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Preface 

inc is a heavy post-transition metal with an electron configuration of [Ar]3d104s2 and 

ranks top twenty as one of the most abundant metal elements in Earth’s crust; tin is 

anther “Earth-abundant” metal element, both having economic-efficiency interests.  

n materials science, transparent conducting oxides (TCOs) have achieved and will 

achieve more remarkable researches regarding theories and applications.  

itrides, a novel class of semiconductors, appeal to us. To widen diversity of materials, 

we investigated the nitrides, hoping attractive findings and excellent performance. 

overing fabrication process, exploration and investigation on structural, electrical and 

optical properties of zinc-based nitrides, this dissertation provides more details and 

perspectives on understanding zinc nitride (Zn3N2) and zinc tin nitride (ZnSnN2) materials.  

ot only Zn3N2 but ZnSnN2, some issues like bandgap are somewhat hotly debated 

among different groups. This work presents one speculation over this main issue.  

mpurities like oxygen can not be absolutely eliminated form the film-growth chamber 

when reactive radio-frequency (RF) magnetron sputtering technique was employed. 

o study the effect of oxygen impurity on the properties of Zn3N2 material, intentional 

oxygen doping was performed to prepare the polycrystalline (poly.) Zn3N2 thin films. 

eports on the electron transport of Zn3N2 haven’t surfaced since its powder was first 

synthesized in 1940. Detailed discussions on electron transport mechanisms were 

carried out, illustrating one reason for high mobilities obtained even in poly. Zn3N2 films. 

n terms of the effective masses of Zn3N2 and ZnSnN2 materials, scarce literature exists. 

This dissertation focuses on estimation of the effective mass concern. 

iscoveries made for zinc-based nitrides in this work, we hope, can stimulate more 

dramatic researches on nitrides to promote the developments of materials science. 

ffort to prevent unintentional oxygen doping into films has been devoted, qua oxygen 

impurity concentrations, this work needs more efficient approaches to be exploited. 

uch significant and meaningful findings achieved in this dissertation contribute 

towards making zinc-based nitride semiconductors promising versatile materials for 

electronic, optoelectronic, photovoltaic solar cell and sensor applications. 
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Abstract 

Transparent conducting nitrides (TCNs, e.g., InN, AlN, GaN, and their alloys) have been 

proven to be, beyond the possibility of doubt, revolutionary breakthroughs in materials 

science. With the ever-advancing information and energy technologies and the mounting 

demands for materials applications, novel materials possessing unique properties need to 

be progressively exploited. As a member of the so-called “earth-abundant” metal elements, 

zinc (Zn), can originate directly from reclamation sources. Consequently, the dissertation 

presented here, is motivated by the need of exploring attractive zinc-based nitride 

transparent conductors and thus expanding the diversities of materials, not only from the 

viewpoint of economic efficiency but from an environment-friendly perspective. 

 

Proposed here are the investigations of zinc-based binary/ternary nitride thin films: zinc 

nitride (Zn3N2) and zinc tin nitride (ZnSnN2). Reactive radio-frequency magnetron 

sputtering technique was employed to grow films on non-alkali glass and yttria-stabilized 

zirconia (Y0.13Zr0.87O2; YSZ) substrates under optimized deposition conditions. The 

thorough characterizations of representative films were conducted from viewpoints of 

structural, electrical and optical properties.  

 

The densely and uniformly packed grains consist of phase-pure anti-bixbyite structural 

Zn3N2 films with relatively smooth surfaces. A certain amount of oxygen detected in each 

as-deposited film contributed to the degenerate n-type doping. Tuning x values can affect 

modification of electrical and optical properties in Zn3N2-xOx films. A minimal resistivity of 

6.2 × 10–4 Ω cm, together with a maximal Hall electron mobility of 85 cm2V–1s–1 was 

achieved in an as-deposited O2-doped polycrystalline Zn3N1.71O0.29 film. The very spotlight, 

high mobility observed even in polycrystalline Zn3N2 films, makes them competitive with 

conventional transparent conducting oxides and group III-nitrides. In-depth discussions on 

electron transport mechanisms of Zn3N2 films dedicated to understanding the reasons for 
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observed high mobility are given. Notably, we firstly derived the electron effective mass at 

the bottom of the conduction band to be as small as (0.08 ± 0.03)m0 (m0 denotes the free 

electron mass), which is comparable to those of InN and GaAs semiconductors. Such small 

electron effective mass can also result in high electron mobility of Zn3N2 material. 

 

In this work for Zn3N2, low visible transmittances (usually below 60%) and accessible 

bandgaps ranging from 2.4 to 2.9 eV were obtained. From a defect-to-band transition 

standpoint, this work put forth a comprehensive explanation to such issues. Low visible 

transmittance was attributable to optical absorption by electron transitions between the 

interstitial half-filled N 2p in-gap states and the band states. Differential in-gap states 

densities led to different defect-to-band transition absorption and accordingly affected the 

somewhat hotly debated bandgaps. If reduction in such defect density was achieved, zinc 

nitride would be considered as a transparent semiconductor. Given the high mobility and 

potential optical transparency, Zn3N2 turns out to be attractive for applications in large-area 

polycrystalline semiconductor devices, such as thin-film transistors and solar cells. 

 

Another significant achievement of this work is preparation and preliminary characteristics 

of ZnSnN2. The structural analyses inferred ZnSnN2 probably has a random-wurtzite type 

disordered structure. Being similar with the case of Zn3N2, oxygen defects in ZnSnN2 films 

were responsible for unintentional degenerate n-type doping. Cu served as an effective 

electron killer compensating further n-type doping to a certain extent in ZnSnN2 thin film. 

The estimated “scattered” bandgaps in the range 2.0–2.5 eV were due in part to high 

degenerate electron density and disorder degree in the cation sublattice. Electron effective 

mass of ZnSnN2 material is derived to be (0.37±0.05)m0 from double Tauc-Lorentz Drude 

model fitting. The discoveries made suggest that high-quality (nearly intrinsic, 

optimal-cation disorder) ZnSnN2, comprised of earth-abundant elements, can be an 

alternative to InGaAlN materials system and has the potential to be applied to photovoltaics 

and solid-state lighting both from economic and environmental perspectives.  
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Keywords: zinc-based semiconductors, nitrides materials, TCNs, Earth-abundant 

elements, reactive radio-frequency magnetron sputtering technology, zinc nitride (Zn3N2), 

zinc tin nitride (ZnSnN2), high electron mobility, low resistivity, electron effective mass, 

oxygen-doping, electron transport mechanisms, bandgap evaluation, potential transparent 

semiconductors, versatile applications.  
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Chapter 1 
                                                  

Introduction 

Nothing in life is to be feared. 

It is only to be understood. 
                         

－Mdm. Marie Curie 

In materials science, when mentioned the conception “Transparent Conducting Materials 

(TCMs)”, what will flash across one’s mind?  

Probably the notion of “Transparent Conducting Oxides (TCOs)” will ring a bell. Or even 

if we narrow down the scope of that puzzle to “Transparent Conducting Nitrides (TCNs)”, 

presumably the idea of “Group III-Nitrides” will come to mind, “Gallium Nitride (GaN)” 

likely concretizes in his mind. 

Admittedly speaking, as an important academic branch in materials science, TCOs, some 

TCNs and other TCMs are ubiquitous and have found far-reaching influences on human 

life, and certainly Nature, due in part to the fact that they have been penetrating into our 

normal life with widespread applications in information (computers products, smart 

facilities, storage devices, etc.) and energy (photoelectrochemical devices, energy-efficient 

windows, photovoltaic cells, etc.) technologies. Such technologies have been changing and 

creating our generations through their infinite power, just as the Nobel Prize in Physics 

2014 went to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura “for the invention of 

efficient blue light-emitting diodes which has enabled bright and energy-saving white light 

sources” [1]. 
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1.1 Motivation 

Particular and Intensive attention has been placing on the quick and steady improvement in 

TCMs field since the first TCO material, tin-doped indium oxide (In2O3:Sn, abbreviated 

ITO) was reported by Rupperecht [2] in 1954. Soon hereafter, other TCMs such as tin 

oxide (SnO2), zinc oxide (ZnO), and GaN (single crystal thin film) thrived due in large 

measure to their unique electronic and optoelectronic properties. A renovation to the 

conception “TCMs” was fulfilled by the fact that a new frontier of TCOs was opened since 

the first p-type TCO, CuAlO2, was discovered by Hosono group in 1997 [3]. This 

breakthrough has filled the gap of the absence of p-type “Transparent Oxide 

Semiconductors (TOSs)”. Such a splendid discovery enables TCMs active electronic, 

optoelectronic and photovoltaics (PV) devices with p-n junctions.  

Afterwards, apart from the prototypical elemental semiconductors (Si and Ge), more and 

more transparent semiconductors are being developed, under the circumstances where the 

discovery of novel semiconducting materials is a scientifically and technologically 

significant issue. Of the diverse transparent conducting materials, TCOs, III-V type 

semiconductors, and group III-N (in particular GaN with its related alloys) have garnered 

extensive interest. Noted recent years witnessed an unprecedented growth of interest in 

semiconducting nitrides due to the fact that they consisted of Earth-abundant elements, 

environmentally-friendly, and possess favorable unique properties for electronic, 

optoelectronic and photovoltaic applications. However, even the currently commercialized 

GaN and its based AlxGa1–x–yInyN alloys with tunable bandgaps have their own holdbacks: 

bio-toxic In; Earth-nonabundant constituents (In and Ga); and conspicuously volatile 

price/supply of In and Ga. Therefore, restudying the existing materials and exploiting new 

alternatives will be of great importance and necessity to rebuild the materials conception. 

Melioration of current materials and discovery of novel materials can be breakthroughs in 

material-to-human history in the sense of the progressive evolution of human society. The 
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abovementioned situation simulates worldwide research group [4-7] to find, rediscover, or 

exploit novel nitrides, which also intrigues us. As technology develop and human demands 

are being increasingly required, devices with not only higher performance but elemental 

abundance/green materials, versatility of materials, long term stability, mass production, 

and lower cost are desperately in need for both fundamental and applied research.  

In our work, our group have directed our attention to the burgeoning zinc-based nitride 

semiconductors, to be specific, zinc nitride (Zn3N2) and zinc tin nitride (ZnSnN2) cases in 

which all the constituents are entire Earth-abundant elements, environmental benign, and 

economy-efficiency along with the fact that both are relatively “young” nitride-based 

semiconductors. There is no possibility of denying that quite a few research obstacles and 

challenges of which are awaiting to be surmounted.  

