(for wurtzite-phase) 

    
(for rocksalt-phase) 

This character can be qualitatively explained by the Bloch theorem that the band-gap is 

determined by the bond strength. Since Mg-O has a stronger bond than Zn-O, a larger bandgap is 

expected.  Similar arguments can be made using the Molecular Orbital Theory as well. Zhang et al. 

performed a first-principles total energy study using the generalized gradient approximation (GGA) to 

investigate the electron exchange correlation in ZnMgO. They concluded that increasing Mg content 

induces band-gap widening in ZnMgO due to the decrease of the Zn 4s states[58]. 

An increase in the band-gap means the energy difference between the conduction band edge (ECB) 

and the valence band edge (EVB) of ZnMgO expands with increasing Mg content.  Experiments have been 

conducted to probe the shift of the band edge relative to the vacuum energy level. Rao et al. [59] studied the 

electronic properties of CdS/ZnO and CdS/Zn0.85Mg0.15O interfaces by photoelectron spectroscopy to 

investigate the relative band alignment between ZnO and ZnMgO. Figure 2.6 summarizes their results: 

Eg  Zn1−xMgxO( )  =  3.339 +1.241x +1.89x2

Eg  Zn1−xMgxO( )  =  3.679 +1.516x + 2.48x2
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using CdS as a reference, the valence band edge EVB and the vacuum level EVAC of ZnO and Zn0.85Mg0.15O 

stayed the same. The band-gap difference between ZnO and Zn0.85Mg0.15O could therefore be fully 

attributed to a shift in the conduction band edge ECB. This conclusion is consistent with the work function 

measurement of ZnMgO films by Olson et al. [60] Figure 2.7 shows their results: the absolute value of the 

work function of ZnMgO reduces with increasing Mg content from 0% to 25 at.% Mg. Because the films 

they obtained were n-type semiconductors, they assumed the Fermi energy of those films was close to ECB. 

As a caveat, however, it should be noted that the ECB could not be unambiguously extracted from work 

function measurement, due to the influence of other factors such as carrier concentration and surface states. 

Nevertheless, the reduced work function substantiates the general trend that the conduction band edge 

moves upward to vacuum level with increasing Mg content. 

  

Figure 2.6 Band alignment at CdS/ZnO and 
CdS/Zn0.85Mg0.15O interfaces as determined by 

Rao et al.[59] All values are given in eV.        

Figure 2.7 Work function versus Mg content for 
ZnMgO films deposited on Indium Tin Oxide 

(ITO) [60]

 

2.1.4 Optical properties of ZnMgO  

As a useful baseline for comparison and discussion, Figure 2.8(a) shows optical reflection, 

transmission and absorption spectra for a typical commercial ZnO TCO on glass, which represents the 

key spectral features of a TCO material.  First, there is strong absorption at short wavelength (<300 nm) 

due to fundamental band-gap excitation, which excites electrons in the valence band to the conduction 
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band.  Second, transmittance is high (larger than 80%) in the wavelength range of 400–700 nm (the 

visible portion of the spectrum).  Oscillations in both the transmission and reflection spectra are due to 

thin film interference effects. In addition, there is substantial absorption due to collective oscillations of 

conduction band electrons known as plasma oscillations or plasmons with the maximum absorption 

occurring at the characteristic plasma wavelength, λp, as shown in the Figure 2.8(a). As the number of 

electrons in the conduction band is increased (e.g. by doping), the plasma wavelength shifts to shorter 

wavelengths.  This effect represents a fundamental tradeoff between conductivity and the long 

wavelength transparency limit.   Meanwhile, the absorption edge near the UV, i.e. the optical band-gap, 

also shifts to shorter wavelength due to the Burstein-Moss effect.[61]  

 

Figure 2.8 (a) Optical spectra of typical (ZnO) transparent conductor (b) and schematic electronic structure 
of conventional TCO materials [61] 

 

The optical properties of ZnMgO differ from ZnO in the following ways:  First, the short 

wavelength cut off in the transmission of ZnMgO is at lower wavelength due to a larger band-gap[6, 56, 57]. 

Therefore, ZnMgO is more UV-transparent than ZnO. Second, ZnMgO is more IR transparent because 

the plasma wavelength of ZnMgO shifts to larger wavelength as shown in Figure 2.9.[18] This is 

considered to be the result of the high effective mass in ZnMgO.[34] Third, the expansion of the optical 

band-gap in ZnMgO is smaller than ZnO in the presence of the same amount of free carriers, as illustrated 
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in Figure 2.10.[48]  After fitting these results to the Burstein-Moss effect and the band narrowing effect, 

the effective mass of electron, m*, as a function of the Mg content can be obtained and is plotted as an 

insert in Figure 2.10.  This analysis clearly reveals that the effective mass increases with Mg content.  

This effect has significant implication on electron conduction in ZnMgO and we will use this information 

for our analysis in Chapter 5.  

 

Figure 2.9 Transmittance and reflectance spectra of Zn1-xMgxO:Ga films measured in the wavelength range 
of 300–2500 nm: (a) 0 at.% Mg, (b) 1at.%Mg, (c) 3at.%Mg, (d) 5at.%Mg, and (e) 10at.%Mg.[18]  

 

     

 

Figure 2.10 Dependence of the band-gap blueshift on the carrier concentration of Al-doped Zn1-xMgxO 
films, with x increasing from 0 to 0.21. The points are the experimental data. The curves show the fitting 

results using the modified Burstein-Moss theory. The inset shows the electron effective masses of  
Zn1-xMgxO alloys with different Mg contents. [48] 
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In addition to the effective mass change, the high-frequency dielectric constant (ε∞) and the static 

dielectric constant (εstat) of ZnMgO is also observed to change as a function of Mg content based the 

analysis of IR ellipsometry data.[7] Figure 2.11 shows the quantitative changes, which will also be used in 

the analysis presented in Chapter 5.   

 

	  
Figure 2.11 (a) High frequency dielectric constant ε∞ of Zn1-xMgxO thin films obtained from the analysis of 

IR ellipsometry data  (open symbols) and calculated from the refractive index dispersion (filled symbols). 
(b) static dielectric constants εstat of Zn1-xMgxO thin films obtained from the analysis of IR ellipsometry 

data (open symbols) and calculated from ε∞ presented in (b) (filled symbols).Dashed lines are guide to the 
eyes. [7] 

	  

	  

2.2 Literature Review 

This section reviews important literatures of ZnMgO that is relevant for this thesis, in particular the 

applications and the possible causes of electrical property deterioration in ZnMgO,  

2.2.1 Applications of ZnMgO  

Based on the properties demonstrated in above section, ZnMgO has been integrated into various 

applications.  

As Figure 2.6 shows, the shift of the conduction band towards the vacuum level is the main reason 

for the band-gap expansion in a ZnMgO system.  Therefore, Mg content also controls the conduction band 

position of ZnMgO.  Researchers have taken advantage of this unique property to replace ZnO with 

ZnMgO to optimize the band alignment and improve the performance of various optoelectronic devices. 
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This concept was demonstrated by Olson et al[15] in polymer-metal oxide hybrid photovoltaic (PV) devices.  

Figure 2.12 provides the band diagram of their device.  In such hybrid PV devices, the open circuit voltage 

(Voc) is mainly determined by the offset between the LUMO (Conducting Band) of the Donor and the 

HOMO (Valence Band) of the acceptor. By changing the acceptor material from ZnO to ZnMgO, a larger 

Voc of over 0.4 volts was obtained.  ZnMgO has also been applied to CIGS[16, 62] cells and to Si solar 

cells[63] as a transparent window to optimize the device configuration and to improve the device efficiency. 

In addition, there have been suggestions to use ZnMgO as a transparent contact to interface with novel 

earth abundant solar cell absorber materials[15, 16, 63, 64] to achieve higher performance.  

 
Figure 2.12 Band diagram of indium tin oxide (ITO)-ZnMgO-P3HT-Ag hybrid polymer-metal oxide 

device.[15]  
 

The unique optical properties of ZnMgO also lead to interesting potential applications in UV 

optoelectronics.  For example, laser diodes based on ZnMgO could operate at different wavelengths by 

changing the band-gap of ZnMgO[65, 66].   It is reported that the exciton binding energy of ZnO layer could 

be as large as 120 meV in ZnO/ZnMgO multiquantum wells, twice the bulk ZnO value[67].  This larger 

binding energy would enable ZnMgO-based UV laser diodes and other exciton based light emitting 

devices to be operated at elevated temperature. In addition, ZnMgO’s optical properties are suitable for 

UV-transparent top electrodes in UV light sensors, UV LEDs as well as some types of solar cells[17], 

because more UV light can penetrate through ZnMgO than through ZnO due to a wider bandgap of 

ZnMgO.   
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2.2.2 Possible causes of electrical property deterioration in ZnMgO 

While it relatively easy to partially substitute Mg atoms for Zn atoms in the ZnO wurtzite 

structure to increases the band-gap and lift the conduction band edge of ZnO[6, 56, 57], it has been widely 

found that the highest obtained free carrier concentration (n) and mobility (µ) achieved in Zn1-xMgxO 

(x>0.2) quickly reduces as a function of Mg[37, 39, 44, 68-70], as summarized in Figure 1.1. 

Currently, there is lack of clear understanding of the mechanisms causing the inferior electrical 

properties in wide-band-gap ZnMgO. Previous publications have presented various explanations based on 

their observations. It has been suggested that the reduction in carrier concentration could be due to a 

reduction in active donors due to composition enrichment[44, 71] as well as an increase in donor activation 

energy; the latter can be caused by either a larger effective mass[39, 44, 49] or a change in the band structure 

[72]. The lower mobility with increasing Mg content in ZnMgO has been variously ascribed to strong alloy 

disorder scattering[49, 68], a larger effective mass [39, 44, 49, 69], increased impurity scattering [44], and/or higher 

grain boundary scattering due to fewer carriers[70].  Plausible as many of these hypotheses are, there have 

been no thorough investigations on any of them.  

In addition, the influence of intrinsic defects such as zinc vacancy (VZn) on the electrical 

properties of ZnMgO has been overlooked in previous discussions. In recent publications, there is an 

increasing consensus of intrinsic acceptors particularly VZn and its complexes, have a strong influence on 

the electrical properties of ZnO[73-76].  However, there is no similar discussion on ZnMgO, particularly 

whether the poorer electrical properties of ZnMgO are due to a stronger compensation.  

 

2.3 Electrical Properties of Semiconductors  
Since the overall goal of this project is to achieve efficient control of carrier generation and 

transport in a wide band-gap transparent material, it is important to understand how the structure and 

composition of a material influences its electrical properties.  
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2.3.1 Electrical and optical properties of a defect-free ZnMgO crystal 

(i) Carrier concentration  

For a defect-free semiconductor, free electrons must be excited from the valence band to the 

conduction band by thermal energy.  Therefore, the hole and electron densities will be the same.  These 

carrier concentrations can be calculated by integrating the product of the density of states for a specific 

energy and the probability for electron to occupy a state of that energy. 

(ii) Carrier mobility  

From first principles, the mobility of a non-degenerate electron Fermi gas in a parabolic band 

model can be derived to be Equation 2.1,  

 

(2.1) 

Where the average scattering time τ is a function of electron temperature. Effective mass m* is 

proportional to the second derivative of carrier energy E with respect to momentum K.  

Empirically, the mobility can be approximated by combining the influences of different scattering 

mechanisms using the Matthiessen’s rule (Equation 2.2).  

 

(2.2) 

Specifically, the dominant scattering mechanisms for single crystal ZnMgO is briefly listed[24]:  

• Optical phonon scattering caused by lattice vibrations of bonds in a polar semiconductor which 

induce an electric field that interacts with a charge moving through the lattice.  

• Acoustic-phonon scattering caused by an acoustic wave propagation through a crystal lattice which 

causes the atoms to oscillate about their equilibrium positions and interfere with the electron 

motion.  

• Neutral impurity scattering caused by non-ionized impurities.  

µ = e τ
m*

1
µ

= 1
µii=1

n

∑
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• Piezoelectric scattering caused by electric fields due to strain associated with lattice vibrations in 

crystals where partially ionic bonds occur such that the unit cell does not contain a center of 

symmetry. 

• Alloy scattering due to the atomic disorder of Zn atoms and Mg atoms in this alloying  

2.3.2 Electrical properties of ZnMgO with shallow dopants  

(i) Carrier concentration  

When the energy level of the extrinsic dopant is close to the conducting band minimum, these 

defects can be easily thermally ionized at room temperature.  Therefore, such dopants are also called 

“hydrogenic” dopants, because they can be treated with a hydrogen atom model. In the hydrogenic model, 

the shallow impurity is treated like a hydrogen atom embedded in a homogeneous medium with a relative 

dielectric constant ε and with an effective mass m*. The donor binding energy Ed is the energy required to 

excite the electron from the defect level to the conduction band minimum.   

 

(2.3) 

These point defects could be thermally ionized.  If there is no acceptor, the equilibrium carrier 

concentration is  

 
(2.4) 

with ; here Nd  is the concentration of donors.    

The concentration of holes (p) can be calculated from the concentration of electrons (n) according 

to the mass action law, which requires the product of n and p to be constant at a given temperature.   

(ii) Carrier mobility   

Similarly, electron mobility in ZnMgO with shallow dopants can also be approximated by 

Matthiessen’s rule (Equation 2.2).  Ionized impurity scattering is the dominant mechanism, and is 

Ed = (13.6eV )(
m*

m
)( 1
ε 2
)

n ≅ (noNd )
1/2 exp(−Ed / 2kBT )

 n0 ≡ 2(mekBT / 2π
2 )3/2
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combined with all the other major scattering mechanisms previously introduced for defect-free ZnMgO 

crystal. Ionized impurity scattering is caused by deflection of free carriers by the long-range electrostatic 

fields associated with intentional dopants and ionized defects such as interstitials and vacancies.  

2.3.3 Electrical properties of ZnMgO with deep level defects  

(i) Carrier concentration  

Adapting the Bloch theorem, the wave function of an impurity is the product of the Bloch wave 

function and an envelope function. In the case of deep level defects, their ground state is shifted by a 

defect-specific central cell correction. Most intrinsic defects are deep level defects, whose defect levels lie 

within the band-gap of ZnMgO. The intrinsic point defects could be thermally ionized and Equation 2.4 is 

also applicable.  However, it is clear that if the ionization energy is much larger than the room temperature 

thermal energy (~0.025 eV), most of them would remain neutral.   However, they still can influence the 

electrical properties because they can act as scattering centers for free carriers. In addition, if there are 

ionized defects of the opposite type (n-type or p-type) in the host, these deep level defects can compensate 

the carriers generated and reduce the free carrier concentration.  

(ii) Carrier mobility  

Neutral impurity scattering could play an important role in electron transport in this type of 

material.  However if there are shallow impurities presented, ionized impurity scattering may be 

dominating.  Its electron mobility can also be approximated by Matthiessen’s rule (Equation 2.2).  

2.4.4 Electrical properties of ZnMgO with extended defects 

(i) Carrier concentration  

The impacts of extended defects on n are complicated. For instance, dislocation can act as a 

“structural dopants”. Second-phase precipitates could change the Mg and Ga content in the bulk material 

and thus change carrier concentration.  The deep level extended defects could also act as carrier killers.   

 

 



 23 

(ii) Carrier mobility  

In general, extended defects introduce scattering centers during electron transport and reduce the 

mobility of majority carriers.  Dislocations could also be recombination center that reduce the lifetime of 

minority carriers.  Dislocations and grain boundaries could also act as high-energy barriers for electrons. 

The resulting potential barrier scatters the electrons crossing this region reducing the mobility. 
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CHAPTER 3 EXPERIMENTAL TECHNIQUES 
This chapter outlines the basic concepts in pulsed laser deposition and thin-film heat treatment 

(annealing).  It also reviews the characterization techniques we will use in the following chapters.  

 

3.1 Thin Film Growth in the Pulsed Laser Deposition (PLD) Process 

Thin films of ZnMgO, not bulk specimens, are the focus of this project because ZnMgO is used in 

thin film form in almost all applications.  Pulse laser deposition (PLD) was chosen to synthesize the films 

in this project. 