1.2 Why Nitrides? 

Nitride-based semiconductors are becoming progressively attractive since the everlasting 

advances in technologies and nitrides materials enjoy their own merits like 

environmentally benign nitrogen constituent and the rich composition space of nitrides. 

What’s more, they are promising candidates for a wide variety of technological 

applications, such as high mobility thin film transistors (TFTs), solid-state lighting (SSL),  

bio and environmental sensors, saving devices, and especially in photovoltaics system. 

Why nitride-based semiconductors exhibit striking character in optoelectronic applications? 

It is a facet that these nitrides usually show intermediate bonding behavior that results in 

their structure types so far exhibiting an intriguing mix of covalent (carbide-like), ionic 

(oxide-like) and unique motifs. From the chemical bonding property perspective, as 

depicted in Figure 1.1, compared to the more ionic oxides and the more covalent pnictides, 

nitrides tend to have intermediate energy of the valence band, due to the fact that nitrogen 

atom has a moderate electronegativity χ of 3.0 (whereas χO = 3.4 and χpnicogen = 2.0–2.2 [8]). 



 

 - 4 - 

In this respect, the moderate electrical structure of nitrides can bear more crystallographic 

defects [9] compared to other pnictides, have better charge transport properties and make 

valence band position higher (enables less difficulty in doping p-type [10-11]) when 

compared to oxides. In the sense of expanding diversity from TCOs to TCNs, nitrides 

materials are interesting and desirable at present and also in the future work. 

 

Figure 1.1. Schematic description of chemical bonding configurations in Ga-based 

semiconducting (a) oxides, (b) nitrides and (c) arsenides. (Adapted from A. Zakutayev, in 

Ref. [12]) 

1.2.1 Why Zinc Nitrides? 

What’s interesting, as a relatively “young” nitride materials, the history of zinc nitride, in 

fact, can be dated back to almost eighty years ago. In 1940, Juza and Hahn [13] were the 

first to successfully synthesize the black powder Zn3N2 with unrefined anti-bixbyite 

(anti-scandium oxide; anti-Sc2O3) structure.  

Despite this early basic research on this material, Zn3N2 seemed to somewhat be at a 

standstill for almost half a century. Zn3N2 enjoyed great development only after the report 

of polycrystalline Zn3N2 film prepared through direct reaction between high-purity zinc 
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metal and ammonia (NH3) by Kuriyama et al. in 1993 [14]. They also derived its optical 

bandgap energy lies in the neighborhood of 3.2 eV (see Figure 1.2(a)) and discussed the 

origin of this large bandgap of Zn3N2 material. At fifth year thereafter, an interesting 

character of that polycrystalline Zn3N2 films in N2-rich atmosphere showing high electron 

mobility ca. 100 cm2V–1s–1 at room temperature, was found by Futsuhara et al. [15] in 

1998, as shown in Figure 1.2(b). These highlighting findings have intrigued a resurgence 

of research interest of this material as a transparent high-mobility semiconductor. 

 

Figure 1.2. (a) hν versus (αhν)2 plot for zinc nitride film from Kuriyama’s team work. (b) 

Hall mobility as a function of N2 concentration in sputtering gas for work of Futsuhara’s 

group. The dashed lines are a guide for the eyes. 

1.2.2 Why Zinc Tin Nitrides? 

Another truly “young” nitride material, zinc tin nitride, has turned into be a hot topic 

worldwide within very recent years. Historically, the first synthesis report on ZnSnN2 thin 

film prepared by Plasma-assisted Molecular Beam Epitaxy (PAMBE) technique [16] was 

surfaced in 2012. As an analogue to and a candidate substitute for the well-known 

AlGaInN (III-N) system, ZnSiN2, which consists solely of Earth-abundant elements, is 

expected to exhibit properties similar, if not superior, to their counterpart III-N compounds. 

Like the close cousin family materials of ZnSe and CuInSe2 (CIS; I-III-VI system) [17], 
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ZnSe can mutate into ternary CuInSe2 in virtue of replacing two Zn atoms in ZnSe by one 

Cu and one In atom. Analogically, ZnSnN2 (II-IV-V system) can be “created” by replacing 

the wurtzite group III sublattice of the III-nitrides by a combination of Zn (group II) and Sn 

(group IV) sublattices, with each nitrogen atom bound to two Zn and two Sn atoms, thus 

preserving nitrogen’s octet rule [18]. 

More and more reports have shown that the ternary or quaternary compounds of Zn-IV-N2 

(where IV = Si, Ge, Sn) could be good candidate alternatives to current AlGaInN alloy 

materials. The latter have attracted consideration research attention and commercial 

prominence in the past three decades. Previous studies proved that the bandgaps of 

InxGa1-xN semiconductors can be tuned across the whole visible spectrum by controlling 

the ratio of In to Ga, i.e., x values in InxGa1-xN alloys [19]. Recent results indicated that the 

mixed system of composition-controlled ZnSnxGe1-xN2 [20] with tunable bandgaps over a 

wide range of 1.4 [21] to 3.4 eV [22] can be promising alternatives to InxGa1-xN alloys. 

Compared to the relatively new ZnSnN2 material, while ZnGeN2 and ZnSiN2 materials 

have been studied since their successful growths were reported in 1970 [23] and 1992 [24], 

respectively. The difficulty in synthesis of electronic quality samples along with 

as-yet-unrevealed properties somehow hinders the progress of II-IV-N2 materials to a large 

extent [25-26]. Nevertheless, with the prevalence of ZnSnN2 and its related alloys and 

succeeding in synthesizing its bulk by our group in 2016 [27], we are deeply triggered by 

this situation where in-depth investigations should be filled in the gap of ZnSnN2 material 

with our limited contributions. 

1.3 Summary 

This Introduction part outlines the importance and role of transparent semiconductor 

materials in human life and Nature starting with a puzzle, presents motivations of us group 
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for investigating zinc-based nitride semiconductors not only from the viewpoint of 

fundamental research but also from the appliance perspective. 
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Chapter 2 
                                                  

Backgrounds and Historical Review  

Strive not to be a success, but 

rather to be of value. 
                         

－Albert Einstein 

2.1 Brief Overview of Transparent Conductors (TCs) 

When speaking of the TCs, the very transparent conducting oxides (TCOs), which have 

been creating glorious generations, will pop up in one’s mind who expertizes in material 

science. Conceptually, TCOs are a unique system of both optically transparent (more than 

80%) and electrically conductive (about 103 S/cm or higher) oxide-based materials. These 

two characters are, in fact, a trade-off. The first TCO material (CdO thin film) reported by 

Bädeker can be traced back in 1907 [1], a century ago. 

2.1.1 Transparent Conducting Oxides 

Little practical development of TCOs was “seen” after the discovery of CdO until mid-20th 

century. During the past three decades, a progressively accelerating signs of dramatic 

achievements in TCOs have been witnessed in our virtually everyday life. Nevertheless, 

even though a high level of technological ability has already been reached, conventional 

TCOs (ZnO [2-4], tin-doped indium oxide (In2O3:Sn, abbreviated ITO) [5-7], tin oxide 

together with fluorine-doped tin oxide (SnO2:F, abbreviated FTO) [8-10], cadmium 

http://www.baidu.com/link?url=UdgNLSpaMigJ1njJWN25Lf9MzipMGVAG8gL1aRYysuBapVY7d6mUyovAH55NauU-BGS3o1a8Kwb2Wy4daR5wuyYYvZwe7hSew0ZALQBgaHqKXxDEdIwjR5mi9UWjEWAT
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stannate (Cd2SnO4) [11-12], and so forth) each have challenging drawbacks that dimmed 

their application prospects, such as controlling the unintentional n-type conductivity and 

thus achieving acceptor doping for ZnO; high cost of indium metal for ITO; and toxicity 

concern with cadmium for Cd2SnO4. 

2.1.2 Transparent Conductive Nitrides  

In both fundamental and applied science, it is notable that conventional TCOs do not 

exclusively compose TCs, other transparent, electrically conductive materials include thin 

metal films (such as gold and silver, in Refs. [13-15]), carbon nano-composites [16-18], 

and the recently “rediscovered” graphene [19-21], etc. are also members of TCs. However, 

it should be noted that for layer thickness of these materials higher than a few nanometers 

or even monolayers can dramatically reduce their transmittance, limiting the optoelectronic 

device output when these materials are used. In comparison to these materials, for which 

broad, comparative property data exist, very little appears in the literature regarding the 

TCNs. Of the diverse selection of possible TCNs available, only group III-nitrides (the 

so-called III-nitrides; e.g., AlN [22-23], GaN [24-27], and InN [28-29] and their 

binary/ternary alloy compounds (i.e., the AlGaInN materials system [30-31]) have been 

attracting tremendous interest for modern electronic and optoelectronic applications.  

By contrast, metal nitrides (abbreviated MNs) other than the well-studied group III-nitride 

materials have scarcely been exploited as TCs. Starting recently, binary MN Sn(II/IV)-N 

compound (SnN), has just remained in the basic researches of synthesis and the attempts of 

structural identification [32]. 

Another binary MN, copper(I) nitride (Cu3N; cubic anti-ReO3 structure) exhibits a 

remarkable structure feature: the Cu(I) ions form collinear bonds with two nearest neighbor 

nitrogen anions [33], which forms a relatively “open”, namely empty body center, structure. 

Hence, Yamada et al. have successfully obtained n-type lithium-inserted Cu3N (LixCu3N) 

http://www.baidu.com/link?url=UdgNLSpaMigJ1njJWN25Lf9MzipMGVAG8gL1aRYysuBapVY7d6mUyovAH55NauU-BGS3o1a8Kwb2Wy4daR5wuyYYvZwe7hSew0ZALQBgaHqKXxDEdIwjR5mi9UWjEWAT
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films through p-type Cu3N films, thus causing a p- to n-type conversion and nonmetal−

metal transition [34]. Besides, they synthesized truly transparent p-type γ-CuI films via a 

chemical reaction between Cu3N thin films and solid-phase iodine. Furthermore, 

semiconductor Cu3N has been reported to exhibit defect tolerance, namely a tendency to 

retain its properties despite the presence of crystallographic defects [35-36], which makes 

it possible to achieve bipolar doping behavior (N (donor-type defect) vacancies and Cu 

(acceptor-type defect)). The bipolar dopability is a sharp contrast with the GaN case [37]. 

Another case of MNs is ternary metal nitrides. Very recently, some intriguing phenomena 

have appeared for the Zn-IV-N2 system where IV represents Ge, Si, Sn. Not only from 

theoretical calculations but also from experimental results, such a ternary MN can be 

considered as a pseudo III-nitride [38-42]. ZnSnxGe1-xN2 semiconductor alloys have similar 

crystal structure and electronic structure to those of InxGa1-xN system [42]. Apart from this, 

the bandgap in the ZnSnxGe1-xN2 system can be tuned from 1.4 eV [43] (elsewhere 

reported 1.5 [41] or 2 eV [42]) for ZnSnN2 to 3.4 eV [44] (elsewhere reported 3.3 [45] or 

3.1 eV [42]) for ZnGeN2. The bandgap tunability makes it potential alternatives for use in 

high-efficiency solar energy-conversion systems. 

Except the conventional TCOs, well-studied thin metal films and group III-nitrides 

(together with their alloy series), even the “rediscovered” graphene, other MNs are full of 

uncertainty and challenge awaiting further research.  

2.2 Overview and Research Status of Zinc-Based Nitrides 

The descriptions above in Part 2.1 imply that other intriguing and less-explored 

semiconductor materials with unique properties and performance can be found or resurged, 

which is critical to advances in both science and industry, thus motivating me to start my 

work as a newcomer in semiconductor field and focus on certain “relatively new” materials 

to fill in some gaps of these materials.  
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2.2.1 Review of Zn3N2 Material on Current Status and Future Prospects 

2.2.1.1 Refined Structure of Zn3N2 

Four years after Kuriyama et al. reported Zn3N2 films, Partin et al. [46], in 1997, fully 

refined the structure of Zn3N2 from neutron time-of-flight powder diffraction data. For 

anti-bixbyite structural Zn3N2, unit cell lattice parameter of 0.9769 nm, Zn atoms are in 

tetrahedral sites of an approximately cubic close packed array of N atoms. N atoms 

occupying two differential positions, i.e., N(1) and N(2), constitute a face-centered cubic 

(FCC) structure with Zn atoms occupying 3/4 of the tetrahedral sites. If we refer to CaF2 

structure, N atoms and Zn atoms occupy the Ca positions and 3/4 of the F positions, 

respectively. The residual 1/4 unoccupied tetrahedral sites bring about Zn atoms a slight 

distortion of the formed FCC structure (see Figure 2.1). Owing to this distortion, the four 

Zn–N bond lengths are not all equal, a Zn atom in the tetrahedral site thus has three 

differential bond lengths with its nearest-neighbor N(2) atoms (see Table 2.1). The refined 

structure parameters of Zn3N2 and a computer simulation model of cell structure with 80 

atoms for pure Zn3N2 are shown, respectively, in Table 2.1 and Figure 2.1 thereunder. 

Table 2.1. Atomic position and bond lengths in units of Å for Zn3N2 material with space 

group 3Ia  (space group number 206), from Partin’s work [46]. 

 
Wyckoff 

Positions 
x y z  

Bond 

Lengths 

Zn 48e 0.3975(1) 0.1498(2) 0.3759(1) 
Zn–N(1) 2.133(2) 

Zn–N(2) 1.996(1) 

N(1) 8b 1/4 1/4 1/4 

Zn–N(2) 2.068(1) 

N(2) 24d 0.9784(1) 0 1/4 
Zn–N(2) 2.262(1) 

Note: The letters (i.e., e, b, d) stand for Wyckoff letters, which are simply labels and have no 

physical meaning. 
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Zn

N(1)

N(2)

 

Figure 2.1. Perspective view of simulated structure model of Zn3N2 by a three-dimensional 

(3D) visualization program for structural models, namely VESTA. The structure model 

was simulated by ionic radius. The unit cell is outlined with black solid lines. 

2.2.1.2 Promising Applications of Zn3N2 

With the determination of structure of Zn3N2 in 1997, since the late 1990s, there has been a 

marked increase in the occurrence of Zn3N2 research. Due to its special structure, reported 

high-mobility and good transparency, reports concerning the promising applications of zinc 

nitride as a multifunctional material has emerged with an exhilarating speed. 

A) Thin Film Transistors (TFTs) TFT technology is a well-known electrical technology 

due to its wide commercial applications, such as integrated circuits, sensors, detectors, 

especially active-matrix liquid-crystal displays (AMLCDs) and organic light-emitting 

diode (OLED) displays. TFT LCDs are becoming the mainstream display appliance but 

their manufacturing challenges reside with process yield and economy. Besides, the largest 

issues of the famous hydrogenated amorphous silicon TFTs reside with low mobility 

around 1 cm2 V–1 s–1 and instability [47]. Hence, alternative material needs to be found and 

studied. Zn3N2 this inorganic compound can be reckoned as a potential candidate thanks to 

its high mobility 156 cm2 V–1 s–1 [48], low resistivity [49] and low-cost fabrication process, 

and feasible high breakdown voltage [50]. Zinc nitride as channel layer in TFT exhibited 

promising transistor characteristics after nitrogen annealing in [51]. Núñez and coworkers 
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[52] used Zn3N2 films, with mobilities up to 100 cm2 V–1 s–1 and bandgap in a range of 

1.2–1.3 eV, as active layers in bottom- and top-gate TFTs. They found bottom-gate TFTs 

showed transistor characteristics without annealing process. Though performance is still 

below average Si-based TFTs, with development of zinc nitride material, high-mobility 

Zn3N2-based thin film will turn into a novel material platform for TFT system. 

B) p-type ZnO:N For the famous oxide case of ZnO thin film, it shows naturally only 

n-type conductivity being that a large number of native defects, such as oxygen vacancies 

and zinc interstitials exist within film, which bring about difficulty in doping reproducible 

and reliable p-type ZnO. Although first-principles total-energy calculations suggests, for 

group-V elements like P and As elements, achieving shallow acceptor level is difficult, it is 

believed that N maybe the best elemental dopant source for p-type ZnO [53]. It has been 

reported that nitrogen doping ZnO p-type using N2O, NH3, and other sources [54-56] could 

be achieved. To date, there are some reports of zinc nitride being used to prepare p-type 

ZnO films. In 2002, Li’s group succeeded in obtaining high-quality p-type thin films by 

thermal annealing Zn3N2 thin films in an oxygen ambient [57]. Afterwards, more and more 

groups from all over the world have been making great efforts to obtain N-doped p-type 

ZnO, i.e., ZnO:N in virtue of Zn3N2 as a precursor material [58-60]. 

C) Sensor As a widely used in gas sensing material, ZnO exhibits sensitivity to many 

gases and satisfactory stability but with too high operating temperature [61]. As 

high-mobility material Zn3N2, when introduce Zn3N2 into ZnO, promoted electron mobility 

and promising enhanced gas-sensing properties of Zn3N2/ZnO (ZnNO) composites-based 

sensor can desirably achieved. Qu et al. [62] made this come into being by presenting 

hybrid ZnNO sensor which shows selectivity and high sensitivity toward acetone vapor. 

D) Solid-State Lighting (SSL) With development of Zn3N2 material, recent ongoing 

research efforts [63-65] dedicated for fabricating Zn3N2-based (Zn3N2 nanowires, Zn3N2 

crystals, Zn3N2 thin films, Zn3N2 hollow structures) optoelectronic devices have 
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demonstrated this material can be emitted in the ultraviolet, visible and near infrared 

(UV-Vis-IR) range. 

2.2.1.3 Issue on Chemical Stability of Zn3N2 

Zinc nitride crystal has a decomposition temperature of 700 °C, given in [66]. For zinc 

nitride powder prepared by nitridation reaction, it was found to be unstable when exposed 

to open air above 500 °C [67]. While the powder obtained by ammonolysis reaction is 

unstable in an oxygen atmosphere over 450 °C. [68]. The stability of zinc nitride in a 

reducing atmosphere is very low and can be easily reduced by hydrogen [69]. Therefore, 

for zinc nitride thin films (considered as “2D materials”, ambiguously), the chemical 

stability issue will become a challenge and more unmanageable.  

In almost every published papers regarding zinc nitride films, when exposed to ambient air, 

the tendency of nitride oxidation and hydrolysis turns out to be an inevitable knotty 

problem. Detailed reports have investigated the effect of air exposure on properties of zinc 

nitride films: Núñez et al. [70] found the oxidation rate of as-grown Zn3N2 film deposited 

at 200 °C is lower than at RT. X-Ray Photoelectron Spectroscopy (XPS) measurements 

were carried out to detect the surface chemical composition and indicated zinc nitride is 

easily hydrolyzed under the air exposure conditions [71].  

In order to shed light on this difficulty, Bär et al. even suggested a degradation mechanisms 

according to the reaction of zinc nitride content with atmospheric humidity [72]. No 

literature has heretofore reported on achieving the oxidation/hydrolysis-proof zinc nitride 

thin films. Thus, preserving zinc nitride thin film in a vacuum chamber is an impermanent 

treatment. Note that the electrical properties of one day air-exposed film shows no 

significant difference when compared with other as-grown films, from the current−voltage 

characteristic curves obtained for different exposure times in air [73]. Note also that in an 

argon atmosphere, Zn3N2 powder is stable up to its decomposition point at around 700 °C 
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[68], which gives us an indication that preserving Zn3N2 with Ar may be a good way to 

prevent nitride oxidation/hydrolysis.  

2.2.1.4 Issue on Oxygen Effect in Zn3N2 

In the sight of chemical activity, oxygen is higher than that of nitrogen, making Zn 

preferentially combine with oxygen rather than with nitrogen when preparing Zn3N2 

material. Not only the first principle’s calculations carried out by Long et al.[74-76], but 

also from experimental results from distinct research groups using XPS measurements [71, 

77], Energy Dispersive X-Ray (EDX) [78-79] or/and resonant Rutherford Backscattering 

(RBS) techniques [80], oxygen is proved to affect the structural, electrical and optical 

properties of Zn3N2 material. The oxygen sources maybe come from both during 

film-growth (in-situ; residual oxygen and/or H2O); O2 unintentionally introduced by mass 

flow controller (MFC) and air exposure after film-growth (ex-situ). The process of 

operating in an argon atmosphere [81], or vacuum system, like radio-frequency (RF) 

sputtering process [71, 73, 77], even in ultra high vacuum systems, like Plasma-assisted 

Molecular Beam Epitaxy [82], Radio Frequency Molecular Beam Epitaxy (RF-MBE) [48] 

or Pulsed Laser Deposition (PLD) [83], oxygen is detectable in all published paper, which 

means oxygen-free Zn3N2 material has been hitherto undiscovered yet. Although each 

published literature indicates that oxygen is inevitable when prepared Zn3N2 material, no 

detailed discussion has been carried out on the issue of oxygen effect in Zn3N2.  

2.2.1.5 Issue on Electron Transport Mechanisms in Zn3N2 

High-mobility in polycrystalline form film is rather a dramatic feature when earlier time 

Zn3N2 thin films was fabricated. A reported electron mobility as high as 156 cm2V–1s–1 

with electron density > 1019 cm–3 was obtained in an RF-MBE film [48]. This character is 

easily reproducible among different groups with various deposition methods [48, 71, 78]. 