3.1.1 Pulsed laser deposition overview 

PLD is one type of physical vapor deposition. The PLD process can be divided into several stages: 

1) A pulsed UV laser (usually 4-7 eV per photon, 20 ns per duration) is focused onto a solid-state target 

inside a vacuum chamber.  The material from the target vaporizes into plasma. 2) The plasma interacts 

with and travels through the chamber atmosphere. 3) Atoms/molecules from the plasma plume undergo 

adsorption and chemical bond formation on the substrate surface; 4) A film is nucleated on the substrate; 5) 

The film microstructure develops and film growth continues.  Each stage can be controlled by certain 

experimental parameters, such as target composition, laser energy and frequency, deposition atmosphere 

(including base pressure, total pressure, partial pressure for non-inert gas), and substrate factors (including 

lattice constant, surface energy, temperature, morphology). [77] 

Figure 3.1 shows the schematic of a PLD system that is similar than the one used in this work.  It 

consists of three main components: laser, vacuum system, and the optics between the two. A Lambda 

Physics Compex 201 KrF laser (248 nm wavelength, 25 ns pulse length, 5 Hz repetition rate) was used as 

the ablation source.  Optical elements, such as mirrors, apertures, a beam splitter, and lens are placed 

between the output port of the laser and the laser window of the vacuum chamber. A Cryopump CRYO-
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TORR 8F made by Helix Technology was used as the high vacuum pump, and the base pressure of the 

chamber was maintained lower than 1×10-7 Torr.  High purity oxygen and Ar were introduced into the 

vacuum chamber using a mass-flow controller.   Both an ion gauge and a residual gas analyzer (RGA) 

were mounted on the vacuum chamber to monitor the total pressure and the partial pressure of the different 

gas components.   

	  
Figure 3.1 Schematics of PLD system used in the thesis [78] 

 

3.1.2 Advantages and disadvantages of PLD 

PLD was chosen to synthesize the films in this project because of its several advantages compared 

with other thin films deposition techniques. Most of those advantages are related with the high peak energy 

of the pulsed laser.[77] This laser has a very high peak energy as it condenses energy into a very short time 

period.  Therefore, the instantaneous energy of a pulsed laser can be much higher than a continuous wave 

mode laser at the same average power.  

The most attractive advantage of PLD is its nonequilibrium nature. Because of the high peak energy 

of the laser, the resulting plasma plume of the ablated species is highly energetic. The resulting plasma has 
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high kinetic energy (based on the laser energy and frequencies, ~40 eV) and consists of a fraction of 

positive ions (~0.05).[79] In comparison, the average kinetic energies of the impinging particles in 

Molecular Beam Epitaxial is only in the order of a few hundred meV and that of the species in sputtering 

are a few eV.[80] The high kinetic energy of the PLD plume permits the growth of metastable ZnMgO with 

high Mg content (as discussed in Section 2.1.1) and dopant concentration in excess of the thermodynamic 

limits (as will be discussed in Section 6.3).[78] In addition, the nonequilibrium nature can also be very 

beneficial in altering the defect equilibrium in the as-deposited films (Section 6.3). Section 3.1.4 will 

further explain factors associated with the non-equilibrium nature of PLD from a basic thermodynamic and 

kinetics point of view.    

PLD is capable of depositing a wide range of materials with an appropriate wavelength laser, 

because nearly all materials absorb laser energy via either linear or non-linear process.  It is particular 

advantageous when depositing semiconducting metal oxides with a high melting point like ZnMgO. 

Specifically, a UV laser, like the 248 nm wavelength KrF laser used in this case, could achieve a high 

energy density because the laser light is absorbed in a small volume near the surface of the target due to 

relatively large absorption coefficient.[81]  

Another advantage of PLD is the capability to evaporate the target material without any change of 

the composition ratio. This so-called congruent melting is another significant advantage of PLD over other 

thin film deposition techniques. It is particularly important for the deposition of multi-component materials 

such as doped ZnMgO of different compositions (used in Chapter 4 and Chapter 6). A qualitative 

explanation for this “congruence” is that the heating rate provided by pulsed laser irradiation is so fast that 

material removal occurs before the individual components of the target material can segregate out into low 

and high vapor pressure components.[80] One caveat with ZnMgO is that the vapor pressure of Zn is much 

higher than Mg and Ga across the studied deposition temperature range (400 ˚C to 800˚C), therefore the Zn 

content in obtained films is consistently observed to be higher that its content in the plume / target.  

Detailed discussion of this topic is found in Chapter 4.  
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Despite its many advantages, PLD also has some disadvantages. One major drawback is the 

likelihood for non-uniform distribution and spatial thickness variation. These effects are caused by the 

forward-directed nature of the plasma plume, and they largely prevent the PLD technique from immediate 

industrial application.[77] To avoid such complication in this study, only samples with relatively small sizes, 

e.g. 2 cm × 2 cm or less, were deposited to ensure films were fairly uniform.  

Another big concern in the PLD process is the presence of macroparticles created during the 

ablation, as such particles can cause extended defects in the resulting films.[78] Several mechanisms, such 

as subsurface boiling, expulsion of the liquid layer by shock wave recoil and exfoliation, can generate 

macroparticles.[77, 78] There are various ways to minimize this problem, including making compact targets 

and adjustments to the laser parameters which will be discussed shortly.[77] 

3.1.3 Important deposition parameters in PLD 

The PLD process can be controlled by certain experimental parameters, such as target composition, 

laser energy and frequency, deposition atmosphere (including base pressure, total pressure, partial pressure 

for non-inert gas), and substrate factors (including lattice constant, surface energy, temperature, 

morphology). In the following subsections, we will look into some of the important parameters in more 

detail. 

Target composition determines the composition of the resulting films under a particular PLD 

condition due to the congruent melting discussed in Section 3.1.2.  Therefore, it is convenient to vary the 

films composition by using targets of different composition. ZnMgO:Ga thin films were investigated in 

this thesis.  Ga was used as a dopant because it is so far the most successful dopant for ZnMgO (i.e., it has 

proved to be slightly more efficient than alternative +3 dopants such as In and Al in recent studies)[39, 71]. 

Four commercial 1-inch solid oxide targets, with composition of Zn0.94Mg0.05Ga0.01O, Zn0.784Mg0.207Ga0.009O, 

Zn0.760Mg0.20Ga0.040O, and Zn0.775Mg0.205Ga0.020O respectively, were used to obtain films with different 

compositions. The first two were purchased from Plasmaterials, and the last two were purchased from 

Materion. 
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Laser parameters, such as the wavelength, energy and frequency, collectively determine the kinetic 

energetics of the plume for a given target. Therefore, they are crucial in controlling the kinetic process of 

the deposition, which directly leads to the non-equilibrium nature of the as-deposited films.  In addition, 

adjustment of the laser parameters is also an important approach to suppress the generation of 

macroparticles.  For example, controlling the laser energy and frequency to reduce the laser penetration 

depth[77] as well as increasing the absorption coefficient[78] are proven to be effective in minimizing the 

detrimental effects of macroparticles.  

Besides the intrinsic parameters of the pulsed laser itself, each optical element in the PLD system 

also contributes to the laser quality.  Specifically, all the optical elements (such as mirror, aperture, beam 

splitter, and lens) need to be clean and properly adjusted to achieve a focused beam for ablating the target 

material. There were several incidences during the duration of this project where slight changes to the 

optics substantially influenced the quality of the resulting films.  

Deposition atmosphere also strongly influences the PLD process. First of all, the background 

pressure determines the partial pressure of impurities in the atmosphere, which affects the impurity ratio in 

the film.[82] Secondly, the total ambient pressure influences the plasma by scattering, attenuating and 

thermalizing it as the plasma travels toward the substrate. In particular, the total pressure can change 

important film growth parameters such as spatial distribution, deposition rate, and the kinetic energy 

distribution of the depositing species by varying the mean free path of the particles between collisions.[77] 

In addition, partial pressure of reactive gases such as oxygen could change the rate of reactive scattering, 

hence influencing the formation of molecules or clusters. Oxygen pressure, in particular, can greatly 

influence the film stoichiometry and the local metal-oxygen bond environment around dopants.[82] In 

section 6.1, Ar gas was used as a buffer to maintain a constant total pressure during deposition while the 

oxygen partial pressure was varied. In this way, the kinetics of the plasma could remain largely the same so 

that the effect of oxygen partial pressure variation could be better isolated.   
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The substrate plays an important role in the film nucleation and growth stage. Depending on the 

relative relationship between film and substrate surface energies, different nucleation modes can be 

observed in the thin film growth process as predicted by the heterogeneous capillarity model of nucleation.  

2-D (3-D) growth is preferred, for example, when the energy needed to form a new layer between the 

substrate and vapor is larger (or lower) than the energy required to form a new layer between the substrate 

and the film plus form a new layer between the film and the substrate.[82] In this project, the growth mode 

changes from 3-D growth to 2-D growth when the substrate is changed from fused silica to single crystal 

Sapphire (α-Al2O3). α-Al2O3 was chosen to promote the growth of epitaxial ZnMgO films in this study 

because of its structural match with ZnMgO[83] and because of its excellent high-temperature chemical 

stability. Fused silica was chosen for the growth of polycrystalline films because it is amorphous, and its 

optical transmission window extends to shorter wavelength compared to normal glass. It can also withstand 

high processing temperatures. 

 

3.2 Thermal Annealing 

The non-equilibrium nature of most as-deposited thin films makes thermal annealing a common 

post-deposition processing option. While basic thermodynamics can qualitatively explain specific reactions 

in PLD. such as nucleation[82] and defect equilibrium in obtained film[84], it is important to note that PLD 

and many physical vapor deposition processes are non-equilibrium processes. Therefore, thermodynamic-

based theories cannot quantitatively predict the experimental results.  

Annealing involves heat-treating the as-deposited film at an elevated temperature in certain 

atmosphere for a certain amount of time. The diffusion rate RD increases with temperature T. Annealing 

aims to facilitate the diffusion of atoms within the film (via vacancy, interstitial, or interstitialcy 

mechanisms), so that the material progresses towards its equilibrium state.  The detailed mechanisms are 
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summarized by Smyth[82] The movement of atoms can also have an effect on redistributing and/or 

destroying dislocations in metals and (to a less extent) in ceramics.   

 

3.3 Thin Film Characterization 
The various characterization techniques used in this thesis are summarized below.  Further details 

on each type of characterization can be found in the literature.  

3.3.1 Composition analysis 

The Mg to Zn ratio in targets and films was determined using scanning electron microscope (SEM, 

FEI Quanta 600i) in conjunction with energy dispersive X-ray analysis (EDX, Princeton Gamma- Tech 

Prism) and confirmed using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The 

Ga to Zn ratio was measured using X-ray fluorescence (XRF) performed on a Matrix Metrologies MaXXi 

5 system. The doping efficiency was calculated by dividing the carrier concentration by the donor 

concentration, assuming singly-ionized donors. 

3.3.2 Structure and morphology analysis   

The crystal structure was characterized using a Rigaku Ultima IV XRD system using Cu Kα 

radiation. XRD θ-2θ scans, ϕ scans, and rocking curve (ω) scans were performed to quantitatively 

characterize film structure and orientation. A Philips (FEI) CM200 TEMA TEM system was used to 

obtain HRTEM and SADP images, while a Titan TEM/STEM (FEI) was used to obtain EDS-STEM 

images. An Asylum Research Molecular Force Probe (MFP-3D) atomic force microscope (AFM) was 

used in tapping mode with an Olympus AC240TS tip with tip radius 10 nm to investigate surface 

properties.   

3.3.3 Electrical properties analysis 

Room temperature carrier concentration, mobility and conductivity were determined using a Bio-

Rad Hall effect measurement system in the van-der-Pauw geometry with indium contacts mechanically 
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pressed to the sample.  Film carrier concentration, mobility and conductivity as a function of temperature 

were determined using a Lakeshore Hall effect measurement system in the van-der-Pauw geometry with 

indium contacts soldered to the sample. Conductivities were confirmed using the collinear four-point-

probe technique. 

3.3.4 Optical property analysis 

Optical transmittance was measured over the range of 190–1500 nm using a Varian Cary 6000i 

spectrometer with an integrating sphere. The transmission spectra were calculated by dividing the 

measured transmittance by the transmission of a bare α-Al2O3 substrate. The absorption α were calculated 

using Beer’s Law: T = exp ( -α / d ), where d is the thickness of the samples and assumes no reflection, 

measured using a Veeco Dektak8 Advanced development Profiler. The absorption edge was determined by 

fitting a straight line to the linearly increasing portion of the absorption spectra. Room temperature 

photoluminescence was investigated by exciting the films with a 315 nm filtered through a 

monochromator.  The emitted light was analyzed by fiber optic spectrometers. 

3.3.5 Statistical analysis 

For each deposition condition reported in this work, except the vacuum-annealing study in Chapter 5, 

N (2≤N≤4) samples have been deposited.  Then at least three individual measurements have been made on 

each sample.  The averages of the measurement results of nominally identical samples are reported as the 

experimental values for each deposition condition.  Associated errors are N/(N-1) times the standard 

deviation of the average measurement values for samples deposited under the same conditions.   
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CHAPTER 4 THE ORIGIN OF ELECTRICAL PROPERTY 

DETERIORATION WITH INCREASING MG CONTENT IN 

ZNMGO:GA 
Modified from a paper[35] published in Thin Solid Films1 

Yi Ke*,◆, Joseph Berry*, Philip Parilla*, Andriy Zakutayev*, Ryan O’Hayre◆,  

David S. Ginley*2 

*. National Renewable Energy Laboratory, Golden, CO, 80401, USA 
◆. Department of Metallurgical and Materials Engineering, Colorado School of Mines 

 

4.1 Abstract 
Transparent conductive Ga-doped Zn1-xMgxO (ZnMgO:Ga) films were epitaxially grown via 

Pulsed Laser Deposition on sapphire by optimizing the substrate temperature and other parameters of 

deposition. Zn0.68Mg0.31Ga0.01O/sapphire films deposited at 400˚C have a Hall mobility (µ) of 9.2 ± 0.5 

cm2V−1s−1 and a free electron density (n) of 1.79×1020 ± 0.06×1020 cm-3, yielding an electrical 

conductivity (σ) = 262 ± 22 S/cm.  Zn0.90Mg0.09Ga0.01O/sapphire films, deposited under the same growth 

conditions, have similar crystalline quality, but significantly better electrical properties (σ = 1450 ± 10 

S/cm,  µ = 24.5 ± 2.5 cm2V−1s−1, n = 3.81×1020  ± 0.20×1020 cm-3). This comparison provides evidence of 

electrical property deterioration in doped ZnMgO bulk material with increasing Mg content, independent 

of crystalline quality. Electrical properties of ZnMgO:Ga are further deteriorated by the decrease of the 

crystalline quality. Polycrystalline Zn0.90Mg0.09Ga0.01O/a-SiO2 samples deposited under identical 

conditions on amorphous silica substrates had both inferior crystal quality and inferior transport 

properties (µ = 2.5 ± 0.2 cm2V−1s−1, n = 2.04×1020  ± 0.20×1020 cm-3, σ = 80 ± 8 S/cm) compared to their 

                                                      
 
1 Reprint with permission of Thin Solid Films, 2012, 520, 3697-3702 
2 The role of each authors can be found in Section 1.4. 
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epitaxial counterparts. Overall, the results of this study indicate that both bulk material properties and 

crystalline quality influence the electrical properties of single-phase ZnMgO:Ga thin films. 

    

4.2 Introduction 
Zinc oxide (ZnO) has attracted intense research efforts as a transparent conducting oxide (TCO)[85] 

because of its excellent properties and relative abundance [86]. One intriguing aspect of the ZnO system is 

the ability to tune the band-gap via isovalent ion substitution (e.g. partial replacement of the Zn2+ cations 

with alternative 2+ cations such as Be2+, Mg2+, Cd2+ [87-89]; and/or partial replacement of O2- anions 

alternative 2- anions such as Se2- [90].)  In particular, alloying ZnO with MgO increases the band-gap of 

Zn1-xMgxO (ZnMgO) from 3.4 eV to 4.0 eV while maintaining the ZnO (wurtzite) structure up to ~ 33 

at. % Mg substitution[88, 91]. The ability to tune the band-gap by changing the electron affinity provides 

additional ways to optimize the performance of a variety of optoelectronic devices that incorporate TCO 

contacts. For example, increasing the band-gap of the top contact offers the potential for improved UV 

response in solar cells[92] and photoconductive detectors[93], and reduced electron affinity increases the 

open circuit voltage when replacing ZnMgO with ZnO as the n-type material of the p-n junction in hybrid 

photovoltaic devices[94].  However, devices employing ZnMgO in lieu of ZnO have often shown 

compromised performance due to inadequate conductivity[94, 95]. In an attempt to increase conductivity, 

heterovalent dopant atoms that are successful in ZnO[96-98], such as Al3+, Ga3+ or In3+, have been added to 

ZnMgO to create electronic carriers, but the effectiveness of these dopants appears to decrease as the Mg 

concentration (x) in Zn1-xMgxO increases [99-101]. It is known that decreased conductivity (σ) in doped 

ZnMgO relative to doped ZnO is caused by both reduced mobility (µ) and reduced carrier concentration 

(n), but the microscopic origin of these changes is not clear.  