Besides, low resistivity < 10–3 Ω cm (i.e., conductivity > 103 S/cm) can also been attained 

in thus material [49]. However, the origins of electrical properties remains unclear, which 

infers that further investigations on electron transport mechanism need to be conducted. 
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2.2.1.6 Issue on Bandgap Energy Determination of Zn3N2 

As a nitride material, zinc nitride is relatively less studied and poorly understood when 

compared with ZnO, InN, or GaN. It is possibly due to the fact that Zn3N2 tends to oxidize 

under ambient conditions. Such problem hinders the characterizations of electrical and 

optical for Zn3N2 material. Given that no reports have been demonstrated the pristine 

Zn3N2, the determination of its intrinsic bandgap energy has remained a controversial issue 

by now, which is to say fabrication of the nearly-intrinsic film is still inaccessible due in 

part to its small exothermic formation enthalpy (–22.6 kJ mol–1) [84]. In fact, its heretofore 

reported bandgaps range from 1.01 [50] to 3.4 eV [85]. This current lack of bandgap issue 

understanding is absolutely a barrier to the further development of Zn3N2-based appliance.  

2.2.2 Review of ZnSnN2 Material on Current Status and Future Prospects 

2.2.2.1 Promising Applications of ZnSnN2 

 

Figure 2.2. Graphical presentation of efficiency limit of solar cells for AM1.5 solar 

radiation spectra (solid line) with inserted points for representative conventional solar cells. 



 

 - 20 - 

The electronic calculations carried out by Lahourcade’s team [40] indicated ZnSnN2 

having a direct bandgap of 1.42 eV at zero Kelvin. From relation between PV efficiency 

and semiconductor bandgap calculated based on the famous Shockley–Queisser Efficiency 

Limit (detailed balance limit, Ref. [86]), as shown in Figure 2.2 above, the predicted 

bandgap of 1.42 eV is of high interest for a PV absorber. This dramatic feature makes 

ZnSnN2 an excellent potential alternative to III-N system with the added benefit of being 

comprised of Earth-abundant, environmental-friendly and economy-efficiency elements. 

On the other hand, the feasible tunability of bandgaps of Zn(Si,Ge,Sn)N2 alloys makes 

them meet the requirements of electronic and optoelectronic applications including but not 

limited to PV systems (single p–n junction or tandem solar cell), such as SSL [87]. 

2.2.2.2 Issue on Structure Determination of ZnSnN2 

 

Figure 2.3. Schematic model of ZnSnN2 by VESTA: (a) Orthorhombic structure (fully 

ordered cation sublattice; β-NaFeO2 type) [calculated from data in Ref. 88]; Zn and Sn 

atoms arrange in a high-symmetry way and marked with labels while unmarked ones 

represent N atoms. (b) Monoclinic structure (disordered cation sublattice; wurtzite-like) 

[parametrized in Ref. 39]; Shown by the same color spheres, Zn and Sn atoms randomly 

arrange in cation sublattice, i.e., random Zn/Sn ordering, and N atoms are marked with 

labels. The unit cell for each possible structure is outlined with purple solid lines. 
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As a relatively “young” material, the absolute structure of ZnSnN2 remains unknown. As 

seen in Figure 2.3, there are currently two kinds of possible structures. The orthorhombic 

type consists of wurtzite-derived structures where Sn and Zn alternately displace the 

cations in the wurtzite structure, while in the random-wurtzite-like type, the cation sites are 

randomly occupied by Sn and Zn. As an analogue to III-nitride materials where the most 

stable structure usually assigned to the hexagonal wurtzite P63mc structure [89], ZnSnN2 

has been theoretically predicted by Lahourcade, et al. [40] that its possible most stable 

structure belongs to wurtzite-derived orthorhombic Pna21 (Zn and Sn atoms are ordered in 

a way of orthorhombic symmetry instead of hexagonal). It should be mentioned here that, 

Lahourcade, et al. also found that, in the very same work, under certain growth conditions, 

wurtzite- and zinc-blende-derived orderings may coexist in ZnSnN2 material due to small 

energetic difference between these two phases.  

However, Feldberg et al. [39] indicated another experimental observation that a single 

crystal ZnSnN2 film prepared by PAMBE technique inclined to exhibit a monoclinic 

structure. In fact, the similar situation occurred also in the earlier more-studied case of 

ZnGeN2 material: the determination of its crystal structure underwent renovation during its 

development. Historically, when Maunaye and Lang [90] first synthesized ZnGeN2 and 

reported it monoclinic structure; afterwards Wintenberger et al. [91] demonstrated that its 

actual structure is orthorhombic with space group Pna21. Hence, further research is 

strongly warranted with respect to the structure determination of ZnSnN2 material. 

2.2.2.3 Issue on Difficulty in Growing High-Quality ZnSnN2 

As discussed in Part 1.2.2, one possible obstacle factor that restricts the development of 

ZnSnN2 material resides in difficulty in synthesizing the electronic quality samples, 

especially compared to the well-studied CIS material. Usually, the ideal syntheses of 

Zn-IV-N2 compounds are under high-pressure and high-temperature conditions [92]. Noted 

that the world-first synthesis of ZnSnN2 single crystal [93] also succeeded under these 

severe conditions. In fact, Narang and Chen’s group [94, 41] had theoretically calculated 
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the formation energy for both ZnGeN2 and ZnSnN2 cases and found the formation energy 

of ZnGeN2 is much larger than that of ZnSnN2 (∆Hf(ZnGeN2) = –1.31 eV/f.u.; 

∆Hf(ZnSnN2) = –0.17 eV/f.u.), indicating that it is much more difficult to synthesize 

single-phase ZnSnN2 than ZnGeN2. This also explains the above-mentioned synthesis 

history of ZnGeN2 50 years earlier than ZnSnN2 case. With increment of extra elements 

including but not limited to group-IV elements (e.g., oxygen impurity like Zn3N2 case), 

controlling the material composition and obtaining the nearly ideal (i.e., stoichiometrical 

single-phase) compounds turn out to be of great challenge.  

2.2.2.4 Issue on Relatively High Electron Density in ZnSnN2 

For the grown ZnSnN2 thin films, electron densities as high as ~1021 cm2V–1s–1 (almost 

metallic) are typically perceptible in Refs. [40, 95-96]. Such high electron densities are 

consistent with heavy donor doping as illustrated in Refs. [39-40], which infers that the 

conduction band filling, i.e., the well-known Burstein-Mӧss effect is responsible for the 

altering of fundamental bandgap energy of ZnSnN2 (predicted value of 1.42 eV in Ref. 

[40], or another predicted value of 2.02 eV in [88]). This situation at present may be 

understood partly by the emerged literature reporting that the inevitable oxygen impurity 

can lead to unintentional heavy donor doping during the film-growth process [40]. Also 

discussed was another influence factor, metal-rich deposition condition (or to say, poor 

nitrogen incorporation), in [94], where the coexistence of secondary phases such as Zn, Sn 

metals or formed Zn3N2 can be one possible origin of the high electron density. For PV 

applications, reliable synthesis of film with a relevant carrier density range on the order of 

~ 1017 cm–3 is usually preferable. Therefore, effective strategies to avoid the presence of 

oxygen impurities and the formation of relative secondary phases are critical to the 

improvement of ZnSnN2 semiconductor in its future applications. 

2.2.2.5 Issue on Bandgap Energy Determination of ZnSnN2 

Similar to cousin ZnGeN2 material, estimation of bandgap of ZnSnN2 is hard to attained. 

Note here, parenthetically, as in the case of ZnGeN2, an earlier study by Larson et al. [97] 
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gave an estimated bandgap of 2.67 eV, Kikkawa and Morisaka [98] estimated a bandgap 

energy of 3.1 eV from the direct optical absorption edge, in comparison to Larson et al.’s 

results in which estimated bandgap value is probably due to the subband-gap defect 

absorption. A polycrystalline ZnGeN2 film with superior optical quality [44] gave a 3.40 ± 

0.01 eV excitonic bandgap from the photoluminescence (PL) measurements at ~4 K. 

The situation of bandgap estimation for the case of ZnSnN2 also remains ambiguous. There 

is still controversial on its band structure and band gap energy both from theoretical and 

experimental viewpoints, as illustrated following.  

Lahourcade et al. [40] carried out electronic structure calculations to predict that ZnSnN2 

has orthorhombic structure with a direct bandgap value of 1.42 eV at zero Kelvin. Another 

theory research group Punya et al. [88] yet reported ZnSnN2 to be of orthorhombic 

structure having a direct bandgap of 2.02 eV.  

Quayle et al. used plasma-assisted vapor-liquid-solid technique for synthesis of ZnSnN2 

and reported a “wurtzite-like” structure with two measured bandgaps: 1.7 ± 0.1 eV for 

photoluminescence excitation (PLE) measurement and a broad PL peak between 1.3 and 

1.7 eV for PL measurements, as presented in Ref. [99]. Electron densities were not given 

because their films were formed atop Zn melt, which was meaningfulness for Hall 

measurements. They interpreted such broad range as defect luminescence and considered 

the PLE value as intrinsic gap. However, another independent group Veal et al. [95] 

employed MBE technique to synthesize single crystal ZnSnN2 films to characterize its 

optical properties and found that the observed absorption edges ranged from 1.0 to 2.0 eV 

for films with ne varying in a range of 1019~1021 cm–3. What’s interesting here, the same 

group which predicted bandgap lies in 1.42 eV at zero Kelvin, had also measured the 

optical absorption edge near 2 eV for their thin films (electron density ne 1019~1021 cm–3) 

deposited by reactive RF magnetron sputter technique in just the same work [40].  
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There are two main reasons for illustrating such big discrepancy of bandgap energies 

among different and independent groups. One is conduction band filling, namely, the 

Burstein-Mӧss effect and the other resides in the degree of cation disorder. For the former 

reason, because most of the reported electron densities are in a range of 1019~1021 cm–3, 

probably leading to conduction band filling and the resulting Burstein-Mӧss effect. For the 

latter one, more and more papers conform its existence. Like, Veal’s group found a 

fundamental bandgaps of ZnSnN2 films varying from 1.0 to 2.0 eV as the cation ordering 

increased, and of course also the existing Burstein-Mӧss effect [39, 95].  

From backgrounds and research issues discussed in Parts 2.2.1 and 2.2.2 above, there are 

still numerous undiscovered and unreached properties for these very “young” zinc-based 

nitride materials awaiting further revealed, which remains challengeable to a certainty. 