There are two possible microscopic origins of the deterioration of electrical properties of 

ZnMgO:Ga with increasing Mg concentration: (i) decrease in crystal quality (e.g. increase of the 

dislocation density) of the material and (ii) changes in quasi-bulk properties (e.g. effective mass, mobility, 
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dopant ionization energy, defect formation energy etc.)[101, 102] independent of crystal quality. Attempts 

have been made in literature to study the quasi-bulk properties of ZnMgO by growing epitaxial thin films 

to reduce the effects of the crystal quality[101, 103, 104], but quantitative crystal structure characterization (e.g. 

Phi scan and rocking curve data from X-ray Diffraction (XRD)) has only been reported for epitaxial 

ZnMgO thin films with low Mg concentration[101], and the crystal quality was found to be inferior 

compared to epitaxial ZnO thin films[98]. Electrical properties of n-type doped polycrystalline and epitaxial 

Zn0.9Mg0.1O thin films reported by different groups are summarized in Figure 4.1.  Overall, both mobility 

and carrier concentration are rather scattered, but polycrystalline thin films in general have lower 

mobilities, higher carrier concentrations, and higher conductivities than epitaxial thin films. Since the 

deposition conditions and the dopant type/concentration for all of these studies are different, it is 

impossible to have a true estimation of the influence of bulk properties and crystal quality on electrical 

properties.  

 

Figure 4.1Plot of Hall mobilities versus carrier concentration epitaxial (epi) and polycrystalline (poly) 
heterovalence doped Zn0.9Mg0.1O thin films in literature (please refer to the article for dopant type and 

concentration).  The number behind each symbol is the corresponding citation.  The lines are contours of 
different conductivities. 
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In this work, we investigated the change in the electrical properties of ZnMgO:Ga thin films while 

independently varying Mg content and crystal quality. To make these studies possible, we obtained 

epitaxial ZnMgO:Ga samples with the best structural and among the best electrical properties reported in 

literature by optimizing the deposition conditions. The influence of Mg concentration was studied by 

comparing epitaxial ZnMgO thin films with different Mg concentrations. In addition, the influence of the 

crystal quality was studied by comparing epitaxial and polycrystalline ZnMgO films. We found that both 

increases in the Mg content and decreases in crystal quality cause deterioration in electrical properties. 

 

4.3 Experimental Data 
ZnMgO:Ga thin films were grown on 1 cm × 1 cm double-side polished single-crystal (0001) (c-

plane) sapphire (α-Al2O3) substrates and 2 cm × 2 cm fused silica glass (a:SiO2)  substrates by pulsed 

laser deposition (PLD). Ga was used as a dopant because of its superior carrier generation properties in 

ZnMgO compared to In and Al[105, 106]. C-plane sapphire was chosen for growing epitaxial films because 

of its structural match with ZnMgO[107] and because of its high chemical stability under high temperature. 

Fused silica was chosen for growing polycrystalline films because it is amorphous, and its optical 

transmission window extends to shorter wavelength compared to normal glass. It can also withstand high 

processing temperatures.  

Before depositions, the substrates were ultrasonically cleaned in acetone and isopropanol, 

respectively, for 15 min each, and then treated in oxygen plasma for 15 min to remove any carbonaceous 

residues. The substrates were then mounted onto a resistive heater/substrate holder using silver paste. A 

thermocouple at the back of the heater provided the temperature reading (TH).  In the beginning, 

substrates were heated to 700˚C and held for 30 min in order to bake out any Ag paste solvent and surface 

adsorbents. Then, the temperature was reduced to deposition temperature.  ZnMgO:Ga films were 

deposited on Al2O3 in the 400 ˚C - 700 ˚C temperature range. In order to maintain an identical substrate 
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surface temperature for ZnMgO:Ga films on fused silica substrates, the surface temperature of the 

substrate was measured, and the temperature of the heater was increased by 100˚C to compensate for 

lower thermal conductivity of fused silica compared to sapphire. After deposition, the heater was cooled 

to room temperature at 5 ˚C / min.  

  A Lambda Physics Compex 201 KrF laser (248 nm wavelength, 25 ns pulse length, 5 Hz 

repetition rate) was used as the ablation source, with an output maintained at 244 mJ per pulse, resulting 

in an energy density of 1.3 J/cm2 over a 1.3 mm × 2 mm spot at the target surface for all depositions.  All 

films were grown for 10,000 pulses, which gave a thickness between 90 nm and 190 nm depending on the 

deposition conditions. Commercial 1-inch Zn0.79Mg0.2Ga0.01O, and Zn0.94Mg0.05Ga0.01O targets were used 

to obtain films with different Mg contents. The target- substrate distance was set to 4.5 cm along the 

direction normal to the target.  Oxygen was introduced into the vacuum chamber (base pressure <1×10-7 

Torr) using a mass-flow controller.  The detailed description of the deposition system can be found 

elsewhere[108].   

  Film carrier concentration, mobility and conductivity were determined using a Bio-Rad Hall 

effect measurement system in the van-der-Pauw geometry with indium contacts mechanically pressed to 

the sample. Conductivities were confirmed using collinear four-point-probe technique. The Mg to Zn 

ratio in targets and films was determined using energy dispersive X-ray analysis (EDX, Princeton 

Gamma- Tech Prism) and confirmed using inductively coupled plasma atomic emission spectroscopy 

(ICP-AES). The Ga to Zn ratio was measured using X-ray fluorescence (XRF) performed on a Matrix 

Metrologies MaXXi 5 system. The doping efficiency was calculated by dividing the carrier concentration 

by the donor concentration, assuming singly-ionized donors. The crystal structure was characterized using 

a Rigaku Ultima IV XRD system in Cu Ka radiation. XRD θ-2θ scans, ϕ scans, and rocking curve (ω) 

scans were performed to quantitatively characterize their structure.   

Optical transmittance was measured over the range of 190–1500 nm using Varian Cary 6000i 

spectrometer with an integrating sphere. The transmission spectra were calculated by dividing the 
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measured transmittance by the transmission of a bare α-Al2O3 substrate. The absorption coefficient α was 

calculated using the T = exp ( -α / d ) relationship, where d is the thickness of the sample, measured using 

a Veeco Dektak8 Advanced development Profiler. In order to qualitatively compare the optical band-gap 

across films, a straight line was fitted to the linearly increasing portion of the absorption spectra and its 

intersection with x axis were taken as the absorption edge, instead of fitting α to a standard model which 

is difficult to justify in the present case.  

For each deposition condition reported in this work (Table 4.1), N (2≤N≤4) samples have been 

deposited.  Then at least three individual measurements have been made on each sample.  The averages of 

the measurement results of nominally identical samples are reported as the experimental value for each 

deposition conditions.  Associated errors are N/(N-1) times the standard deviation of average 

measurement values for samples deposited under the same conditions. 

Table 4.1 Summary of samples reported in this work  
Condition 1 2 3 4 5 6 7 8 9 

Target MgxZn0.99-xGa0.01O (x=0.20) X=0.05 X=0.20 

Substrate Al2O3 Al2O3 a:SiO2 Al2O3 a:SiO2 

TH 
a
  (°C) 700 650 600 500 400 400 400 

a
 TH- heater temperature 

 

4.4 Results and Discussion 
A survey of oxygen partial pressures (pO2: 1 × 10-5 to 1 × 10-1 Torr) and heater temperatures (TH: 

500 °C to 800 °C) was conducted using an established statistical design of experiment methodology[109]. 

Both pO2 and TH affected the structural and electrical properties of the films.  In this paper, we fixed the 

pO2 at its optimized value (1 × 10-3 Torr) and systematically varied TH to investigate its influence on 

ZnMgO:Ga thin film properties and to find the best growth temperature for epitaxial ZnMgO:Ga. The 

study on the influence of the oxygen partial pressure will be published elsewhere.  

The deposition conditions reported in this paper are summarized in Table 4.1.  Initially, we 

optimized TH to obtain highly transparent and conductive pure-phase wurtzite epitaxial ZnMgO:Ga films 
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(conditions 1-5).  Then under the optimized conditions, we deposited ZnMgO:Ga with different Mg 

contents (conditions 6 and 8) to investigate the influence of Mg concentration on the structural and 

electrical properties of ZnMgO:Ga. Subsequently, we grew polycrystalline Zn0.7Mg0.3O:Ga and 

Zn0.9Mg0.1O:Ga on amorphous fused silica substrates under the same optimized deposition conditions 

(conditions 7 and 9), to study the effects of crystal structure quality on the electrical properties of 

ZnMgO:Ga.  

4.4.1 Optimization of the epitaxial growth temperature   

The chemical compositions (as determined by EDX) for the series of ZnMgO:Ga films deposited at 

different temperatures are shown in Figure 4.2, in relation to the nominal target composition (taken by 

both EDX and ICP).  We consistently observed a higher content of Mg in the films than in the target, and 

this deviation increased with increasing deposition temperature. We also consistently observed a higher 

Ga content in the films than in the target (data not shown).   For instance, films deposited at 400˚C have 

1.7 at. % Ga from a target containing 1.4 at. % Ga.  Although PLD is generally known to preserve target 

stoichiometry for stoichiometric compound materials in films, the differences in Zn/Mg and Zn/Ga ratios 

between ZnMgO:Ga films and target suggest that the stoichiometry of an alloyed/doped target may not be 

reproduced in a film.  Such phenomenon could be due to differences in vapor pressures among the 

different constituents of an alloy.  For instance, the vapor pressure of Zn and ZnO are higher than Mg, 

MgO, Ga and Ga2O3 in a wide temperature range[110, 111]. For example, the vapor pressure of ZnO is 755 

Torr at 1680 ˚C; while MgO attain this same vapor pressure only at 2922 ˚C.  Moreover, the vapor 

pressure differences increase with increasing temperature. Thus, Zn atoms are easier to reversibly desorb 

(i.e. they possess a lower sticking coefficient) with increasing temperature, causing Mg-enriched films. 

The vapor pressure argument presented here is consistent with the observations of other groups [88, 112]. 

XRD θ/2θ patterns for the series of ZnMgO:Ga films deposited at different temperatures are shown 

in Figure 4.3. The wutzite ZnMgO (0002) peak at 2θ~34.8˚ (Figure 4.3) and the (0004) and (0006) (not 

shown here) are shifted to a higher angle compared to the ZnO powder standard (34.4˚ for (0002))[91]. 
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This is consistent with a decrease in lattice constant due to Mg substitution. The presence of only the 

(000ℓ) reflection in the XRD patterns of the samples grown below 600°C proves their out-of-plane 

texture. In films deposited above 600°C, two additional peaks appear at ~36.7˚ and ~42.6˚, which can be 

attributed to rocksalt MgZnO (111) and (200) planes, respectively.  

 

Figure 4.2 Mg composition (at. %)  for ZnxMg1-xO:Ga thin films deposited from a Zn0.78Mg0.21Ga0.01O target 
(dashed line) at substrate temperatures between 400˚C to 700˚C. The solubility limit of Mg in wurtzite 

ZnMgO alloy is from Ohtomo[3] 
 

The observed phase separation in the thin films that contain more than 40 at. % Mg (Figure 4.2) is 

consistent with the 33 at. % - 36 at. % solubility limit of Mg in wurtzite ZnMgO grown by PLD [88, 91]. No 

MgO peaks were observed for the films deposited at 600˚C  (~39 at. %), perhaps due to sensitivity limit 

of the XRD system. Other than ZnMgO wurtzite and MgZnO rocksalt peaks, only the sapphire (0006) 

substrate peak at 41.7˚ peak appears in the XRD patterns in Figure 4.3.  

Pole figures for ZnMgO:Ga films deposited on sapphire at both 400˚C and 500˚C exhibit a single 

hexagonal spot pattern. A typical X-ray pole figure of the (1 01 1) wurtzite plane of a ZnMgO film 

grown on sapphire is shown in Figure 4.4. The hexagonal pattern indicates in-plane texture and confirms 

epitaxial growth of the films on the substrates. The X-ray rocking curve (ω-scan) of the wurtzite (0 0 0 2) 
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plane, and phi (ϕ) scan of the wurtzite (1 01 1) plane were performed in order to investigate more subtle 

crystal structure changes between films deposited at 400 °C and 500 °C. As shown in Figure 4.5, 

Zn0.79Mg0.31O:Ga films deposited at 400˚C have a FWHM = 1.822˚ ± 0.019˚ for ω-scan peaks that 

characterize variation of the orientation of the grains perpendicular to the substrate surface (c-axis), and a 

FWHM = 0.179˚ ± 0.002˚ for ϕ-scan peaks that characterize the in-plane orientation in the x-y plane[98]. 

To probe the instrument limit, similar XRD scans have also been conducted on a single crystal α-Al2O3 

substrate.  According to the resulting spectra (not shown here), the FWHM-ω for the sapphire (1 01 1) 

plane is 0.055˚, the FWHM- ϕ is 0.077˚ and the FWHM-2θ is 0.12˚. Assuming the structural defects in 

the α-Al2O3 substrates are negligible, these FWHM values can likely approximate the peak expansion due 

to instrumentation. 

Figure 4.3 θ/2θ spectra for the series of ZnMgO:Ga/sapphire films deposited at different temperatures. 
 

The FWHMs obtained for the optimized ZnMgO:Ga films reported here are significantly narrower 

compared to the only other study in the literature that contains quantitative structural data[101], indicating 

the good crystal quality for the samples reported in this work. We note that the pole figures for film 

deposited at 600˚C (not shown) are much less defined than for the film deposited at 500˚C (Figure 4.4). 
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Figure 4.4 Pole figure of a Zn0.68Mg0.32O:Ga film 

grown at 500˚C.  
 

 

Figure 4.5 Comparison of wurtzite (1 01 1) phi-
scan and (0 0 0 2) ω-scan (rocking curve) for 
films grown at 500˚C (Zn0.68Mg0.32O:Ga) and 

400˚C (Zn0.69Mg0.31O:Ga).  

The UV, visible, and near-IR transmission spectra of ZnMgO:Ga films deposited at different TH are 

presented in , and the corresponding absorption spectra are shown in .  All the films have excellent 

transparency in the visible range, for example the films deposited at 400˚C show transparency higher than 

96% from 350nm to 1500nm. All the ZnMgO:Ga samples also show an absorption edge around 335nm-

318nm, which is lower than the absorption edge of ZnO at 365 nm [97].  The observed blue-shift may be 

attributed to a combination of the band-gap broadening due to Mg alloying and free carrier induced band-

gap blue shift due to the Bursterin-Moss effect that may be in part mitigated by band-gap narrowing due 

to many-body effects on the conduction and valence bands, as is discussed by Lu et al.[102]. Samples 

deposited at 600˚C and higher have an additional absorption edge close to 240nm, which is attributed to 

the rocksalt MgZnO phase.  This interpretation is supported by the presence of rocksalt MgZnO peaks in 

XRD θ-2θ scan for these samples (Figure 4.3), and is consistent with prior literature [112].  
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Figure 4.6 Transmission spectra for films 

deposited at different TH 

Figure 4.7 Absorption spectra of the same series 
of films plotted against photon energy 

 

Conductivity (σ), Hall mobility (µ), and carrier concentration (n) as a function of heater 

temperature are shown in Figure 4.8.  An average conductivity of 262 S/cm and 125 S/cm is achieved at 

400 ˚C and 500 ˚C respectively for ZnMgO:Ga films with 31 at. % and 32 at. % Mg.  These values are 

comparable with the most conductive doped Zn0.69Mg0.31O films in both epitaxial form (~256 S/cm)[103] 

and polycrystalline form (~240 S/cm)[99]. Film conductivity decreases by four orders of magnitude as the 

growth temperature increases from 500˚C to 700˚C, due to sharp decreases in both mobility and carrier 

concentration caused by the phase separation in this temperature range (Figure 4.3 and ). Hall mobility 

and carrier concentration of the films deposited at 700°C could not be determined using Hall 

measurement due to the low conductivity. 