2.3 Approaches and Aims of This Dissertation 

This dissertation presents thin film growth by reactive RF magnetron sputtering technique 

and property characterizations for binary Zn3N2 material and ternary ZnSnN2 material, and 

also discusses their promising applications as versatile semiconductors. This work is 

organized in the order of “Questions Posed; Questions Analyzed; Questions Settled” with 

the following three aims. 

  The first aim of this work lies in obtaining our high-quality sputtered material films 

under optimal conditions, and characterized the achieved material films through 

techniques which consist of (i) structural characterization usage (X-ray diffraction 

(XRD), X-ray reflectivity (XRR), X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM)); (ii) electrical characterization usage (electrical resistivity, 

Hall effect measurements and thermopower measurements); (iii) optical 

characterization usage (optical transmittance and reflectance measurements). 
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  The second aim of this work is to further understand the structural properties and 

origin of electrical and optical properties of achieved polycrystalline and epitaxial 

material films. Epitaxial films were grown to discuss the influence of film crystallinity 

and grain boundary on electron transport in films. Intentional oxygen-doping in 

polycrystalline Zn3N2 films was conducted to attain films with low resistivity on the 

order of 10–4 Ω cm and to illustrate the impact of oxygen impurities on properties by 

comparing both intentional and unintentional O2-doped Zn3N2-xOx films. 

  The third aim of this work resides within filling in some gap of ZnSnN2 material 

through attempts to further decreasing its high electron density and deriving its 

effective electron mass. In order to fulfilling these goals, Cu(I)-doping into ZnSnN2 

films and optical property analyses were carried out. Similar to Zn3N2 case, oxygen 

can also unintentionally be incorporated into ZnSnN2 films, and therefor effect of 

co-doping of oxygen and copper on properties of ZnSnN2 films needs to be 

investigated as well. 

The work presented here is designed to expand diversity from TCOs to TCNs and fill in 

some gaps of the studied materials by investigating the growth and characterization of their 

films materials, in which the constituents are entire Earth-abundant, 

environmentally-benign, economy-efficiency elements. Such a work contributes, though to 

a certain extent to provide additional evidences in support of the fact that our study objects 

can be considered as potential candidates for a broader range of electronic, optoelectronic 

and photovoltaic applications. 

2.4 Summary 

In this chapter, a brief overview of transparent conductors including transparent conductive 

oxides and nitrides; our motivators of being absorbed in zinc-based nitride (here, i.e., zinc 

nitride and zinc tin nitride) thin films; historical backround review, state-of-the-art research 

http://dict.cn/historical%20review
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progress, remaining research gaps of related materials; and scopes & aims & meaning of 

this work are presented. In order to consider such “relatively-young” materials as versatile 

semiconductors, more detailed information should be given to understand as fully as 

possible their fundamental properties involved. 
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Chapter 3 
                                                 

Intentional Oxygen-Doping into 

Polycrystalline Zn3N2 Thin Films: 

Preparation, Characterization, and 

Analysis 

The good life is one inspired by 

love and guided by knowledge. 
                          

－Bertrand Russell 

3.1 Background and Objective 

Compared to the case of ZnO, its isogenous metal nitride (zinc nitride; Zn3N2) has as yet 

garnered much less attention from the standpoints of both fundamental and applied 

research in materials science. A resurgence of its research has been witnessed over the past 

two decades, however still remained less “undiscovered” in contrast with its first synthesis 

in 1940. Such a case belies the fact that numerous pioneering research work on nitride 

properties was performed in earlier 20th, let alone much unknown so far awaits further 

exploitation. Accelerated progress is being made for Zn3N2 case via investigating its 

structural, electrical, and optical properties in the terms of Zn3N2 powder [1-2], Zn3N2 thin 

film [3-4], Zn3N2 nanowires [5-6], or Zn3N2 hollow structures [7-8]. However, some major 

property concerns are still left undecided such as its stern intrinsic synthesis (impurities, in 

particular oxygen impurities, exist within Zn3N2 materials no matter what kinds of 

deposition techniques is used, even in an ultra-high vacuum MBE system [9]), or the origin 
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of high electron mobility in thin film. Many reports have merely stated that the oxygen 

impurity states can be observed not only on the surface but also within their 

unintentionally-doped Zn3N2 film host without any further illustrations.  

This Chapter 3 in our work will perform intentional oxygen-doping into zinc nitride to 

probe into the oxygen impurity factor and carry out a thorough discussion about the 

influence of the oxygen impurities on the structural, electrical, and optical properties of 

zinc nitride thin films. 

3.2 Preparation Details for Zinc Nitride Thin Films 

3.2.1 Film Deposition Technique 

The film deposition technique employed in our work is the reactive radio-frequency 

magnetron sputtering, which is a well-established and widely-used technique for one of the 

mainstream industrial deposition ways as well as for research and development [10-20]. 

The reactive radio-frequency magnetron sputtering is a physical vapor deposition hybrid 

process of reactive sputtering, radio-frequency sputtering, and magnetron sputtering. The 

basic process is schematically shown as Figure 3.1.  

A target, i.e., a source of the thin film material planed to be deposited, is bombarded with 

energetic ions, typically inert gas ions such as high purity Argon (Ar+; as this work used). 

In reactive sputtering process, we also introduced the sputter reactive gases nitrogen (N2) 

and oxygen (O2) into the sputter vacuum chamber. A “glow discharge” plasma (hot gas-like 

phase consisting of ions and electrons) thus formed by the passage of electric current 

through a low-pressure sputter gases. During the sputtering process, generated ions directly 

affect onto the target and then eject the target atoms into the vacuum chamber space. With 

the forceful bombardment, in the glow discharge plasma region, these sputtered atoms 

(though only a small fraction of the ejected atoms are ionized) then can ballistically travel  
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Figure 3.1. A schematic diagram illustrating the reactive radio-frequency magnetron 

sputtering system employed in our whole experiments. Red circles balls represent the free 

electron, white circle balls dominate the ions, radicals, neutral particles; while the blue 

arrow and blue dashed arcs mean the electric field, primary magnetic field, respectively. 

Ionized argon (Ar+) are accelerated to “fly” towards to the target and bombard the target 

atoms to release atoms to react sputter gas form layers atop substrates. Electrons and gas 

ions form a plasma, which is located near the target due to the magnetic field, resulting in 

sputter process greater efficiency and quality. A shutter above the target material and the 

cooling water in/out liquid inlet lines are not shown in this schematic diagram. 
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everywhere of the space from the target in straight lines; besides, the powerful magnets 

employed can not only increase the ionization of target atoms and also confine charged 

plasma particles close to the surface of the sputter target. In a magnetic field, traveling 

electrons undergo more ionizing collisions and spiral along the magnetic flux lines near the 

target surface instead of being attracted toward the substrate without causing damages to 

the thin film being formed. As more and more target material atoms and sputtered reactive 

gas atoms coalesce atop the substrate, they begin to bind to each other at the molecular 

level, forming a tightly bound atomic layer. Such a hybrid process can create at will one or 

more layers of desired thin film by controlling the sputtering time with a considerable 

deposition rate, enable many kinds of possible spattered materials even including 

insulating targets, allow various parameters to be controlled to grow thin films with good 

step coverage and uniformity. The absolute reactive radio-frequency magnetron apparatus 

used in our whole work is depicted in Figure 3.2. 

 

Figure 3.2. An absolute apparatus used for all film deposition in our work. The inset figure 

shows the plasma plume produced by reactive RF magnetron sputtering of metal target. 
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3.2.2 Experimental Procedures 

Oxygen-doped zinc nitride (Zn3N2-xOx) thin films were grown on non-alkali glass (Corning 

Eagle XG) heated at 200 °C by reactive RF magnetron sputtering technique using a disk of 

metal Zn as a target (Ф100 × 5 mm, purity of 99.9%). The substrates were ultrasonically 

degreased in methanol for 5 min, and then in acetone for 5 min, and one more time in 

methanol for 5 min. At last, they were dried with nitrogen gas blowing. A gas mixture 

consisting of Ar (99.999%), N2 (99.9995%), and O2 (99.999%) was introduced into the 

film-deposition chamber as the sputtering gases, with a constant N2 / (Ar + N2+ O2) flow 

ratio of 80%, under a working pressure of 2.0 Pa. All of theses sputtering gases were 

introduced into the chamber by using a mass flow controller (MFC). The substrates were 

fixed on a sample holder at a distance of 5.50 cm from the surface of target in a sputter-up 

geometry. To fabricate the Zn3N2-xOx films with various x values, sputtering was conducted 

with various flow ratios of O2 / (Ar + N2+ O2), f(O2), ranging from 0 to 0.3%. When 

oxygen was intentionally introduced to the film-growth chamber, deposition rate was 

decreased from 50 to 40 nm min–1 as oxygen partial pressures increased. An RF power of 

120 W was applied to the target. Prior to the thin film deposition process, a 5-min-long 

sputter-etching with pure Ar gas was performed, followed by a 5-min-long pre-sputtering 

under the same condition with film deposition. The film deposition time was 3 min. The 

thickness of a typical film was 100−150 nm. To minimize oxidation and/or hydroxylation, 

all measurements were performed within a day after the deposition. 

3.2.3 Main Measurement Methods and Experimental Procedures 

3.2.3.1 X-Ray Diffraction (XRD)  

X-ray diffraction (XRD) measurements using Cu Kα radiation (λ = 1.5418 Å) were 

performed in θ–2θ mode to characterize the crystalline phase of the films by using a 

diffractometer (Rigaku ATX-E). All XRD patterns were recorded in a 2θ range of 20°–65° 
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with a scan speed of 1.000 °/min. The thing film samples in this whole work were analyzed 

with this XRD system in terms of their phase determination and orientation relationships 

between samples and YSZ substrate, employing various measurement techniques, such as 

out-of-plane and in-plane XRD measurements.  

 

 

Figure 3.3. (a) Schematic illustrations for goniometer configuration and the out-of-plane 

diffraction conventional θ–2θ mode. (b) A schematic illustration of goniometer setup and 

motion for in-plane diffraction 2θχ-φ–scan mode measurements. 
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We gave a brief introduction of out-of-plane (see Figure 3.3(a)) and in-plane measurements 

(see Figure 3.3(b)) of this technique at the beginning of experimental section of whole 

work, which were shown as above. 

3.2.3.2 X-Ray Reflectivity (XRR)  

The XRR measurement technique is a non-destructive method which can be used to 

determine thin-film parameters (thickness, density, and surface roughness) by analyzing 

X-ray reflection intensity curves originated from grazing incident X-ray beam. The 

thickness, density, and surface roughness of the films were evaluated by XRR 

measurements for 2θ ranging from 0 to 1.0° using the same diffractometer with XRD, as 

illustrated in Figure 3.4. Interference occurs between the X-ray beam reflected from the 

surface of film and the interface between film and substrate, this X-ray interference can 

thus bring about oscillations in XRR profiles. These oscillations were called Kiessig 

fringes which was first observed by Kiessig in 1931. From the calculations of these 

oscillations, we can get the thin-film thickness, while the amplitude of these oscillations 

and the critical angle of the total reflection profile can furnish the density and the 

roughness information we are desired to know.  

 

Figure 3.4. A schematic illustration of X-ray reflectivity measurement. 
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3.2.3.3 Scanning Electron Microscope (SEM) 

A scanning electron microscope (SEM; JEOL JSM-6510LA) was employed for surface 

morphology observations.  

3.2.3.4 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) using monochromated Al Kα (hν = 1486.6 eV) 

radiation was employed (PHI Versa Probe) for examining the chemical state and 

composition of the films. XPS was performed on both as-deposited and 2 min 

Ar+-sputtered-surface films. The latter was carried out by the sputter-etching using an 

Ar+-gun with an ion energy of 4 keV and emission current of 7 mA, with a raster size of 3 

× 3 mm2. The semi-quantitative evaluation of XPS signals was done by an XPS peak 

fitting program, namely, XPSPEAK 4.1 software. The Shirley algorithm [21], the most 

widely used background subtraction method, was chosen for the background subtraction 

before entering the fit iterations. The peak shapes were typically determined by using 

Gaussian-Lorentzian sum function, and a linear least squares curve fitting procedure was 

adopted to fit the spectra. Electrical resistivity (ρ) of films was measured using the van der 

Pauw method with a source current of 1 mA. Carrier density (ne) and Hall mobility (μH) 

were determined by Hall effect measurement in the van der Pauw configuration (Toyo 

Corp. Resitest 8200): the magnetic fields of ±1 T were applied normal to the film surface. 

For selected samples, temperature dependence of ρ, ne, and μH were also measured, for 

temperatures ranging from 77 to 350 K. Optical transmittance and reflectance 

measurements in the ultraviolet-visible region were performed by using a 

spectrophotometer.  

3. 3 Results and Discussions 

3.3.1 Structural Properties  
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θ–2θ XRD patterns of as-deposited films fabricated at f(O2) = 0.0–0.3% are shown in 

Figure 3.3(a). This figure shows that all as-deposited films were in polycrystalline form. 

All diffraction peaks corresponded to those from Zn3N2 (ICDD card No. 35-0762). No 

ZnO peaks were detected even at f(O2) > 0%. That is, polycrystalline films of phase-pure 

Zn3N2-xOx with cubic anti-bixbyite structure were obtained under the deposition condition 

of f(O2) = 0.0–0.3%. While the 400 peak was most prominent for the f(O2) = 0% film, the 

222 peaks were most dominant for the f(O2) > 0% ones. In addition, film crystallinity 

seemed to be slightly improved by introducing oxygen gas during the deposition. These 

phenomena remain unexplained, and further studies are required to understand the 

underlying mechanism. 
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Figure 3.5. (a) XRD patterns for oxygen-doped Zn3N2 films fabricated at f(O2) = 0.0–0.3%, 

(b) XRR spectrum for a film deposited at f(O2) = 0.2%, and (c) a typical top-view SEM 

image at ×50,000 magnification for Zn3N2 films.  
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Figure 3.5(b) shows the XRR spectrum for the 115 nm thick f(O2) = 0.2% film. We fitted 

the XRR spectrum to obtain the density and surface roughness of the film. For the fit, we 

assumed film homogeneity along the thickness direction. Surface and/or interface layers 

were not taken into account (one-layer model). The best fit was obtained when the density 

and surface roughness were 6.2 g cm–3 and 5.0 nm, respectively, as shown in Figure 3.5(b). 

The good fit implied that inhomogeneity in the thickness direction and the existence of 

surface/interface layer could be ignored. The obtained density value indicated that the film 

was a highly dense polycrystalline film, because the theoretical value of Zn3N2 is 6.37 g 

cm–3. The relative density was estimated to be above 90%. Similar density and surface 

roughness values were obtained for other films.  

A typical top-view SEM image at ×50,000 magnification for a Zn3N2 film is presented in 

Figure 3.5(c). The film was composed of grains with diameters of approximately 100 nm.  

The grains were densely and uniformly packed together. The dense and relatively smooth 

structure was consistent with the density and surface roughness values deduced from the 

XRR analysis. From the SEM observation and XRR analysis, we confirmed that the 

polycrystalline films deposited in this study were dense and smooth enough to be subject to 

electrical and optical measurements. 

3.3.2 Chemical State and Composition 

XPS analyses were performed to determine the chemical states of Zn, N, and O, and 

semi-quantitative analysis of the composition. Herein, we present spectra for the films 

deposited at f(O2) = 0 and 0.2%. 

We used Zn Auger L3M4,5M4,5 lines to analyze the chemical state of Zn, because the Auger 

line is more sensitive to the chemical state than Zn 2p core lines. Figure 3.6(a) shows 

X-ray excited L3M4,5M4,5 Auger spectra of Zn for the f(O2) = 0.2% film. Peaks attributed to 

Zn–OH (kinetic energy, KE = 986.8 eV [22]), Zn–O (KE = 987.8 eV [22]), and Zn–N (KE 
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= 990.0 eV [22]) bonds were mainly observed on the as-deposited surface. The peak  

 

Figure 3.6. (a) X-ray excited L3M4,5M4,5 Auger spectra and (b) O 1s XPS core spectra from 

as-deposited and sputter-etched surface of a Zn3N2 film deposited at f(O2) = 0.2%. (c) N 1s 

and (d) O 1s XPS core spectra from sputter-etched surfaces of Zn3N2 films deposited at 

f(O2) = 0 and 0.2%. 

intensity of the Zn-OH signal was much stronger than that of Zn–O and Zn–N signals, 

suggesting that the surface mainly consisted of Zn(OH)2. Similar results were obtained for 

the other films deposited under different conditions (see Figure 3.7). These results are 

consistent with the ones that were reported previously [22]. The existence of OH–Zn and 

O–Zn bonds on the as-deposited surface was also observed in O 1s spectrum (OH–Zn: 

binding energy, BE = 532.0 eV , [ 23-24] O–Zn: BE = 530.4 eV [23-24]), shown in Figure 



 

 - 48 - 

3.6(b). Formations of Zn(OH)2 may be caused by air humidity when the film is exposed to 

the air. The thickness of the surface Zn(OH)2 layer was expected to be only a few 

nanometers because a good fit of the XRR spectrum was obtained by using the uniform 

one-layer model [Figure 3.5(b)]. If the surface layer was thicker than a few nanometers, the 

good fit could not be obtained. After 2-min-long sputtering (etching rate: ~10 nm/min), the 

OH–Zn peak in the O 1s spectrum disappeared, indicating that the Zn(OH)2 surface layer 

was removed. On the other hand, the O–Zn peak was still seen after the etching as shown 

in Figure 2(b). We obtained similar results for the other films deposited under different 

conditions. We confirmed that the O–Zn bonds uniformly existed along the film thickness 

direction by using depth profiling of O 1s peak (see Figure 3.8). This result indicated that 

the Zn3N2 film was doped with oxygen.  

Although the 2-min-long sputter-etching partially decomposed Zn3N2 into metal Zn 

[Figure 3.6(a)], the peaks attributed to the N–Zn bonds (BE = 396.2 eV [23-24]) were 

clearly observed in N 1s core spectra [Figure 3.6(c)]. In addition, small peaks in the 

vicinity of BE = 405 eV were observed. The small peak was observed for all films in this 

study [see Figure 3.7(b)]. The 405 eV peak has been observed recently [24-25]. It was 

attributed to the N–N bond in molecular nitrogen on nitrogen sites in Zn3N2 [denoted as 

(N2)N] because the peak position was very similar to that of the N–N bond in molecular 

nitrogen on oxygen sites in nitrogen-doped ZnO [denoted as (N2)O] [25]. Although the 

details have not been clarified yet, we postulate that (N2)N consists of a lattice nitrogen 

(NN) and a self-interstitial nitrogen (NI), i.e., NN–NI bond, for the following reasons. 

Theoretical studies showed that the formation energy of NI is small, suggesting that the 

existence of NI in Zn3N2 is quite possible [26-27]. In addition, the NI formation energy was 

shown 
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Figure 3.7. (a) X-ray excited L3M4,5M4,5 Auger spectra of Zn on as-deposited surfaces of 

Zn3N2-xOx films. (b) N 1s and (c) O1s XPS core spectra of sputter-etched surfaces of 

Zn3N2-xOx films. The peak intensities of O 1s peaks are normalized by the peak intensities 

of N 1s peaks located in the vicinity of BE = 396 eV (N-Zn bond). 

to become smaller when Zn3N2 was fabricated in N-rich condition [27]. Since the 

Zn3N2-xOx films in this study were grown at the f(N2) value as high as 80% (i.e., in N-rich 

condition), it is quite possible that the films included a certain amount of NI. Furthermore, 

NI was shown to form a chemical bond with nearest neighbor NN [26]. As we discuss later, 

the existence of NI can consistently explain the electrical and optical properties of 

oxygen-doped Zn3N2 films obtained in the present study. 

O 1s spectra of sputter-etched (2 min) surfaces for Zn3N2 films deposited at f(O2) = 0 and 

0.2% are shown in Figure 3.6(d). In this figure, the spectra are normalized by the peak 
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intensities of N–Zn peaks in the N 1s spectra. It is noteworthy that O–Zn bond is observed 

inside the f(O2) = 0% film. This clearly indicates that non-intentional oxygen doping 

occurred even at f(O2) = 0%, which is consistent with previous reports [9, 23-24, 28-29]. 

The O–Zn peak intensities for intentionally doped films deposited at f(O2) > 0% were 

higher than that for the non-intentionally doped one [Figure 3.6(d), also see Figure 3.7(c)], 

implying increased oxygen content. 
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Figure 3.8. XPS depth profiles of Zn 2p3/2 (BE ~ 1022 eV), O 1s (BE ~ 530 eV), and N 1s 

(BE ~ 396 eV) signals. The dashed line roughly demarcates the film/substrate interface. 

The peak intensities were obtained without subtracting the background levels. Thus, the 

peak intensity of the O 1s peak is higher than that of the N 1s peak (the background levels 

in the O 1s spectra are always higher than those in the N 1s spectra). The etching rate was 

~10 nm/min.   