Overall, a combination of the structural, optical, and electrical analysis reported in the previous 

section led to the conclusion that 400˚C is the optimal heater temperature that yields epitaxial thin films 

with the best crystal structure, highest transparency and largest conductivity.  Therefore, for the remainder 

of the paper we will discuss four films (with two different Mg contents and two different substrates) 

grown at these otherwise fixed optimal conditions. 
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Figure 4.8 Conductivity (σ), carrier concentration (n) and mobility (µ) of ZnMgO:Ga films deposited on 
sapphire from a Zn0.79Mg0.20Ga0.01O target as a function of deposition temperature 

 

4.4.2 Influence of Mg content and substrate on crystal structure and electrical properties 

The decrease in carrier concentration and doping efficiency with increasing Mg content indicates 

that as the Mg content in ZnMgO increases, Ga becomes a less effective dopant and suggests that the best 

dopants in ZnMgO might be different from those in ZnO.  The actual mechanisms for the reduced carrier 

concentration are still under investigation. Both the change of formation energy of the heterovalent 

dopant defects (GaZn ) as well as the formation energies of the intrinsic point defects (Vo, Oi , VZn and Zni) 

could change with Mg concentration. The change of formation energy can be caused by the change of 

energy band alignment[113, 114] as well as by increasing strain in the lattice[115] caused by increasing Mg 

concentration. However, more experiments are needed to investigate this issue.    

The severe mobility reductions observed in these otherwise structurally identical samples - which 

should have comparable scattering times  - supports the hypothesis that the effective mass of electrons in 

a ZnMgO alloy increases with Mg content, as has been previously proposed in the literature[101, 102]. 

Overall, the substantial decrease in electrical properties in the presence of a minimal crystal quality 
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change shows that the intrinsic change in the quasi-bulk properties with increasing Mg concentration has 

a negative influence on electron generation and transport in bulk ZnMgO. 

 

Figure 4.9 Epitaxial ZnMgO:Ga / Al2O3 films (a) FWHM ω of wurtzite (0 0 0 2) peak, (b) FWHM ϕ of 
wurtzite (1 01 1) peak, (c) FWHM 2θ of wurtzite (0 0 0 2) peak,  (d) conductivity (σ) plots for epitaxial 

ZnMgO:Ga films deposited on sapphire substrates at identical optimized conditions with 9 at.% and 
31at.% Mg in the films 

 

Table 4.2 Summary of ZnMgO:Ga properties with different Mg at. %, grown on different substrates at TH 
(Al2O3) = 400˚C, TH (SiO2) = 500˚C (same substrate surface temperature) and  pO2= 1×10-3 Torr.  

Sample 6 7 8 9 
Mg         (at.%) 9 9 31 31 
Substrate Al2O3 a-SiO2 Al2O3 a-SiO2 
σ     (102S/cm) 14.5±0.1 0.80±0.08 2.62±0.22 0.30±0.01 
µ       (cm2/Vs) 24.5±2.5 2.5±0.2 9.2±0.5 2.5±0.8 
n      (1019cm-3) 38.1±2.0 20.4±0.2 17.9±0.6 7.5±1.0 
Ga          (at.%) 1.7±0.1 1.7±0.1 1.6±0.1 1.6±0.1 
ηa              (%) 55.1±17.1 29.5±8.6 28.4±6.7 11.8±3.9 
Eg           (eV) 3.65±0.06 3.51±0.07 3.89±0.05 3.76±0.08 

FWHM-ωb (°) 1.651±0.129  2.150±0.157 1.822±0.019 7.935±0.627 

FWHM-Φc (°) 0.176±0.006 n/a 0.179±0.002 n/a 

FWHM-2θ (°) 0.350±0.017 0.360±0.003 0.360±0.014 0.561±0.003 
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Figure 4.10 The mobility (µ), carrier concentration(n) as a function of FWHM ω for ZnMgO:Ga films with 
different Mg at.% and crystallinity deposited under identical conditions(data shown in Table 4.2) 

 

The results of the study of the influence of the crystalline quality on the structural and electrical 

properties of ZnMgO are summarized in Table 4.2 and in Figure 4.9.  Films grown on fused silica glass 

(conditions 7 and 9 in Table 4.2) have inferior structural qualities compared to their counterparts grown 

on  α-Al2O3.  ZnMgO:Ga / a:SiO2 thin films are polycrystalline films without texture in the x-y plane, as 

indicated by the absence of peaks in the XRD ϕ-scan. However, well-defined peaks in the XRD ω-scan 

show that ZnMgO:Ga films preferentially grow along c-axis even on a:SiO2, similar to ZnO[96]. Besides 

the random crystal orientation in the x-y plane, an expansion in FWHM-ω is also observed for the 

polycrystalline ZnMgO:Ga samples compared to their epitaxial counterparts (Table 4.2). These structural 

changes lead to a significant reduction in electrical properties, as summarized in Table 4.2 Summary of 

ZnMgO:Ga properties with different Mg at. %, grown on different substrates at TH (Al2O3) = 400˚C, TH 

(SiO2) = 500˚C (same substrate surface temperature) and  pO2= 1×10-3 Torr. The deterioration in electrical 

properties is also illustrated in Figure 4.10, Specifically, n and µ are plotted versus FWHM ω, and arrows 

link the values of polycrystalline and epitaxial thin films deposited under the same conditions. 
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Zn0.91Mg0.09O:Ga polycrystalline thin films show 30% expansion in FWHM-ω which leads to reductions 

in mobility and carrier concentration by 90% and 47%, respectively. Zn0.79Mg0.31O:Ga shows 336% 

expansion in FWHM ω, while µ and n are reduced by 73% and 58%, respectively. Similar observations 

can be made for the influence of the FWHM-2θ on µ and n (Table 4.2).  Overall, the additional reduction 

in the electrical properties of polycrystalline ZnMgO relative to epitaxial ZnMgO is likely caused by the 

presence of high-angle grain boundaries or other extended structural defects.  The detailed influences of 

point defects, dislocations and grain boundaries on the electrical properties of semiconductors have been 

summarized by Jackon et al.[116]. 
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5.1 Abstract   

The increase of the band-gap in Zn1-xMgxO alloys with added Mg facilitates tunable control of the 

conduction band alignment and the Fermi-level position in oxide-heterostructures. However, the maximal 

conductivity achievable by doping decreases considerably at higher Mg compositions, which limits 

practical application as a wide-gap transparent conductive oxide.  In this work, we combine first-principles 

calculations and material synthesis & characterization to show that the leading cause of the conductivity 

decrease is the increased formation of acceptor-like compensating intrinsic defects, such as zinc vacancies 

(VZn), which reduce the free electron concentration and decrease the mobility through ionized impurity 

scattering. Following the expectation that non-equilibrium deposition techniques should create a more 

random distribution of oppositely charged dopants and defects compared to the thermodynamic limit, we 

studied the paring between dopant GaZn and intrinsic defects VZn as a means to reduce the ionized impurity 

scattering.  Indeed, the post-deposition annealing of Ga-doped Zn0.7Mg0.3O films grown by pulsed laser 

deposition increases the mobility by 50% resulting in a conductivity as high as σ = 475 S/cm. 

                                                      
 
3 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
4 The role of each author can in find in Section 1.4.  
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5.2 Introduction 

Alloying Mg into ZnO increases the room-temperature band-gap energy from ~ 3.3 eV for ZnO to ~ 

3.8 eV for Zn0.7Mg0.3O.[56] Also, like ZnO itself, Zn(Mg)O can be degenerately doped n-type by 

substitutional doping on the cation lattice with Al, Ga or In.[34, 36, 38]Accordingly, Mg-substituted ZnO (Zn1-

xMgxO) is a candidate band-gap-energy tunable and band-edge-energy tunable transparent conducting 

oxide (TCO).  This tunability is of great use in optimizing the performance of many optoelectonic 

devices.[15, 16, 62-64, 66, 117, 118] However, a substantial and usually undesired decrease in the maximum 

obtainable conductivity is observed with increasing Mg content.[21, 34-39] For thin films grown by physical 

vapor deposition methods, Zn1-xMgxO retains the ZnO wurtzite structure for Mg content up to x ≈ 0.35.[35, 

56]Across this compositional range, the highest conductivities (σ) reported for doped Zn(Mg)O epitaxial 

films on single crystal sapphire substrates decrease from σ  ≈ 10000 S/cm for x = 0 [75, 119, 120] to σ » 1500 

S/cm for x = 0.1[21, 34, 35] to σ » 300 S/cm for x = 0.3[21, 34, 35].  Hall-effect measurements show that decreases 

in both the free carrier concentration (n) and the electron mobility (µ) contribute to the decrease in 

conductivity.[34, 35]For example, in our prior work on 1% Ga-doped Zn(Mg)O, n decreased by a factor of 2 

and µ decreased by a factor of 2.5 yielding a five-fold reduction in the conductivity as the Mg content 

increased from x = 0.1 to 0.3.[35]   

While the reduction of conductivity in ZnMgO alloys is widely observed[21, 34-39], there is no 

consensus as to the fundamental cause.  For the decrease in the free carrier concentration, both an 

increasing donor activation energy due to either a larger effective mass[34, 39, 48] or change of band 

structure[72], and a lowering of the active donor concentration due to composition enrichment[34, 71] have 

been suggested.   There is also a substantial decrease in the mobility from µ ≈ 48 cm2/Vs for Al-doped 

ZnO[119] to µ ≈ 9 cm2/Vs for Ga-doped Zn0.7Mg0.3O films[35].   Even when a fairly large increase of the 

effective mass from 0.3 me in ZnO to ~ 0.6 me in Zn0.7Mg0.3O[48] is assumed, an additional reduction by a 

factor of 2.5 needs to be accounted for, and has been variously attributed to increased alloy scattering[36, 121], 

increasing impurity scattering[34], and enhanced grain boundary scattering due to fewer carriers[38]. 
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Using combined material synthesis, electrical transport measurements and first-principles theory, we 

here demonstrate that the reduction in conductivity in high quality epitaxial Ga-doped Zn0.7Mg0.3O thin 

films is dominated by an increased self-compensation and reduced doping efficiency compared to ZnO. 

However, the formation of intrinsic compensating acceptors, generally attributed to Zn vacancies VZn
[73, 74, 

76, 122-124], leads not only to a reduction of the doping efficiency, but also to a reduced mobility due to the 

additional ionized impurity scattering centers. Given that a higher degree of self-compensation is difficult 

to avoid in wider gap ZnMgO alloys, we study here the possibility of reducing the total scattering centers 

by pairing charged dopants and defects to form defect pairs and complexes in lower charge states.  The 

observed 50% increase in mobility upon annealing for Ga-doped Zn0.7Mg0.3O thin films is attributed to 

such defect pairing. Further, this dopant-defect pairing strategy should be applicable to other wide-band-

gap semiconductors as well, in particular when non-equilibrium growth causes a more random distribution 

of charged defect centers than expected for equilibrium growth.  

 

5.3 Methods 

This section describes two properties of ZnMgO that are fundamental to the discussions in the thesis.  

The first subsection gives a brief explanation for the observed band-gap tunability; in the second 

subsection, the stability of ZnMgO is discussed.   

5.3.1 Computational details 

The calculations of the composition dependence of the band-gap, the conduction band effective 

mass, and the donor ionization energies were performed with the VASP code [125] using 192 atom 

supercells, projector augmented wave[126] potentials, and the generalized gradient approximation [127] with 

an energy cutoff of 320 eV. For the self-consistent band-gap corrected calculation, we used an extension of 

the non-local external potential method of Ref.[128], where we determined two parameters per atom type 

and angular momentum[129]. A dense 6×6×6 k-point grid was used for the effective mass calculation. For 
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the donor ionization energies we took into account the image charge corrections, potential alignment, and 

band filling effects[130]. The dielectric constant was calculated on smaller 16 atom cells of the ZnMgO alloy 

using a density functional perturbation theory approach[131]. 

5.3.2 Film deposition and process 

ZnMgO:Ga thin films were grown on 1 cm × 1 cm double-side polished single-crystal (0001) (c-

plane) sapphire (α-Al2O3) substrates by pulsed laser deposition (PLD). A Lambda Physics Compex 201 

KrF laser (248 nm wavelength, 25 ns pulse length, 5 Hz repetition rate) was used as the ablation source, 

with an output maintained at 244 mJ per pulse, resulting in an energy density of 1.3 J/cm2 over a 1.3 mm 

× 2 mm spot at the target surface for all depositions. A commercial 1-inch solid oxide Zn0.79Mg0.2Ga0.01O 

target was used, and the target-substrate distance was set to 4.5 cm along the direction normal to the target. 

During deposition, the ZnMgO:Ga films were deposited on the Al2O3 at a deposition temperature of 

400°C. Both ultra pure (99.999%) oxygen and argon gas were introduced into the chamber (base pressure 

<1×10-7 Torr) using mass-flow controllers.  The partial pressure of oxygen and argon are 1×10-5 Torr and 

1×10-3 Torr respectively, which were calculated as the total gas pressure read from the ion gauge times 

the proportion of the O2 or Ar gas in the total pressure read from the RGA, which was mounted on the 

chamber.  All films were grown for 10,000 pulses, which gave a thickness ~190 nm.  After deposition, the 

heater was cooled to room temperature at 5°C/min.  More experimental details can be found elsewhere[35].  

5.3.3 Film Characterization 

Film carrier concentration, mobility and conductivity as a function of temperature were determined 

using a Lakeshore Hall effect measurement system in the van-der-Pauw geometry with indium contacts 

solder to the sample. Conductivities were confirmed using the collinear four-point-probe technique. The 

Mg to Zn ratio in targets and films was determined using energy dispersive X-ray analysis (EDX, 

Princeton Gamma-Tech Prism) and confirmed using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). The Ga to Zn ratio was measured using X-ray fluorescence (XRF) performed 

on a Matrix Metrologies MaXXi 5 system.  A Philips (FEI) CM200 TEMA TEM system was used to 
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obtain HRTEM and SADP images, while a Titan TEM/STEM (FEI) was used to obtain EDS-STEM 

images. The crystal structure was characterized using a Rigaku Ultima IV XRD system with Cu Ka 

radiation.  The thickness of the sample was measured using a Veeco Dektak8 Advanced development 

Profiler.  

 

5.4 Donor Levels In ZnMgO Alloys (Theory) 
We first investigate theoretically whether the composition dependence of the donor ionization 

energies affects the electrical properties of ZnMgO alloys.  Particularly, the donor ionization energy of Al, 

Ga, and In, the common group III dopants in ZnO and ZnMgO, are calculated both via the well-

established effective-mass approximation (EMA) and supercell approach (SCA)[132].  Within the EMA, 

the ionization energy depends only on the effective mass m* of the majority charge carriers (here, 

electrons) and the dielectric constant ɛ.  

 

(5.1) 

Notably, these parameters are properties of the semiconductor host materials, and are independent 

of the chemical species used for doping (e.g., Al, Ga, In in ZnO). The EMA holds for shallow, hydrogenic 

donor levels, but breaks down when the defect state becomes deep and localized. In this case, the SCA is 

more appropriate for the prediction of the donor ionization energy. 

The materials parameters m* and ɛ, which determine the donor ionization energy in the EMA, are 

well established for ZnO, and recent experiments have examined their composition dependence in 

ZnMgO alloys[48, 133]. The theoretical prediction of the band-structure properties of such alloys is 

challenging, because accurate GW quasiparticle energy calculations[134, 135] are computationally 

demanding, limiting their application presently to crystal structures with relatively small unit cells. 

Therefore, we employ here a density functional theory (DFT) based approach with empirical on-site 

potentials [128], which avoids the common band-gap problem of standard local density calculations. The 

Ed =
13.6eV ⋅m* /me

(ε / ε0 )
2
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empirical potential terms are fitted to GW reference calculations for pure ZnO and MgO (see also 

Computational Methods section below). Using this method, we performed calculations of random alloy 

configurations in 192 atom supercells, thereby obtaining the approximate predictions for the composition 

dependence of the band-gap Eg, the effective mass m*, and the dielectric constant e. In a related 

theoretical work[136], the alloy problem was addressed instead by a cluster expansion approach for the 

calculation of configurational averages. However, our approach here also enables the self-consistent 

band-gap corrected calculations of defect in the SCA (see below). 