Assuming that the etching rate of oxygen is the same as that of nitrogen, we performed 

semi-quantitative analysis of x in Zn3N2-xOx films employing the relative sensitivity factor 

method and using the integral intensities of O–Zn peak in O 1s spectra and N–Zn peak in 
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N 1s spectra that were obtained from the surfaces sputter-etched for 2 min. The ratio of the 

integral intensities of the O–Zn [I(O)] and N–Zn [I(N)] peaks is related to the atomic 

density ratio (XO/XN) by 

         

 
  N

O

N

O

SNI

SOI

X

X
                                     (3.1) 

where SO and SN are the relative sensitivity factors determined for the pure chemical 

elements for the specific electron analyzer used. We used SO = 0.711 and SN = 0.477 as 

provided by PHI [30]. Finally, x values in Zn3N2-xOx were calculated from the relationship 

of x = 2(1 + XN/XO)–1. Figure 3.9(a) shows the dependence of x on f(O2) in Zn3N2-xOx. An 

increase in f(O2) from 0 to 0.2% caused an increase in x from 0.11 to 0.19. Contrary to our 

expectation, x decreased slightly when f(O2) surpassed 0.2%. This slight decrease in x 

might be caused by a fluctuation in f(O2) due to the control accuracy of our mass flow 

controllers.  

Table 3.1. Oxygen doping concentration x, lattice length, and carrier density of Zn3N2-xOx 

films. 

sample x in Zn3N2-xOx 

lattice length 

(nm) 

carrier density ne 

(cm–3) 

#1 0.11 0.9784 3.4×1019 

#2 0.12 0.9780 4.3×1019 

#3 0.14 0.9771 6.3×1019 

#4 0.19 0.9764 1.2×1020 

The four Zn3N2-xOx films were labeled as #1–#4 in the order of increasing x, and are listed 

in Table 3.1. This table also includes the values of lattice length calculated from the XRD 

patterns and carrier densities determined by Hall effect measurements. As seen from Table 
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3.1, the lattice length and carrier density are closely related to semi-quantitative x. The 

lattice length decreased as x increased, as shown in Figure 3.9(b). This clearly indicates the 
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Figure 3.9. (a) Dependence of x in Zn3N2-xOx on f(O2) during film deposition. (b) Lattice 

length vs. x, for Zn3N2-xOx films. The x values were estimated from the integrated intensity 

ratio of O 1s and N 1s XPS spectra using the RSF method. 

replacement of nitrogen in Zn3N2 by oxygen, because the ionic radius of O2− is smaller 

than that of N3– (O2–: 138 pm, N3–: 146 pm [31]). Furthermore, carrier density increased 

with increasing x (i.e., the increase in the substitution fraction of oxygen), implying 

increasing electron donor density. In the next subsection, we discuss the dependence of 

electrical properties of Zn3N2-xOx films on x. 
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3.3.3 Electrical Properties  

Figure 3.10(a) shows room temperature (RT) resistivity ρ as a function of x in Zn3N2-xOx. 

As seen from this figure, ρ decreases with increasing x. The minimal ρ of 6.2×10–4 Ω cm 

was obtained for x = 0.19. We successfully obtained highly conducting Zn3N2-xOx films 

exhibiting ρ on the order of 10–4 Ω cm. To check the reproducibility of our results, the 

Zn3N2–xOx films deposition experiment was repeated three times, under identical conditions. 

As a result, ρ values of (5.7 ± 0.9)×10–4 Ω cm were obtained, indicating good 

reproducibility. The ρ values obtained here are comparable to those of SnO2- and 

ZnO-based TCOs. The ρ values achieved in the present work are the smallest among the 

values achieved so far. Hence, we conclude that intentional oxygen doping is an effective 

method for reducing ρ in Zn3N2 films. From the viewpoint of electrical conductivity, 

Zn3N2-xOx can be regarded as a candidate nitride-based transparent conductor. 

Hall coefficients for Zn3N2-xOx films were always negative, indicating that the majority 

carrier was electron (i.e., n-type). The decreasing trend of ρ with increasing x reflected 

increasing carrier density ne. As shown in Figure 3.10(b), ne gradually increased with 

increasing x, suggesting that substitutional oxygen (ON) released an electron. This can be 

written using the Köger–Vink notation as ON

x
 → ON

･ + e’. The ne attained the maximum of 

1.2×1020 cm−3 at x = 0.19, whereas ρ reached the minimum of 6.2×10–4 Ω cm. These 

results clearly indicate that oxygen in Zn3N2–xOx films effectively acts as an electron donor, 

which agrees with the theoretical prediction [32]. Nevertheless, the ionization efficiency of 

oxygen was very low and was estimated to be only 2–4%. The origin of this low ionization 

efficiency remains elusive. One possible explanation is that an in-gap state is created by NI 

captures of electrons generated from ON

x
: Long et al. showed that NI introduces a 

half-filled N 2p state in the bandgap [26] and such half-filled in-gap state usually acts as an 

electron trap. Nevertheless, additional studies are still needed to understand this low 
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ionization efficiency. 
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Figure 3.10. (a) Resistivity ρ, (b) carrier density ne, and (c) Hall mobility μH as functions 

of x in Zn3N2–xOx films, at room temperature. 

Meanwhile, as shown in Figure 3.10(c), μH did not exhibit clear x dependence. It should be 

noted that Zn3N2–xOx films have large μH, even in polycrystalline form. In most cases, μH 

values were above 70 cm2 V–1 s–1. The highest value of 85 cm2 V–1 s–1 was obtained for x = 

0.19. The highest value is 100-fold higher than those measured in degenerately doped GaN 

polycrystalline films (μH < 1 cm2 V–1 s–1) [33], and approximately 2-fold higher than those 

measured in conventional TCOs such as In2O3, ZnO, and SnO2 polycrystalline thin films 

(μH = 20–40 cm2 V–1 s–1) [34]. Because the electron effective mass (me
* ~ 0.3m0) in Zn3N2 

is similar to those in conventional TCOs and GaN, the electron scattering time (τ) in 

Zn3N2–xOx is thought to be larger than τ values in those semiconductors. Therefore, 
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Zn3N2–xOx can be regarded as a high-mobility semiconductor.  

Temperature (T) dependence of ρ, ne, and μH for Zn3N2–xOx films with x = 0.11 and 0.19 is 

shown in Figure 3.11(a)–(c), respectively. The ρ–T curves exhibit nearly 

temperature-independent behavior. These curves have very small positive temperature 

coefficient, suggesting metallic conductivity in Zn3N2–xOx films. Conduction electrons in 

the films could be regarded as highly degenerate electron gas, because ne values are 

independent of temperature, as shown in Figure 3.11(b). Similar to ne, the μH was nearly 

constant for temperatures ranging from 77 to 350 K [Figure 3.11(c)]. The μH–T behavior 

suggests that ionized impurity scattering mainly governs electron transport in Zn3N2–xOx, 

because electron mobility limited by the ionized impurity scattering does not depend on 

temperature in degenerate semiconductors [35]. 
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Figure 3.11. Temperature dependence of (a) resistivity ρ, (b) carrier density ne, and (c) Hall 

mobility μH for Zn3N2-xOx films with x = 0.11 (open symbols) and x = 0.19 (closed 

symbols). 

To get insight into the electron transport in polycrystalline Zn3N2–xOx films, we compared 

experimental μH values with theoretical mobility limited by the ionized impurity scattering 
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(μI). The theoretical μI values were calculated by using the Books–Herring–Dingle formula 

[35], 
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where the screening function g(ζ) is given by  
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Here, ε0 and εr are the static dielectric constants of free space and the material, respectively. 

Z is the relative charge of the ionized impurity, nI is the density of the ionized scattering 

center, e is the elemental charge, and ħ is the reduced Planck constant. We used εr = 5.3 [36] 

and me
* = 0.3m0 [9, 37] for the calculation of μI. We calculated μI for two cases: in the first 

case, free carriers are generated entirely from substitutional oxygen ON
･ (μI

o
), and in the 

second case, free carriers originate entirely from nitrogen vacancy (μI
v
). Based on the 

first-principles calculation, the nitrogen vacancy was predicted to have low formation 

energy and to behave as an electron donor [21, 26]. In addition, in our experimental study 

we found that in nitrogen-deficient Zn3N2-δ films ne values were above 1018 cm–3 [37]. Thus, 

the nitrogen vacancy as an ionized impurity scattering center was taken into account as 

well. In the case of ON
･, ne/(Z

2 nI) in Eq. (3.2) was set to 1 because the following relations, 

ne = nI and Z = 1, hold. For the nitrogen vacancy case, we assumed that one vacancy 

releases three electrons: this can be written using the Köger–Vink notation as VN → VN
･･･ 

+ 3e’. Hence, ne/(Z
2 nI) value in Eq. (3.2) was set to 1/3 assuming the relationships of ne = 

3nI and Z = 3.  
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Figure 3.12. Plots of μH values (closed triangles) as a function of carrier density ne. The μI

o
 

and μI

V
 curves are the theoretical electron mobility due to ionized impurities, assuming that 

the free carriers originate entirely from singly charged ON
･and triply charged VN

･･･, 

respectively. Literature values for non-intentionally doped Zn3N2-xOx are also shown as 

closed diamonds (Ref. 3) and closed circles (Ref. 9).  

In Figure 3.12, the RT values of μH are plotted along with theoretical curves as functions of 

ne. Literature values [23, 29] for non-intentionally doped Zn3N2–xOx polycrystalline films 

having ne on the order of 1018–1019 cm–3 were also included in this figure. As seen from 

this figure, all experimental μH values are located between μI
v
 and μI

o
 curves. The μH values 

are always above the μI
v
 curve, suggesting that the dominant ionized impurity scattering 

center in Zn3N2-xOx is the substitutional oxygen ON
･ rather than the nitrogen vacancy VN

･･･. 

Furthermore, the μH values obtained in this study are close to the μI
o
 curve. This led us to 

conclude that the contributions of additional scattering mechanisms, such as phonon, 

neutral impurity, and grain boundary scattering are very minor in electron mobility of 

heavily doped Zn3N2–xOx at RT.  
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3.3.4 Optical Properties 

Optical transmittance (Topt) spectra for Zn3N2-xOx films with x = 0.11 (ne = 3.4×1019 cm–3), 

x = 0.14 (ne = 6.3×1019 cm–3), and x = 0.19 (ne = 1.2×1020 cm–3) are shown in Figure 

3.13(a). For comparison, this figure also includes transmittance spectra of a Zn3N2 film 

(thickness of 300 nm) reported by Kuriyama et al. [38]. The presently obtained films 

exhibited transmittance below 40% in the visible region. In our films, transmittance values 

were substantially lower than the previously reported transmittance throughout the 

spectrum of wavelengths, although our films were thinner than 300 nm. In what follows, 

we explain the lower transmittance obtained in the present study. 