The composition dependence of the band-gap energy is usually expressed up to quadratic order,   

 
(5.2) 

where our calculations give the band-gap of ZnO as Eg
ZnO = 3.31 eV, and the band-gap of the 

hypothetical MgO wurtzite phase as Eg
MgO-wz = 5.65 eV. The bowing parameter b = 0.07 eV is very small, 

indicating essentially a linear variation of Eg with composition. The values of Eg, m*, and e for ZnO, as 

well as their linear variation with the Mg composition x are given in Table 5.1 along with a list of 

experimental data from the literature for comparison. When using the theory data in Table 5.1 to calculate 

the donor ionization energy Ei of ZnO in the EMA (Equation 5.1), we obtain 97 meV. This result is 

somewhat larger than the expected value of 55 meV based on the experimentally determined materials 

parameters. This discrepancy is due to an overestimated effective mass and an underestimation of the 

dielectric constant (Table 5.1). Despite the quantitative difference due to the sensitivity of the EMA 

energy on the materials parameters (note the reciprocal quadratic dependence on e in Equation 5.1), we 

expect that the calculations should still effectively capture the qualitative trends and relative changes with 

composition. Specifically, we predict that at the composition x = 0.3 used for the experimental film 

fabrication in this work, the ionization energy Ei
EMA is increased by about 50%.  

In order to address the question whether the common group III dopants in ZnO and ZnMgO, i.e., 

Al, Ga, and In, remain effective-mass-like donors with increasing Mg composition, we calculated the 

donor ionization energies also in the SCA. We find that for Al and Ga the SCA does not predict a 

Eg (x) = (1− x) ⋅Eg
ZnO + x ⋅Eg

MgO−wz + b ⋅ x(1− x)
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significant increase of the donor binding energy over the EMA, suggesting that these dopants act like 

hydrogenic donors in Zn1-xMgxO alloys over the entire studied composition range up to x = 0.5. However, 

In donors exhibit a pronounced deep level character for Mg compositions above x ≥ 0.4. The calculated 

donor levels for these dopants as a function of x is shown in Figure 5.1, relative to the conduction band 

minimum (CBM) and valence band maximum (VBM). 

 

Table 5.1 The band-gap, effective electron mass, and dielectric constant of ZnO and the linear variation 
(d/dx) thereof with the Mg composition x. The computational results (theory) and the present work are 

compared with experimental literature data (expt.).    
 ZnO  

Eg [eV]  

d/dx 

Eg [eV] 

ZnO 

m*/me 

d/dx 

m*/me 

ZnO 

ℇ/ℇ0 

d/dx 

ℇ/ℇ0 

Theory [a] 3.31 2.0 0.39  0.22 7.39 -3.2 

Experimental 3.32[137] 2.27 [6] 0.27 [138] 0.90 [48] 8.15 [139] -1.8 [133] 

 [a] Calculation results from this work 
 

 

Figure 5.1 The variation of the band-gap energy with composition in Zn1-xMgxO alloys, obtained in a self-
consistent band-gap corrected DFT calculation employing empirical on-site potentials, showing also the 

donor levels for Al, Ga and In. 
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An inspection of the character of the wave function for the In case suggests that the In-5s orbital 

hybridizes with the CBM to form a donor state with a large central-cell contribution[140] that enhances the 

localization at the In site. For the case of the Al and Ga donors, which have spatially less extended s-

orbitals, this hybridization is negligible, and so they retain their effective-mass-like donor character. 

Notably, this trend is also reflected in the slight variation of the experimental ionization energies for Al, 

Ga, and In in pure ZnO, which have been measured by photoluminescence to be 53, 54.5 and 63.2 meV, 

respectively[141]. The results of the calculations then indicate that there is only a modest effect on the 

electrical properties due to the gradual increase of the effective hydrogenic binding energy, except for the 

case of In, where a considerable increase of ionization energy at high Mg composition could limit the 

conductivity more severely.    

 

5.5 Electrical Properties (Experiment) 

The samples for the experimental studies were epitaxial Zn0.7Mg0.29Ga0.01O thin films deposited from 

solid oxide targets by pulsed laser deposition on single crystal c-plane sapphire substrates at a temperature 

of 400 °C.  The chamber atmosphere for the depositions was 1×10-5 Torr O2 and 1 × 10-3 Torr Ar with 

anneals performed at 400°C in a pO2 = 10-7 Torr atmosphere. Additional details are provided in the 

experimental section. The carrier concentration (n) and mobility (µ) measured by Hall effect as a function 

of measurement temperature (T) are shown in Figure 5.2. The carrier density increases slightly with 

increasing temperature.  An Arrhenius analysis of this increase yields an activation-energy of less than 1 

meV, much less than the expected 55 meV binding energy for a simply hydrogenic donor in Zn0.7Mg0.3O.  

This observation, combined with the high measured carrier concentration, n ≈ 2 × 1020/cm3 indicates that 

Ga is indeed a shallow dopant in Zn0.7Mg0.3O and that the resulting samples are degenerately doped. 

Despite the small ionization energy of the Ga dopant, the doping efficiency is rather low.  

Specifically, the carrier concentration is only 40% of the Ga concentration, which was independently 

measured in the deposited films by both ICP and XRF and determined to be 1.1 at.% (NGa = 4.9 × 1020 
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cm-3).  ICP, XRF, and EDX compositional analyses do not indicate any impurities besides Ga with 

concentrations larger than 1020 cm-3 in the deposited films.  Thus, the potential presence of unintended 

extrinsic compensating acceptors at the level needed to account for the observed doping efficiency is 

excluded.  Another possible cause for the low doping efficiency is extended defects (e.g. second phase 

inclusions, grain boundaries), but structural measurements on these films suggest that this is not the case.  

Specifically, characterization of the films using XRD pole figure, HRTEM, and Selected Area Diffraction 

Pattern (SADP) show those films are highly epitaxial and have no sign of secondary crystalline or 

amorphous phases.  Furthermore, atomic-resolution EDX scans show that the Zn and Mg atoms are 

distributed homogeneously throughout the films. 

 

Figure 5.2 Temperature dependent Hall effect measurements showing carrier concentration (a) and mobility 
(b) for Zn0.7Mg0.29Ga0.01O. 

 

Another important mechanism that could lead to deterioration of the doping efficiency with 

increasing Mg composition is the formation of compensating defects. There is a growing body of 

evidence that Zn vacancies are the dominant compensating acceptors in n-type ZnO grown in oxygen-
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poor atmospheres. Theory predicts a low formation energy for charged VZn
2- defects when the Fermi level 

rises close to the conduction band in n-type ZnO.[73, 122, 123] Despite the challenge to directly measure point 

defect distributions, strong experimental evidence for VZn as the main acceptors in n-type ZnO have been 

reported, including positron annihilation and luminescence measurements.[74, 124] In ZnMgO alloys, the 

increase of the band-gap with Mg composition is mostly due to an increase of the CBM energy, according 

to our results shown in Figure 5.1. Note that the change of the band edge energies with Mg composition is 

given with respect to the average electrostatic potential of ZnO, which is a suitable reference for the 

formation energy of charged defects.[142] The increase of the CBM energy is expected to further lower the 

formation energy of charged VZn
2- defects, as the Fermi energy increases accordingly for a given electron 

concentration. Although the concentration of compensating defects can be far away from those described 

by the defect-equilibrium[143], it can nevertheless be expected that VZn defects will form more easily with 

increasing Mg composition, compensating the free electrons and acting as ionized impurity scattering 

centers. 

 

5.6 Defect Model for Charged Impurity Scattering   
Figure 5.2(b) shows the change of Hall mobility as a function of temperature.  The mobility 

increases slowly with temperature from 10K to 250K then slightly decreases with a further increase in 

temperature.  Specifically, the total variation of mobility within the 10K to 300K temperature range is 

only ~ 2%.  Accordingly, the major scattering mechanism must be temperature-independent and the 

electron transport only slightly influenced by other secondary temperature dependent scattering 

mechanisms.  To quantify this, we have fit the temperature dependence of the measured Hall mobility 

including contributions from different candidate scattering mechanisms. The results of this analysis are 

shown in Figure 5.3.  The major scattering mechanism is ionized impurities (µii) with the next strongest 

scattering processes being optical phonon scattering (µpop) and thermionic emission at the grain 

boundaries (µbdry) depending on the temperature.  Scattering due to acoustic phonon scattering (µac) and 
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piezoelectric phonon scattering (µpie) are weaker still.  Similar results have been widely found in heavily 

doped ZnO.  

Specifically, the Hall mobility (µHall) was fitted into different mechanisms according to the 

Matthiessen’s rule (Equation 5.3) to determine the nature of the scattering mechanisms and separate out 

the mobility limitations due to ionized impurity scattering. For maximum accuracy of the transport 

analysis we included all the anticipated scattering mechanisms. Specifically we considered, the maximum 

mobility limited by ionized impurity scattering (Equation 5.8-5.11), thermionic emission at grain 

boundaries in degenerate semiconductor (Equation 5.4), optical phonon scattering µpop (Equation 5.5), 

acoustic phonons interacting through the piezoelectric potential (Equation 5.6) and acoustic phonons 

interacting through the deformation potential (Equation 5.7).  These are represented by µii, µbdry, µpop, µpie, 

and µac respectively.  A more detailed/comprehensive analysis of these mechanisms as it pertains to these 

materials can be found elsewhere.[74, 137, 144]The expression for µHall is then: 

 
(5.3) 

 

(5.4) 

 

(5.5) 

 

(5.6) 

  

(5.7) 

where m* is the effective mass (0.57m0 for Zn0.7Mg0.3O[48]), ℇ0 is the static dielectric constant (7.2ɛ0 

for Zn0.7Mg0.3O [133]),  ω 0 is the energy of the longitudinal optical phonon (78.7 meV for Zn0.7Mg0.3O[145]), 

rpopφ is a slowly varying function of the temperature, which is usually assumed equal to 1[24], Ppie is the 
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unitless piezoelectric constant (0.2, assume the same as ZnO[146]) El is the deformation potential(15eV, 

assume the same as ZnO[147]), cl is the longitudinal elastic constant(205 Gpa, assume the same as ZnO[146]).   

Because  µii is assumed to be a constant independent of the temperature, the unknown in Equation 

16 is B, a constant related to the grain size and electron concentration, and Φa, the activation energy 

given by Φb – ( EF – EC), and n.  A set of combinations of B and Φa was found that fit the experimental 

results well.  Each individual scattering mechanism is also plotted in Figure 5.3.  It is clear that ionized 

impurity scattering is the major factor, which limits the mobility, while thermionic emission at grain 

boundaries has an influence on the mobility only at low temperature.  Phonon scattering must also be 

included at high temperature (T>200K).  

It is worth noticing that we did not include alloy disorder scattering in the above, as we concluded 

the alloy disorder scattering model, which gives a limiting mobility µ ≈ 30 cm2/Vs with ZnMgO:Ga,  is 

not appropriate for describing degenerately doped materials.  First, it was derived for essentially undoped 

semiconductors where the alloy potential difference is small and situations where there are no free 

carriers to screen the potential.  However, with n ≈ 1×1020cm-3, screening in our systems is significant. 

Second, if applied in spite of this, alloy scattering results in a temperature dependence to the mobility that 

is 25 times larger than what is observed experimentally.  Further, our measured temperature dependence 

while weak, has the opposite sign as that predicted by alloy scattering model.  Given these observations, 

we conclude that alloy scattering is unimportant in these high carrier concentration oxide materials.  

We also considered alloy scattering which was used to explain the additional scattering in Al-

doped Zn0.88Mg0.12O thin films.[121] A strict application of the same alloy scattering formalism [148] but 

with material parameters appropriate for Zn0.7Mg0.3O suggests that alloy scattering would be the next 

most significant scattering process after ionized impurity scattering with µalloy ≈ 30 cm2/Vs at T = 300 K.  

However, this model is intended for nearly intrinsic semiconductors, not degenerately doped materials 

where there is substantial screening due to free carriers.  Further, µalloy  ∝ T-1/2 which would result in a 

temperature dependence both opposite in sign and 25 times larger than the one observed (see Figure 
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5.2(b)).  As a result, we believe that any alloy scattering present must be small compared to the 

temperature independent ionized impurity scattering. 

 

Figure 5.3 Analysis of the temperature-dependent mobility to examine the scattering mechanisms that 
contribute to the as-measured Hall mobility from Figure 2(b) (filled circles), broken down into different 

scattering mechanisms.  The best fit is obtained for an ionized scattering center concentration Nii = 
6.7×1020 cm-3. 

 

Based on this analysis of the transport data we conclude that ionized impurity scattering is the 

dominant effect limiting the electron mobility. To further examine the implications, we adopted the 

formalism of Look et. al[74] for modeling self-compensation in degenerate semiconductors.  We assume 

that Ga donors are the only dopants and exist as fully ionized GaZn
+ defects. Therefore, the ionized 

impurity scattering can be calculated by the Brooks-Herring (B-H) theory as 

 
(5.8) 

where nii is the concentration of ionized impurities of charge Z， n the charged carrier 

concentration, and µii0(n) is given by  

µii (n,nii ) = µii0 (n)n / Z
2nii
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(5.9) 

where  

 

(5.10) 

In the case of multiple types of scattering centers, Equation 3 can be generalized by implementing 

Matthiessen’s rule:   

 

(5.11) 

 

According to literature, the static dielectric constant ɛ of Zn0.7Mg0.3O is 7.2ɛ0
[133] and the effective 

mass m* of Zn0.7Mg0.3O is 0.57 m0
[48]

. Since µii is approximately 12.2 cm2/Vs  (Figure 5.3), Nii  can be 

calculated as 6.7 × 1020 cm-3, which is much larger than the free carrier concentration (1.96 × 1020 cm-3).  

Thus, the mobility analysis independently confirms the existence of ionized defects other than GaZn
+, 

which is consistent with the conclusion above that the low doping efficiency is caused by the formation of 

negatively-charged compensating VZn
2- defects.       

Oppositely charged defects tend to form pairs and complexes[149], thereby changing the charge and 

the number of ionized impurities. In particular, the complex formation between group III donors and 

cation vacancies in n-doped II-VI semiconductors has been confirmed via measurements[150] and 

calculation[151] of hyperfine interaction parameters.  Thus, in addition to the intentional GaZn
+

 dopant and 

the compensating VZn
2-

 defect, we have to consider the singly charged (GaZn-VZn)-
  and the charge-neutral 

(2GaZn-VZn)0
 defect clusters.[74, 76, 123]In order to determine the expected relative abundance of the charged 

scattering centers, we next calculate their thermodynamic equilibrium concentration as a function of 

temperature.  The binding energies of the (GaZn - VZn)- and (2GaZn - VZn)0 complexes in Zn0.7Mg0.3O are 

assumed to be the same as in ZnO, which were calculated in a DFT supercell approach to be Eb1 = -1.1 eV 
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and Eb2 = -1.8 eV, respectively, relative to the isolated defect species[143] . The total GaZn concentration 

NGa
Tot  is taken to be the measured Ga concentration (NGa

Tot = 4.9 × 1020 cm-3), and since each VZn defect 

compensates two Ga dopants (irrespective of the isolated or defect pair configuration), the total zinc 

vacancy concentration NV
Tot  is determined from the Ga concentration and the measured carrier 

concentration as NV
Tot = ½( NGa

Tot  – n). The defect cluster concentrations as a function of temperature are 

then calculated by applying the law of mass action. 

 
(5.12) 

 
(5.13) 

Here, NGa, NV, are the concentrations of the isolated (unpaired) GaZn
+ dopants and VZn

2- defects, and 

NGa-V and N2Ga-V are the concentrations of the (GaZn - VZn)- and (2GaZn - VZn)0 complexes, respectively.  

 As seen in Figure 5.4, the large thermodynamic driving force for the GaZn defects to pair with 

intrinsic VZn defects leads, in an equilibrium situation below 1000 °C, to a complete pairing of VZn defects. 

It is clear such equilibrium state also minimizes the ionized impurity scattering as reflected by the 

reduction of the Nii, when considering the quadratic dependence of the scattering strength on the defect 

charge in Equation 5.8:  

 (5.14) 

According to above analysis, if the dopant-defect pair association would equilibrate in the films 

examined in Figure 5.2 at the growth temperature of 400 °C, most VZn
2- scattering centers would become 

bound in charge-neutral (2GaZn-VZn)0 complexes, reducing Nii essentially to the number of uncompensated 

GaZn donors, i.e., Nii=n = 2.0 × 1020 cm-3.  This expected value is less than 1/3 of the effective number Nii 

= 6.7 × 1020 cm-3 of scattering centers determined above from the electrical characterization.  Such 

discrepancy suggests the defect distribution in actual thin film samples grown by non-equilibrium 

processes (such as PLD used here) is not fully equilibrated.  

NGa−V = NGa × NV × exp(−Eb1 / kT )

N2Ga−V = NGa
2 × NV × exp(−Eb2 / kT )

Nii = NGa + NGa−V + 4NV
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Figure 5.4 The temperature dependence of thermodynamic defect densities, calculated by applying the law 
of mass action to the carrier concentration (n) and Ga concentrations and taking into account the binding 

energies of the (GaZn - VZn)−and (2GaZn - VZn)0 complexes. 
 

In order to determine the individual concentrations of the different defect centers from the available 

experimental data, we assume that the concentration of the fully passivated (2GaZn - VZn)0 complex is 

small in the as-grown films.  This assumption is justified by the fact that the direct formation of this three-

defect complex is statistically rather unlikely, and, hence, its association requires diffusion of the Ga 

impurities.  However, since cation diffusion occurs via a vacancy mechanism[152, 153], the Ga diffusion 

should be slower than the self-diffusion (i.e., the VZn diffusion) due to the small impurity to host-cation 

ratio.  Thus, we can initially reduce the types of defect centers to three, i.e.,  GaZn
+, VZn

-2  and (GaZn -VZn) -, 

which allows calculating the individual concentrations of these centers as follows. 

First, we can feed Nii = 6.7 × 1020 cm-3, calculated from mobility analysis, into Equation 9 to obtain 

one relationship.  In addition, considering the charge neutrality condition and the conservation of Ga 

atoms yields two additional relationships,  
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n = NGa − NGa−V − 2NV  (5.15) 

, 
(5.16) 

where n = 1.96 × 1020 cm-3 and NGa
Tot = 4.9 × 1020 cm-3 as determined above.  Solving Equations 

5.14 – 5.16 for NV, ,NGa-V, and NGa yields NV = 4.5 × 1019 cm-3, NGa-V = 1.0 × 1020 cm-3
,  NGa = 3.9 × 1020 cm-3.  

These are physically reasonable values, comparable with the values previously reported for degenerate 

ZnO [74], and they consistently explain within the ionized impurity scattering model the quantitative 

values of the measured mobility and carrier concentration.  

By comparison, the concentrations NV and NGa-V of the charged centers, determined by this 

modeling, are much higher than expected for thermodynamic equilibrium (Figure 5.4) at the growth 

temperature T = 400 °C, where virtually all VZn defects ought to be bound in charge neutral (2GaZn - VZn)0 

complexes.  As a result, there are more scattering centers, i.e. larger Nii, in as-deposited films.  This 

finding suggests that annealing should further promote the clustering of doubly charged isolated VZn 

defects into single charged (GaZn -VZn) - pairs and even into neutral (2GaZn - VZn)0 clusters, reducing 

considerably the effective number Nii of ionized impurity scattering centers and increasing the mobility.  

 

5.7 Reduction of Scattering by Annealing 
In order to test the possibility to reduce ionized impurity scattering by promoting the pairing of 

charged dopants and defects, a Ga-doped Zn0.7Mg0.3O film, representative of our most conductive films, 

was sequentially annealed for a total of 14 hours at 400 °C (same as the deposition temperature) in 

vacuum with a measured residual pO2 = 10-7 Torr.  The anneal was stopped at three intermediate times 

and the sample was removed for electrical characterization.  No observable changes in thickness, 

composition, or crystal quality (FWHM of XRD peaks and grain size seen under TEM) occurred during 

the annealing.  

The conductivity, carrier concentration and mobility as a function of anneal time are plotted in 

Figure 5.5.  During the first 5 hours of anneal, the carrier concentration reduces from 1.98 × 1020 cm-3 to 

NGa
Tot = NGa + NGa−V



 64 

1.60 × 1020 cm-3 while mobility increases from 11.6 cm2/Vs to 17.2 cm2/Vs. After 5 hours of annealing, 

the carrier concentration and mobility remain essentially constant. The maximum conductivity (s = 475 

S/cm) is obtained after 2 hours of annealing.  This is a 30% increase compared to the as-deposited sample 

and roughly a 50% increase compared to the highest conductivity obtained for as-deposited Zn0.7Mg0.3O 

films in previous studies[21, 34, 35].  Further, the optical absorption onset of the films after annealing remains 

sharp and stays at 4.0 eV, indicating that the Mg stays in the wurtzite ZnMgO lattice. 

 

Figure 5.5 The change of conductivity(a), carrier concentration(b), and mobility(c) during anneal. 
 

Using the same approach adopted in Section 4 for the as-deposited samples, the defect populations 

in the annealed samples can be estimated from the carrier concentration and mobility data, assuming 

ionized impurity scattering limits the conductivity. They are plotted as a function of the annealing time in 

Figure 5.6.  To avoid underdetermined fitting of the data, it is necessary to divide the annealing process 

into two stages.  In the first stage (tanneal ≤ 2 hours), the three variables are taken to be the same as in 

Section 4, i.e., NV, NGa, and NGa-V. The carrier concentration n and the mobility m are taken from the 

measurement after each annealing step (cf. Figure 5.5), and Nii is determined from the measured mobility 

based on Equation 5.6.  During this first stage of annealing, the more mobile VZn
2- defects diffuse towards 
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the GaZn
+, forming additional (GaZn - VZn)-  complexes. As above, the defect concentrations can be solved 

for using Equations 5.14-5.16.  The fit of the data for tanneal = 2 hours yields Nv = 0 within the error margin, 

indicating that the isolated VZn vacancies are depleted due to the pairing process.  

In the second stage (tanneal > 2 hours), when there are no more isolated VZn defects, the concentration 

of (GaZn - VZn)-  complexes stabilizes and fully passivated (2GaZn - VZn)0  complexes begin to form.  The 

rate of this processes is kinetically slower compared to the formation of the (GaZn - VZn)-  complexes 

associated with the first stage of the anneal as it requires diffusion of the Ga cations.  Since Nv = 0 in the 

second stage, the fitting variables are now NGa, NGa-V, and N2Ga-V, and a system of three equations with 

three unknowns can again be established, similar to Equations 5.14-5.16:   

 (5.17) 

 (5.18) 

 
(5.19) 

 

  The individual defect concentrations associated with both stages of the annealing processes are 

shown in Figure 5.6 as a function of the annealing time.  During the initial stage of annealing, the fairly 

rapid mobility changes are caused by the formation of the (GaZn - VZn)-  complexes.  Because the diffusion 

of VZn towards the GaZn species is facile, the population of (GaZn - VZn)-  complexes equilibrates relatively 

quickly.  Once all the VZn are fully associated in (GaZn - VZn)-  complexes, further changes in mobility 

(stage 2) are more gradual as they depend on the much slower Ga diffusion process required to form 

(2GaZn - VZn)0 complexes.   

These basic findings on the dynamics of defect association during annealing should also be 

applicable to ZnO and explain the large variation in mobility for heavily doped ZnO[24].  In addition, the 

thermodynamically driven clustering of oppositely charged defects during annealing is consistent with the 

generally observed increase in mobility during annealing, even when there is no clear structural 

improvement and change in carrier concentration.[24, 74, 123, 154]  Based on these findings, we also suggest 

Nii = NGa + NGa−V

n = NGa − NGa−V − 2N2Ga−V

NGa
Tot = NGa + NGa−V + 2N2Ga−V
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that suppressing the formation of intrinsic electron killers (e.g., during growth or subsequent post-

processing) is critical to improve the conductivity in these materials.  An effective strategy to realize 

reductions in these electron-killing complexes will enhance both carrier concentration and mobility in Ga-

doped ZnMgO, resulting in improved conductivity.  Practical approaches address these mechanism may 

include annealing of films in the presence of Zn metal, such as has been recently done for Al-doped 

ZnO.[75] 

 

Figure 5.6 The change in defect densities during annealing based on fitting a Brooks-Herring model to the 
measured carrier concentration (n) and mobility (µ) from Figure 5.  Nii is the effective density of singly-

charged scattering centers.  Open symbols denote coupled defect complexes. 
 

5.8 Conclusions 
 This work demonstrates that Ga remains as a shallow dopant in Zn1-xMgxO alloys at least up to 

30% Mg composition.  The doping efficiency is likely limited by self-compensation due to intrinsic VZn 

acceptors and its complexes. Our results suggest that ionized impurities are the dominant scattering 

centers in these Ga-doped Zn0.7Mg0.3O films, similar to the situation in most degenerately doped ZnO 

films.  However, the mobility in as-deposited Zn0.7Mg0.3O is much lower than in ZnO due both to a larger 
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effective mass and larger concentration of charged intrinsic acceptors.  Post-deposition annealing yields a 

50% increase in the mobility.  Self-consistent modeling of the carrier and defect concentration and 

mobility suggest this change is due to dopant-defect complex formation, which reduces the net 

concentration of charged scattering centers.  In order for the electrical transport properties of ZnMgO 

alloys to approach those of ZnO, synthesis strategies aimed at increasing the doping efficiency by 

reducing the total zinc vacancy concentration will likely be necessary. 
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CHAPTER 6 ENGINEERING DEFECTS TO OPTIMIZE 

ELECTRICAL PROPERTIES IN ZNMGO:GA  
 

The previous chapter investigated the influence of both extrinsic and intrinsic point defects on the 

electrical properties of ZnMgO.  This chapter builds on those insights and explores further strategies to 

manipulate both types of point defects in order to improve the electrical properties of ZnMgO.        

 

6.1 Introduction 

The well-known issue of electrical property deterioration with increasing Mg content in Zn1-xMgxO 

(ZnMgO) has thus far prevented significant consideration of this material for many optoelectronic device 

applications. To tackle this challenge, we first explored the microscopic origin of the conductivity 

reduction in ZnMgO:Ga in Chapter 4. We learned that increasing Mg content can lead to reduced crystal 

quality and changes in other quasi-bulk properties which reduce both carrier concentration and electron 

mobility. With this understanding, epitaxial ZnMgO:Ga films were grown on single crystal sapphire 

substrates to improve the crystal quality, resulting in a record-high conductivity of 275 S/cm for doped 

Zn70Mg30O films. In Chapter 5, we extended our investigation to the mechanisms that limit electron 

generation and conduction in those high quality epitaxial ZnMgO:Ga films. Specifically, we determined 

that Ga is a shallow dopant in ZnMgO up to x=0.3.  The low ionization efficiency (~40%) is due to the 

charge compensation of intrinsic defects, most likely VZn.  In addition, charged intrinsic acceptors act as 

electron scattering centers that further reduce the electron mobility in ZnMgO.  We used vacuum annealing 

to facilitate defect pair formation between extrinsic and intrinsic defects to reduce the total number of 

scattering centers.   This approach was highly effective: 5 hrs of annealing at 400°C yield a 50% increase 

in mobility and improved the conductivity of Zn0.7Mg0.29Ga0.01O films to a record-breaking 475 S/cm.. 
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Building on these insights, this chapter focuses on varying the concentrations of point defects and 

their complex to further increase the electrical properties of ZnMgO. The motivations of such focus are 

three-fold. First, intrinsic electron killers are a major limiter to electron generation and conduction in 

ZnMgO. Successfully suppressing their formation would increase both the concentration and the mobility 

of free electrons. Secondly, the potential to increase the conductivity by suppressing intrinsic defects 

remains mostly unexplored. Based on the results in Chapter 5, the conductivity of Zn0.7Mg0.29Ga0.01O films 

should be as high as 2000 S/cm if there are no intrinsic acceptors in the films. Finally, we wish to examine 

the possibility of increasing carrier concentration by increasing the Ga concentration in ZnMgO:Ga. Since 

Ga is identified to be a shallow dopant in ZnMgO, we hypothesize that a larger Ga concentration may lead 

to higher free electron concentration since it is energetically favorable to generate free electrons by 

ionizing Ga atoms.  However, it is not clear how increasing the Ga content would influence the 

concentration of VZn in non-equilibrated ZnMgO:Ga thin films deposited by PLD. 

This chapter examines three strategies to vary the point defects concentration: 1) Suppress the 

formation of intrinsic defects by varying the partial pressure of oxygen during deposition. 2) Increase the 

solubility of Ga by “defeating” thermodynamics using non-equilibrium growth method 3) Passivate 

intrinsic defects via forming gas annealing. We will discuss the results of these three approaches in the 

following three sections respectively.  

 

6.2 Suppress the Formation of Intrinsic Defects by Varying the Partial Pressure of 

Oxygen During Deposition 
Varying the partial pressure of oxygen during deposition was first examined as a strategy to 

suppress the zinc vacancy formation.  

6.2.1 Background theory and literature 

Zinc vacancies VZn are considered to be the dominant intrinsic electron killers in n-type degenerate 

ZnO both based on theoretical calculations[73, 122, 123] and experimental evidence[74, 124].  The results 
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presented in Chapter 5 suggest the same is true in n-type degenerate ZnMgO. One direct approach to 

suppress intrinsic defect formation is to increase the defect formation energy ∆HD, because the 

concentration of an intrinsic defect at thermodynamic equilibrium is exponentially sensitive to ∆HD:   

 
(6.1)  

where nD is the number of the defects, N is the number of atomic sites, ∆Svib is the vibrational 

entropy due to the change in vibrational modes of the atoms neighboring each defect.[155]  

In general, defect formation energy ∆HD can be calculated using DFT-based methods as: 

 
(6.2) 

where ED and EH are super-cell energies of host+defect and host-only respectively, q is the defect 

charge state, and EF is the Fermi energy (electrons are exchanged between a defect and the Fermi level).  

The chemical potential ∆µZn, ∆µMg, ∆µGa, and ∆µO for atoms added to (-) or removed from (+) the lattice 

are taken with respect to µ0 of the elementary metals and the O2 molecule.[73] Therefore, the defect 

formation energy of a fully ionized zinc vacancy VZn
-2 in ZnMgO can be written as: 

 (6.3) 

where µ(Zn,Mg) is the atomic chemical potential of the metal atoms which is a mixture of Zn and Mg. 

It is clear from Equation 6.3 that increasing µ(Zn,Mg) will increase the formation energy of VZn
-2 and hence 

reduce its total concentration.  

  From the experimental point of view, the µ(Zn,Mg) and µO  depend on the oxygen partial pressure in 

the growth system during deposition, because it determines the relative ratio between the supply of reactive 

O atoms and metal atoms.  Although it is difficult to estimate the exact correspondence of the partial 

pressure of reagents to the chemical potential during a nonequilibrium growth, it is reasonable to expect 

that reducing the oxygen partial pressure would increase µZn and reduce µO.[123] 

nD
N

= exp[∆ Svib
k
]exp[−∆ HD

kT
]

∆ HVZn
(EF ,µ) = [ED − EH ]− 2EF + µ(Zn,Mg)
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Such understanding, combined with the insights we obtained from Chapter 5, suggests that lowering 

the partial pressure of oxygen during deposition may reduce the concentration of VZn and therefore increase 

the electrical properties of ZnMgO:Ga. Indeed, this strategy has proven to be successful in ZnO. Scott et al. 

found that the compensation ratio, NA/ND, is larger than 90% for ZnO:Ga films deposited in oxygen rich 

condition.  Meanwhile, NA/ND is less than 60% for films deposited in Ar (oxygen poor condition).[156] It has 

not been clear whether the same strategy could also apply in ZnMgO. Cohen et al. studied the influence of 

oxygen partial pressure on the electrical properties of Zn0.8Mg0.2O:(In,Al) deposited by magnetron 

sputtering[68].  They kept the total pressure at 6 mTorr and changed the ratio between oxygen and Ar from 

6.67% to 50%, corresponding to oxygen partial pressures from 0.4 mTorr to 3 mTorr. They found that the 

mobility consistently increased while the carrier concentration slightly fluctuated below 1 mTorr O2. 

Above 1 mTorr O2, the mobility continued to increase, but the carrier concentration decreased.[68] The 

design of the Cohen study made it difficult to establish a direct relationship between oxygen partial 

pressure and VZn concentration for to two reasons. Firstly, for the deposition conditions used and film 

qualities achieved, it was not clear whether VZn could be isolated as the single most important factor 

responsible for the electrical properties of their films. Secondly, the oxygen range they investigated was 

relatively small, leaving a large range of lower pO2 unexamined. In our study, we will aim to overcome 

these two deficiencies by understanding of the influence of VZn in the electrical properties of the film 

examined and by exploring a wide range of oxygen partial pressure from 5×10-3 Torr to 1×10-7 Torr.  

6.2.2 Experiments 

ZnMgO:Ga thin films were grown on 1 cm × 1 cm double-side polished single-crystal (0001) (c-

plane) sapphire (α-Al2O3) substrates by pulsed laser deposition (PLD). Ultra pure (99,999%) oxygen and 

argon gas were introduced into the chamber (base pressure <1×10-7 Torr) using mass-flow controllers. Ar 

gas was used as a buffer to fix the total pressure constant. The partial pressure was calculated as the total 

gas pressure read from the ion gauge times the proportion of the O2 or Ar gas in the total pressure read 

from the RGA, which is mounted on the chamber.  The total pressure for these experiments was fixed at 
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5×10-3 Torr, while the oxygen partial pressure was varied from 1×10-7 Torr (the background oxygen partial 

pressure in 5×10-3 Torr Ar) to 5×10-3 Torr.  

A Lambda Physics Compex 201 KrF laser (248 nm wavelength, 25 ns pulse length, 5 Hz repetition 

rate) was used as the ablation source, with an output maintained at 244 mJ per pulse, resulting in an energy 

density of 1.3 J/cm2 over a 1.3 mm × 2 mm spot at the target surface for all depositions.  All films were 

grown for 10,000 pulses, which gave a thickness around 190 nm. A commercial 1-inch Zn0.79Mg0.2Ga0.01O 

target were used, and the target- substrate distance was set to 4.5 cm along the direction normal to the 

target. During deposition, the ZnMgO:Ga films were deposited on Al2O3 at a deposition temperature of 

400 ˚C.   After deposition, the heater was cooled to room temperature at 5 °C/ min. More deposition and 

characterization details can be found in Chapter 3.   

6.2.3 Results and discussions 

All deposited films have similar film thickness and film composition independent of pO2.  The 

typical thickness is around 190 ± 15 nm (measured by Dektak Profilmeter), the Mg composition is around 

28 ± 2 at.% (measured by EDX, calibrated by ICP) and the Ga content is around 1.2 ± 0.2 at.% (measured 

by XRF with calibration). Use of the same total pressure for all depositions likely led to similar properties 

for all films.  In the following discussion, we will assume that the observed changes in the electrical, 

structural and optical properties are not due to variations in film thickness and/or composition. 

The conductivity (σ), mobility (µ) and carrier concentration (n) of films against the oxygen partial 

pressure (pO2) during deposition is shown in Figure 6.1.  This plot can be divided into two regions based 

on the behaviors of these electrical properties.  In the higher oxygen pressure region, both µ and n increase 

with reducing pO2 content from 50 mTorr to 0.1 mTorr.  However, once the pO2 drops below 0.1 mTorr, 

both carrier concentration and mobility remains constant. The maximum conductivity of Zn0.7Mg0.3O:Ga 

obtained in this set is around 365 ± 30 S/cm, which is comparable to the conductivity of as-deposited 

samples in Chapter 5.  The similar conductivity is not surprising because samples discussed in Chapter 5 

and samples of 5×10-5 Torr of pO2  shown in Figure 6.1 were deposited under identical condition.  
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Since the main goal of this study is to suppress the zinc vacancy formation by reducing the oxygen 

partial pressure, it is necessary to divide Figure 6.1 into two sections and focus on the lower partial 

pressure section. The partial pressure in the lower region changes from 5×10-3 Torr to 5×10-7 Torr.  Films 

deposited in this region have the same carrier concentration and mobility as the as-deposited samples in 

Chapter 5. In addition, we performed temperature dependent Hall measurement on three samples in this 

range, and found that their n and µ are also temperature independent just like those in Chapter 5. Therefore, 

the same analysis on electron generation and conduction in Chapter 5 could be applied to those samples, 

which would suggest that the concentrations of VZn are similar (~1.4×1020 cm-3) among those samples.   

 
Figure 6.1, conductivity, carrier concentration and mobility as a function of oxygen partial pressure during 

deposition 
 

This result suggests that, unlike our initial hypothesis, reducing oxygen partial pressure in the low 

pO2 region does not suppress the formation of VZn, assuming the concentration of ionized Ga (donor) stays 

the same. Such behavior seems to yield two insights on the nature of major defect reaction in this range.  

The first one is based on the typical Brower-diagram analysis. It is possible that the major defect reaction 

in creating the zinc vacancy in this region does not involve oxygen as reactant or product. Therefore the 

concentration of VZn is independent of pO2. For example, one possible reaction of this type could be  
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(6.4) 

The second insight considers Equation 6.3.  This behavior seems to suggest that the increase of 

µ(Zn,Mg) due to reducing oxygen partial pressure in this region is much smaller compared to the total defect 

formation energy. Therefore, ∆HD remains relatively the same, which leads to the same amount of VZn, n 

and EF consequently. Thus, the results obtained from the films deposited in the lower oxygen partial 

pressure region suggests that µ(Zn,Mg)  in vacuum is still not high enough to suppress the formation of VZn.   

 In the range of higher oxygen partial pressure, the mobility and carrier concentration of the 

obtained films increases with increasing oxygen partial pressure.  This phenomenon can be partially due to 

decrease in the concentration of VZn.  However, it is difficult to be definitive on the exact change of VZn as 

the carrier generation and conduction mechanisms of these films may be more complicated than those 

deposited under lower oxygen partial pressure. In addition, such analysis is beyond the scope of this 

research, which is to suppress the formation of VZn benchmarked to as deposited sample in Chapter 5.   

Therefore, the detailed analysis will not be included here. 

          

 

 

 

 

 

 

 

 

 

 

Figure 6.2 transmission spectra of Zn0.7Mg0.3O:Ga 
deposited at different oxygen partial pressure 

Figure 6.3 (αhν)2 plots of Zn0.7Mg0.3O:Ga 
deposited at different oxygen partial pressure

Ga2O3→ 2GaZn
• +VZn

" +3OO
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Figure 6.3 converts the lower end of these transmission spectra (Figure 6.2) into absorption 

coefficient, based on which the optical band-gap were fitted using a direct band-to-band transition model. 

It is clear that all the ZnMgO films have larger optical band-gaps than the ZnO reference. The optical 

band generally increases with reducing oxygen pressure, which is mainly due to the Burstein-Moss effect 

as seen in Figure 6.1 indicating that reducing oxygen pressure increases carrier concentrations.  

 

6.3 Alter Defect Equilibrium by Varying Ga% and Annealing in Forming Gas 
Altering defect equilibrium by varying Ga concentration and annealing the as-deposited films in 

forming gas was also examined as a strategy to suppress the zinc vacancy formation 

6.3.1 Background theory and literature 

Another strategy to optimize the electrical properties by engineering the defects is to explore and 

alter the interconnected nature of extrinsic and intrinsic point defects. In the case of ZnO and ZnMgO, the 

presence of ionized shallow dopants, such as Ga, In, and Al, would trigger the formation of intrinsic 

electron killers, such as VZn. The thermodynamic cause of this effect is encoded in Equation 6.2.  The 

Fermi level in an n-type semiconductor increases as more free electrons are introduced to conduction band 

due to ionization of shallow dopants.  As a result, the defect formation energy ∆H of intrinsic electron 

killers (such as VZn in ZnO) reduces as illustrated in Figure 6.4. Therefore, more electron killers start to 

form as the dopant concentration increases. Thus, the dopant effectiveness decreases with increasing 

dopant concentration. This effect limits the maximum achievable conductivity. If fewer intrinsic acceptors 

are formed due to extrinsic doping, or if the intrinsic acceptors can be passivated after their formation, the 

electrical properties of the resulting films could be improved. While thermodynamics qualitatively 

describes the relationship between intrinsic and extrinsic defects, the actual ratio between them in obtained 

films, i.e. compensation ratio NA/ND, is highly process dependent[1]. Therefore, it is worthwhile to 

experimentally investigate ways to deviate from thermodynamic equilibrium to reduce the compensation 
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ratio. This section describes the efforts to implement such strategy using ZnMgO:Ga as a case study. 

Specifically, Zn0.7Mg.0.3O doped 1 at.%, 2 at.% and 4 at.% Ga were deposited on sapphire substrates under 

identical condition separately and annealed in forming gas. Electrical properties were measured and 

analyzed in each scenario.  

 

Figure 6.4 Schematic depiction of the dependence of the formation enthalpy of defect α in charge states q 
=+, 0 and - on the Fermi energy. The black solid dots denote the donor (0/+) and acceptor (0/-) transition 

energies. While the red solid dot denote the n-type pinning energy EF(n) where the formation energy of 
acceptor α- is zero.[157] 

 

There are three reasons to suggest that increasing the dopant concentration up to 4 at.% in the films 

investigated in Chapter 5 may leads to higher carrier concentration (n). First, Matsubara et al. reported a 

maximum carrier concentration of 2.8×1020 cm-3 in polycrystalline Zn0.7Mg.0.3O doped with 2.3 at.% Al. [2] 

This result suggests that such carrier concentration is still within the limit set by n-type Fermi level pinning 

in Zn0.7Mg.0.3O. Second, the Zn0.7Mg.0.29Ga0.01O films measured in Figure 5.1 have similar n (~2×1020 cm-3) 

as those of the Zn0.7Mg.0.29Al0.01O films reported by Matsubara[2]. This leads to an expectation that films 

doped with 2 at.% dopant deposited under identical conditions produce a similar n. Third, it is possible that 

the epitaxial Zn0.7Mg.0.3O films achieved in our studies could accommodate even more Ga—e.g. as much 

as 4 at.% Ga, because the solubility limit may be higher in such epitaxial films as compared to 
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polycrystalline films. Previously, it has been shown that the precipitation of a secondary phase can be 

suppressed through epitaxial growth when considering coherent surface strain.[158]  

Subsequent to deposition, the effect of post-annealing films in forming gas annealing was examined. 

Post-annealing was used in an attempt to mitigate the conductivity-limiting high zinc vacancy 

concentrations that were established to be present in Chapter 5. Look et al. claimed that annealing films on 

Zn metal foil at 550 °C reduced the VZn concentration by a factor of 2 from 1.30×1020 cm-3 to 0.64×1020 

cm-3.[3] Additionally, they measured a concomitant increase in mobility from 29 cm2/Vs to 34.8	  cm2/Vs, 

which is consistent with our model in Chapter 5 that suggests that mobility increases due to pairing of VZn 

and dopants. Since we observed a higher compensation ratio in our films than theirs (0.6 vs 0.081) and 

more VZn are expected to form as the Ga concentration increases, the impact on conductivity should be 

even larger if we can achieve similar level of VZn suppression.  

However, annealing at a high temperature of 550˚C may trigger phase separation in metastable 

Zn0.7Mg.0.29Ga0.01O films[4]. Therefore, we have selected hydrogen annealing as a way to passivate VZn at a 

lower temperature. Hydrogen is found to passivate structural defects in ZnO[5] and ZnMgO[6] films in a 

manner similar to thin film silicon. Lavrov et al. predicts VZn can be neutralized by binding two H atoms 

and the binding energy per H atom is calculated to be 1.8 eV (reference to interstitial H+).[7] Furthermore, 

hydrogen diffuses in ZnO via an interstitial mechanism[8], and the migration energy of an interstitial 

hydrogen is ~0.4-0.5 eV, much lower than the value of 1.4 eV for VZn diffusion[9].  

Despite these positive aspects, however, there are several factors that discourage introducing hydrogen 

into the experiment.  Most importantly, the role of hydrogen in ZnO has been intensively studied yet 

remains ambiguous. First, it is difficult to distinguish its role as a shallow donor from its role as a 

passivation agent. Second, it is not clear whether hydrogen-doping is stable under illumination and at 

higher operating temperatures.[10] Moreover, as hydrogen is present during almost all growth and 

annealing processes, it is experimentally challenging to avoid it in order to establish a control scenario.[10] 

Considering the limited time frame in finishing this project, we decided to perform forming gas annealing 
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on ZnMgO films as an initial attempt to further improve the electrical properties by suppressing VZn.   

6.3.2 Experiments 

Three commercial 1-inch solid oxide targets with compositions of Zn0.760Mg0.20Ga0.040O 

Zn0.775Mg0.205Ga0.020O and Zn0.784Mg0.207Ga0.009O were used for the pulsed laser deposition (PLD) process.  

The first two were recently purchased from Materion for this set of experiments and the last one was 

purchased from Plasmaterials and had been previously used for the studies in Chapter 4 and Chapter 5. A 

Lambda Physics Compex 201 KrF laser (248 nm wavelength, 25 ns pulse length, 5 Hz repetition rate) was 

used as the ablation source, with an output maintained at 244 mJ per pulse, resulting in an energy density 

of 1.3 J/cm2 over a 1.3 mm × 2 mm spot at the target surface for all depositions. During deposition, the 

ZnMgO:Ga films were deposited on 1 cm × 1 cm double-side polished single-crystal (0001) (c-plane) 

sapphire (α-Al2O3) substrates at a deposition temperature of 400°C. Pure (99.999%) argon gas were 

introduced into the chamber (base pressure <6×10-7 Torr) using mass-flow controllers at 100 sccm 

resulting to a total pressure around 1×10-3 Torr read from the RGA.  The partial pressure of oxygen are 

below 1×10-7 Torr, which were calculated as the total gas pressure times the proportion of the O2 in the 

total pressure read from the RGA, which was mounted on the chamber.  All films were grown for 10,000 

pulses, which gave a thickness ~190 nm.  After deposition, the heater was cooled to room temperature at 

5 °C /min.  More experimental details can be found in Chapter 3. 

As-deposited films of different Ga concentrations were annealed in a sealed vacuum chamber filled 

with forming gas (96 at.% Ar and 4 at.% H2) of 4.2 Torr total pressure. Films were sequentially annealed 

for 5 hours at 200°C, 13 hours at 300°C, and 13 hours at 400°C. The anneal was stopped at five 

intermediate times and the sample was removed for electrical characterization.  No observable changes in 

thickness occurred during the annealing.  

Film carrier concentration, mobility and conductivity as a function of temperature were measured at 

room temperature using a Biorad Hall effect measurement system in the van-der-Pauw geometry with 

indium contacts pressed onto the sample. Sheet resistances were confirmed using the collinear four-point-
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probe technique. The thickness of the sample was measured using a Veeco Dektak8 Advanced 

development Profiler.  

6.3.3 Results and discussions 

The conductivity, carrier concentration and mobility of as-deposited Zn0.7Mg0.3O:Ga films as a 

function of Ga concentration are plotted in Figure 1.5.  Films doped with 1 at.% Ga have the highest 

conductivity of 512 ± 7 S/cm and attain both the highest mobility (18.8 ± 0.1cm2/Vs) and the highest 

carrier concentration (1.71×1020 ± 1×1018  cm-3). Films doped with 2 at.% Ga have slightly lower µ (15.6 ± 

0.6 cm2/Vs) and n (1.51×1020 ± 5×1018  cm-3), leading to a conductivity of 378 ± 9 S/cm. As Ga 

concentration increases to 4 at.%, the electrical properties deteriorate significantly. Comparing with 1% Ga, 

the mobility of the film with 4 at.% Ga drops 92% to 1.5 ± 0.3cm2/Vs, while the carrier concentration 

drops 67% to 5.6×1019 ± 1.0×1019 cm-3.  

The results show that, under our current deposition protocol, increased Ga concentration leads to 

reduced electrical properties, an outcome counter to our initial expectations as described in section 6.3.1. 

By fitting the Brooks-Herring model (as listed in Equation 5.8-5.11 and Equation 5.14-5.19) to the 

measured electrical properties, a set of defect concentration values for each film were obtained and are 

listed in Table 6.1. This analysis shows that self-compensation and ionized impurity scattering can still 

satisfactorily explain the electrical properties of all films. To first order, then, increasing Ga appears to 

trigger the formation of more zinc vacancies or zinc-vacancy complexes. However, more thorough 

investigations, similar to those presented in Chapter 5, are needed to confirm this possibility. Especially for 

the films of Zn0.7Mg0.3O:4 at.%Ga, it seems unreasonable to ignore the possibility of phase segregation 

contributing to the poor electrical properties.   

It is also worth noting that the as-deposited Zn0.7Mg0.3O:1at.%Ga film produced in this study yielded 

40% higher conductivity than its counterpart in Chapter 5 due to a 62% increase in mobility and a 14% 

reduction in carrier concentration. We attribute this difference, at least in part, to a refocusing the laser, 

which could slightly alter the plume kinetics although the deposition parameters were otherwise kept the 
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same. This incident clearly shows how sensitive the electrical properties are to the deposition conditions, 

and parameters such as laser energy must also play a factor in the defect equilibrium. 

 

Figure 6.5 Conductivity(a), carrier concentration(b), and mobility(c) of the Zn0.7Mg0.3O:Ga films as a 
function of Ga concentration. 

 

Table 6.1 Defect densities based on fitting a Brooks-Herring model to the measured n and µ from Figure 6.5. 
VZn

Tot is the total density of isolated VZn and VZn in complex 
 [VZn

Tot]  

(1019  cm-3) 

[GaZn
+]  

(1019  cm-3) 

[VZn
2-]  

(1019  cm-3) 

[VZn-GaZn]- 

(1019  cm-3) 

[VZn-2GaZn] 

(1019  cm-3) 

Zn0.7Mg0.3O:1 at.%Ga 12.2 28.1 0  11.0 1.2 

Zn0.7Mg0.3O:2 at.%Ga 33.9 29.1 0 14.0 19.9 

Zn0.7Mg0.3O:4 at.%Ga 80.1 100.0 14.6 65.5 0 

 

In order to test VZn passivation by hydrogen annealing, as-deposited films of different Ga 

concentrations were annealed in a sealed vacuum chamber filled with forming gas (4 at.% H2 + 96 at.% 

Ar) at Ptot = 4.2 Torr. Films were sequentially annealed for 5 hours at 200°C, 13 hours at 300°C, and 13 

hours at 400°C. The anneal was stopped at five intermediate times and the samples were removed for 
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electrical characterization.  The resulting carrier concentration, mobility and conductivity of these films as 

a function of anneal time are plotted in Figure 6.6, Figure 6.7 and Figure 6.8 respectively.   

The anneal temperature needs to be carefully chosen in order to facilitate the desirable defect 

reaction without facilitating undesirable phase segregation. Since there is limited information on the 

appropriate temperature for hydrogen passivation in ZnMgO, we started with a low temperature (200°C) 

and progressively increased the anneal temperature to explore the effect of increasing annealing 

temperature.  

 

Figure 6.6 Changes in carrier concentration of Zn0.7Mg0.3O:Ga films of different Ga concentration during 
forming gas anneal.  Different color shades represent different anneal temperatures.  
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Figure 6.7 Changes in mobility of Zn0.7Mg0.3O:Ga films of different Ga concentration during forming gas 
anneal.  Different color shades represent different anneal temperatures.  

 

 

Figure 6.8 Changes in conductivity of Zn0.7Mg0.3O:Ga films of different Ga concentration during forming 
gas anneal.  Different color shades represent different anneal temperatures. 
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After annealing at 200°C for 5 hours, the carrier concentration of all three films remained essentially 

constant (within the error bars), while the mobility of the film doped with 1 at.% Ga reduced by 28% from 

18.8 cm2/Vs to 13.7 cm2/Vs. This change cannot likely be attributed to measurement artifacts, as the 

measurement has been repeated several time under different conditions. However, its cause is unclear.   

Since annealing at 200°C did not yield any positive benefits to the electrical properties of the films, 

the annealing temperature was increased to 300˚C. Then samples were taken out of the vacuum chamber to 

measure their electrical properties at the end of 10th hour and 18th hour (cumulative total time) of 

annealing. One noticeable change is that the mobility of the film doped with 1 at.% Ga recovers to 91% of 

its original value after 5 hrs of annealing at 300°C. Again, the reason for this change is unclear. Another 

change is that the (n,µ,σ) of the film doped with 4 at.% Ga increased slightly after annealing at 300°C. This 

effect could potentially be due to VZn passivation by hydrogen; its change is most noticeable because the 

4% Ga-doped film is expected to have the highest density of VZn. Nonetheless, given the minimal change 

rate observed here, we conclude that hydrogen passivation at 300°C (partial pressure of H2 ~ 0.17 Torr) is 

too slow and too small to be of interest.  

Based on these observations, the annealing temperature was further increased to 400˚C to accelerate 

the kinetic process.  Electrical characterization was again performed on the films at the end of 23th hour 

and 31th hour of annealing. Two trends were noted. First, for the films doped with 1 at.% and 2 at.% Ga, n 

decreased by about 20% after 13 hours anneal at 400˚C. Second, for the film doped with 4 at.% Ga, µ 

increases by about 30% over the same period.  The first trend may be caused by the dissociation of neutral 

complexes (such as VZn-2H+) which are suggested by Lavrov et al. [7] to be unstable around 400˚C. The 

second trend is consistent with our observation in Chapter 5 that annealing at 400˚C facilitates the pairing 

between VZn and dopants, which leads to higher mobility.  The relative magnitudes of the hydrogenic 

dissociation versus defect pairing processes as a function of the VZn concentration may explain the 

contrasting behavior of the low-doped samples versus the heavily-doped sample. However, this hypothesis 

requires further investigation.  
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We chose not to increase the temperature beyond 400˚C due to thermal stability considerations and 

lack of motivations based on the obtained trends.   Overall, we conclude that there is no strong effect of 

hydrogen-VZn passivation when the Zn0.7Mg0.3O:Ga films are annealed between 200˚C and 400˚C.  Based 

on theoretical understanding of the defect reaction process, we tentatively propose three possible reasons 

for this observation: 1) The formation energy of Hi
+ is large due to the high Fermi level in the films.  Thus, 

the concentration of Hi
+ is low at the temperature we examined, which reduces the kinetic rate of VZn 

passivation. 2) Most of the VZn in films doped with 1 at.% and 2 at.% Ga are already passivated by GaZn 

and it is energetically less favorable to form (VZn-GaZn-H+) complexes. 3) The partial pressure of hydrogen 

maintained during our anneal study may not be high enough to facilitate fast Hi
+ diffusion.   

 

6.4 Summary 

Motivated by the insights from Chapter 5 that zinc vacancies (VZn) are present at a high 

concentration (~1×1020 cm-3) in ZnMgO:Ga films and act as both compensating acceptors and as scattering 

centers, this chapter explored three strategies to suppress their presence.   

First, the partial pressure of oxygen (pO2) during deposition was varied as a way to increase the 

formation energy of VZn. On one hand, both the carrier concentration (n) and the mobility (µ) were 

increased with decreasing pO2 when pO2 ≥1×10-4 Torr, which is consistent with the expectation that 

decreasing pO2 should increase the formation energy of VZn. On the another hand, the n & µ remain flat as 

pO2 further decreases from 1×10-4 Torr to 1×10-7 Torr, suggesting the changes in chemical potential in this 

regime are small compared to the total formation energy of VZn. We hypothesize that VZn formation in these 

films is likely predominantly governed by a defect reaction that does not directly depend on pO2. Therefore, 

although it may be effective to reduce the formation of VZn by decreasing pO2 to 1×10-4 Torr, further 

decreases in pO2  down to at least 1×10-7 Torr (as in high vacuum) are not low enough to further suppress 

VZn formation. 
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In a further attempt to overcome the deleterious effects of VZn, the Ga concentration in 

Zn0.7Mg0.3O:Ga was increased from 1 at.% to 2 at.% and 4 at.%. We hypothesized that increasing the Ga 

concentration could result in a net conductivity increase by generating more free electrons with relatively 

fewer VZn as a by-product.  This prediction was based on the lower compensation rate in the films doped 

with 1 at.% Ga and their high-quality epitaxial nature when compared to literature reports.  Those features 

seemed to suggest that our films were kinetically advantageous to curtail the Fermi level pinning effect 

defined by thermodynamics. However, both n and µ were found to monotonically decrease with increasing 

Ga concentration in the examined range. This result points to the complex and interrelated relationships 

between film deposition, composition, and electrical properties that are often not amenable to simple 

behavior models. Systematic studies of other contributing factors such as the laser energy & frequency and 

the deposition atmosphere may shed further insight on these complicated issues.    

In a final attempt to overcome the effects of VZn, the set of 1 at.% to 2 at.% and 4 at.%. Ga-doped 

Zn0.7Mg0.3O films were annealed in forming gas in order to passivate the zinc vacancies. The annealing 

temperature and the relative VZn density were the two primary variables examined in this study. Modest 

improvements in the electrical properties of the 4% Ga-doped ZnMgO film upon annealing at 300˚C and 

400˚C suggested a small amount of VZn passivation. However, the kinetic process was too slow to yield an 

effective approach for electrical property enhancement. Potential causes of the slow process were proposed 

that may lead to ways to accelerate the kinetic process. 
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CHAPTER 7 SUMMARY AND FUTURE DIRECTIONS  
This chapter distills the key findings of the thesis, and identifies promising future directions to 

further optimize the electrical properties of ZnMgO. 

 

7.1 Summary 
Alloying MgO into ZnO substantially increases the band-gap energy but reduces the conductivity 

and makes it harder to be doped with donors.  While the former makes it attractive for energy-level-

tunable transparent conducting contacts, the latter limits its practical application. This thesis work 

developed some fundamental understanding of the causes of electrical property deterioration in ZnMgO, 

and explored processes to enhance the efficiency of carrier generation and transport.  

In this work, we first identified that adding Mg can significantly increase the number of extended 

defects, which can consequently reduce the electrical properties. Based on this insight, we optimized 

epitaxial deposition conditions using pulsed laser deposition to significantly reduce the number of extended 

defects, resulting in significant increases in conductivity. Next, we determined that the leading cause of the 

lower maximal conductivity in ZnMgO:Ga compared to ZnO is the increased formation of acceptor-like 

compensating intrinsic defects, such as zinc vacancies (VZn), which reduce the free electron concentration 

and decrease the mobility by ionized impurity scattering. This insight motivated a series of experiments 

aimed at reducing the influence of VZn, including varying the oxygen partial pressure during deposition and 

changing the Ga concentration in the films, as well as post annealing in forming gas. The best results so far 

have been obtained by post-annealing of the 1% Ga-doped films in vacuum, which we hypothesize drives 

paring between ionized GaZn dopants and intrinsic VZn defects, thereby increasing mobility (and hence 

conductivity) by reducing the number of scattering centers. The post-deposition vacuum annealing of 1 
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at.% Ga-doped Zn0.68Mg0.31Ga0.01O films increases the mobility by 50% resulting in films with record-high 

conductivity as high as σ = 475 S/cm.    

 

7.2 Future Directions 

The results of this thesis provide improved understanding of the basic mechanisms underlying 

carrier generation and transport in ZnMgO.  While the “magic bullet” to create highly-conductive ZnMgO 

is yet to be found, it is clear that altering the defect equilibrium to reduce zinc vacancy formation will be 

crucial. The prognosis for achieving conductivities greater than 1000 S/cm at 30 at.% Mg, which would 

bring the ZnMgO system closer to commercial reality, now appears very real.  

Two additional experimental approaches stand out as promising based on findings of this work.  The 

first approach is to deposit ZnMgO:Ga films in forming gas (Ar and hydrogen mixture) via PLD as a way 

to passivate zinc vacancies with hydrogen during film formation.  The results in Chapter 6 suggests that the 

kinetic process of hydrogen-zinc vacancy passivation during post-anneal is very slow, thus in-situ 

passivation during film synthesis may be more effective. Another approach worth considering is to anneal 

the as-deposited ZnMgO:Ga films in zinc vapor starting at a relative low temperature such as 400°C.  As 

mentioned in Section 6.3.1, zinc vapor annealing at 550°C seems to cause VZn reduction.  As 550°C may be 

high enough to cause Zn0.7Mg0.3O phase separation, 400°C is suggested as a compromise temperature that 

may be high enough to activate the zinc-vapor reduction process while still maintaining film homogeneity. 

The migration barrier for VZn
2- in ZnO has been predicted to be 1.4 eV[159] , indicating it should be 

reasonably mobile at temperatures above 540K.  This is in good agreement with the positron annealing 

studies reported by Tuomisto et al. which indicate VZn
2- can be removed by annealing at temperatures 

between 500-600K.[160] One potential problem is that the vapor pressure of Zinc is only around 0.1 Torr at 

400°C, about 1/50 of the value at 550°C.[161] Therefore, the zinc vapor activity may be too low to drive 

significant reduction.  It may therefore be a good idea to incrementally increase the anneal temperature in a 

fashion similar to the one used in Section 6.3.3 in order to explore the optimal anneal temperature.  
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 Looking forward, ZnMgO should remain an exciting research topic with significant opportunities 

and challenges. From a fundamental material study point of view, two areas seem to be particularly 

interesting. The first is to alter the defect equilibrium to further optimize the conductivity in ZnMgO as 

motivated by this work. Both functional and fundamental breakthroughs can be expected from this type of 

work.  Function-wise, a highly conductive band-gap-tunable TCO would have enormous technical 

implications as mentioned in Chapter 2. As for fundamental understanding, ways to describe and control 

the defect evolution in non-equilibrium thin films should be developed that can be applied to the 

optimization of many PVD-processed thin film materials.  

The second area of potential future interest is p-type ZnMgO. P-type transparent oxide 

semiconductors (TOSs) are indispensible for the p-n junctions in transparent electronics. However, it is 

difficult to obtain p-type TCOs due to the doping asymmetry problem.[157] In addition, the active ZnO 

channel in ZnO-based heterostructures requires ambipolar barrier materials, of which ZnMgO is a 

promising candidate. There have been more than 15 reports on p-type ZnMgO as summarized by von 

Wenckstern et al.[7] Although p-type ZnMgO is still hard to reproduce and remains controversial, it seems 

that ZnMgO is more likely to be p-type doped than ZnO. Our finding that intrinsic electron killers such as 

VZn are likely to increase in concentration as the Mg content increases could offer a potential explanation 

for larger likelihood of ZnMgO to be doped as p-type. However, further investigation is required to 

illuminate this issue. 

As a final area of future research, the application of ZnMgO into devices could also be very exciting. 

As mentioned in Chapter 2, the ability to tune the band-gap makes ZnMgO intriguing for many types of 

devices. This work revealed that ZnMgO could become a well-behaved transparent conductive oxide, with 

long-term (>2 years) air-stable conductivity as well as elevated temperature stability (>30 hrs at 400˚C). 

The carrier generation and transport mechanisms were found to be similar to ZnO. The defect behavior so 

far seems to be consistent with the current defect chemistry understanding of ZnO. These practical results 

and theoretical insights have positive implications for device applications. With the significant 
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improvements in conductivity demonstrated in this thesis, it now seems possible to overcome some of the 

negative trade-offs in device performance observed in previous device studies (Section 1.1.2). Interface 

engineering using ZnMgO is particularly intriguing given the increased flexibility to tune the band 

structure and conductivity independently.  A good example would be the development of transparent 

contacts using ZnMgO for earth-abundant solar absorber materials[15, 16, 63, 64]. Two main challenges seem to 

lie ahead in this area.  The first one is the technical challenge to form a good interface with desired 

properties and minimal defects; this has so-far proved to be difficult in previous interface studies.[162, 163] 

However, progresses made in the material properties of ZnMgO should be of assistance on this topic.  

Insights and knowledge obtained through the extensive research of ZnMgO/ZnO quantum structures 

should also be leveraged for this purpose.  The second challenge is to measure the band alignment of the 

interface using photoemission spectroscopy and other techniques. Current literature reports[164, 165] are 

contradictory in regards to whether the increase of the conduction band is mainly responsible for the band-

gap expansion in ZnMgO[166]. This debate reflects the difficulties associated with unambiguously 

measuring and interpreting band structure results.  Careful studies on the band structure of ZnMgO and 

understanding how its properties influence the measured results would lay a solid foundation for the 

interpretation of multilayer structures and devices.  
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