It is likely that the low transmittance in the visible region is attributed to the formation of 

NI, for the following reasons. As discussed in Sec. 3.3.2, Zn3N2-xOx films in this study 

probably contained a certain amount of NI. Formation of NI introduces a half-filled N 2p 

state in the bandgap [26], so that optical absorption by electron transition between the 

interstitial N 2p in-gap state and the conduction/valence band state (defect-to-band 

transition) occurs. Therefore, we infer that the visible light absorption by the 

defect-to-band transition is responsible for the low optical transmittance reported in Figure 

3.13(a). The defect-to-band transition would relate to broad blue light (2.3–2.9 eV) 

emissions along with UV emission reported in photoluminescence studies [5, 39]. To 

establish Zn3N2-xOx as a transparent conductor, one has to address the issue of reduction in 

NI density. Since the NI formation energy increases when Zn3N2 is fabricated in N-poor 

condition, nitrogen partial pressure or nitrogen activity during the film growth is a key to 

the NI density reduction. Efforts aimed at optimizing nitrogen partial pressure or nitrogen 

activity during the growth would allow us to achieve truly transparent conducting 

Zn3N2-xOx films.  
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Figure 3.13. (a) Optical transmittance spectra for Zn3N2-xOx films with different x values. 

The reported spectrum taken from Ref. [38] is also shown in this figure. (b) hν versus 

(αhν)2 plots for Zn3N2-xOx films with different x values. The curves A, B, and C are for 

Zn3N2-xOx films with x = 0.11 (ne =3.4×1019 cm–3), 0.14 (ne =6.3×1019 cm–3), and 0.19 (ne 

=1.2×1020 cm–3), respectively. The inset of (b) represents ne
2/3 dependence of Eg

opt. 

To investigate the effect of ne on the bandgap energy, we evaluated the optical gap (Eg
opt) in 

our films. Because Zn3N2 has been reported to be a direct gap semiconductor [5, 9, 38-40, 

23-24, 28-29], we estimated Eg
opt values using the well-established relation αhv = A(hv – 

Eg)
1/2, where α is the absorption coefficient, A is a constant, and hv is the photon energy. α 

values were calculated using transmittance (Topt) and reflectance (Ropt) spectra using the 

equation α = d–1ln[(1–Ropt)/Topt], where d is the film thickness (Ropt spectra are shown in 

Figure 3.14). Figure 3.13(b) shows the plots of (αhv)2 versus hv for Zn3N2–xOx films with x 
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= 0.11, 0.14, and 0.19. We determined the Eg
opt values by extrapolating the linear portions 

to (αhv)2 = 0. Eg
opt was 2.3 eV for the x = 0.11 film, 2.5 eV for the x = 0.14 film, and 2.6 eV 

for the x = 0.19 film. That is, Eg
opt exhibited a blue shift as ne increased (also see Figure 

3.15e). As seen from the inset of Figure 3.13(b), the blue shift was linearly related to ne
2/3. 

This behavior can be explained by the Burstein-Moss (B-M) effect [41] in which Eg
opt 

increases proportionally to ne
2/3 in a degenerate semiconductor having a parabolic 

conduction and valence band. The observation of the B-M shift strongly supports the 

notion that Zn3N2-xOx films are degenerate semiconductors, as discussed in Sec. 3.3.3.  

 

Figure 3.14. Optical transmittance and reflectance spectra for Zn3N2-xOx films with (a) x = 

0.11, (b) x = 0.12, (c) x = 0.14, and (d) x = 0.19. 

The Eg
opt values obtained in this study were somewhat smaller than the reported Eg

opt value 

of 3.2 eV [5, 38-40]. We speculate that the Eg
opt values were underestimated owing to the 
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contribution of defect-to-band transition. The visible–ultraviolet absorption in the presently 

 

Figure 3.15. Plots of (αhν)2 vs. hν for Zn3N2-xOx films with x = (a) 0.11, (b) 0.12, (c) 0.14, 

and (d) 0.19. (e) Eg
opt as a function of carrier density ne. 

obtained Zn3N2–xOx films is attributable not only to the band-to-band transition but also to 

the defect-to-band transition. The α values calculated for the bandgap estimation would 

include contributions of both band-to-band (αB) and defect-to-band (αD) transitions: i.e., α 

= αB + αD. If so, the Eg
opt values evaluated from the hv–(αhv)2 plots are smaller than the 

true bandgap energy.  
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The true Eg
opt value of Zn3N2 remains undetermined: values ranging from 1.01 to 3.4 eV 

have been reported so far [5, 9, 22-24, 28-29, 37-40, 42]. The range of Eg
opt spans over 2 

eV, which is unusual for general semiconductors. The highest Eg
opt value of 3.2 eV was 

reported in Refs. 5, 38–40, whereas Eg
opt  values reported in Refs. 9, 23-24, and 28-29 

were as low as 1.0–1.7 eV. Furthermore, intermediate values, ranging from 2.1 to 2.7 eV, 

similar to our Eg
opt values, were also reported [43-45]. This discrepancy can be interpreted 

in terms of the contribution of the defect-to-band transition, as follows. Zn3N2 films for 

which the literature values were reported were deposited by using various techniques and 

under different conditions. The formation energy of NI depends on whether the deposition 

condition is N-rich or N-poor [27]. Thus, the NI density would be different in each Zn3N2 

film, yielding different αD values. The variation of αD would be responsible for the 

disagreement with the reported Eg
opt values. 

3.4 Summary 

In chapter 3, we investigated the properties of oxygen-doped Zn3N2 as a potential 

nitride-based transparent conductor. Polycrystalline films of Zn3N2, intentionally doped 

with oxygen, were reactively sputtered from a Zn target using a gas mixture of Ar, N2, and 

O2. XRD and XPS measurements revealed the substitution of oxygen on the nitrogen site 

in Zn3N2 films. We demonstrated that electron transport properties could be controlled by 

varying x in Zn3N2–xOx. Heavily doped Zn3N2–xOx films with x = 0.11–0.19 were n-type 

degenerate semiconductors. The free electron density (ne) in Zn3N2-xOx films increased 

from 3.4×1019 to 1.2×1020 cm–3 as x increased from 0.11 to 0.19, indicating that the 

substitutional oxygen behaves as an electron donor. As a result, a highly conducting 

Zn3N2–xOx film with a resistivity of 6.2×10–4 Ω cm was obtained for x = 0.19. It is notable 

that Zn3N2–xOx films exhibited electron mobility (μ) above 70 cm2 V–1 s–1 even in 

polycrystalline form. The μ values were approximately 100-fold those in degenerately 

doped GaN polycrystalline films and two-fold those in polycrystalline TCOs. Therefore, 

Zn3N2–xOx can be regarded as a high-mobility nitride-based semiconductor. Detailed 
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analysis of mobility revealed that the electron transport is governed by ionized impurity 

scattering at temperatures ranging from 77 to 350 K. In addition, the main ionized 

scattering center was found to be the substitutional oxygen. Bandgap widening due to the 

Burstein–Moss effect was observed, supporting the notion that Zn3N2–xOx was degenerately 

doped. The optical gap (Eg
opt) was estimated to range from 2.3 to 2.6 eV, which was 

smaller than the previously reported value of 3.2 eV. We postulate that the small Eg
opt 

originates from the optical absorption by electron transition between the interstitial N 2p 

in-gap state and conduction/valence band. Further research is required for achieving truly 

transparent Zn3N2–xOx films with low resistivity reduction of the NI density. 
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Chapter 4 
                                                 

Origin of High Electron Mobility of 

Zn3N2 Films: Effective Electron Mass 

and Electron Transport Mechanisms 

Without continual growth and 

progress, such words as 

improvement, achievement, 

and success have no meaning. 
                          

－Benjamin Franklin 

4.1 Background and Objective 

As we illustrated in previous parts, zinc nitride as a n-type semiconductor has been 

undergoing a considerable revival in the past three decades [1-8]. One crucial reason for 

zinc nitride regained substantial research attentions resides with its the seductive electrical 

properties of Zn3N2 films even in polycrystalline form, especially the high electron 

mobility [9-11]. Noted here that even for degenerate polycrystalline Zn3N2 films, electron 

mobility values higher than 80 cm2 V‒1 s‒1 are still achievable in Refs. [12-14]. The 

electron mobility values are extraordinarily large for a nitride semiconductor, because 

electron mobility values of GaN [15], (In,Ga)N [16] and InN [17] polycrystalline films are 

typically less than 10 cm2 V‒1 s‒1. Accordingly, Zn3N2 can be regarded as a high-electron 

mobility n-type semiconductor. What’s more, a recent theoretical study suggested the 

possibility of bipolar doping of Zn3N2 [18]. Therefore, it is important and necessary to 
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reveal the unknown origin of the high electron mobility of Zn3N2 material when 

considering it as an attractive nitride semiconductor composed of non-toxic, 

Earth-abundant, environmental-friendly elements.  

The high electron mobility in polycrystalline Zn3N2 films gives us an indication that 

optimization in material quality may bring about further improvement of its electrical 

properties. The first literature on Zn3N2 thin films by Kuriyama’s group [19]. reported its 

polycrystalline form. Inspired by their successful thin-film growth and stimulating findings, 

more and more group have grown Zn3N2 thin films by using various techniques such as 

sputtering [11-14, 20-22], pulse laser deposition [23], molecular beam epitaxy [24-25], 

chemical vapor deposition [24,26], and an electrochemical process [27]. One common 

thing is that all of their thin films were in polycrystalline form. However, single-crystal or 

epitaxial growth of Zn3N2 has rarely been reported so far, in contrast the current reports on 

Zn3N2 polycrystalline films with poor crystallinity. Hence, the influence of crystallinity on 

the electrical and optical properties of Zn3N2 films has not been elucidated yet. Electron 

transport in polycrystalline films usually suffers from scattering at the grain boundary, 

though polycrystalline films grown at low temperature are technologically important for 

low-cost electronic devices. Thus, it is also important to examine effects of the grain 

boundary scattering on electron transport in Zn3N2 polycrystalline films. 

In this Chapter, we prepared both epitaxial and polycrystalline films of Zn3N2 on the (100) 

plane of yttria-stabilized zirconia (Y0.13Zr0.87O2; YSZ) single crystalline substrates, and 

analyzed their electron transport properties by means of direct current (DC) and optical 

techniques. The YSZ has a cubic fluorite structure with an a-axis length of 0.513 nm. Thus, 

a relatively small lattice mismatch value of ~4.8% between a of Zn3N2 and 2a of YSZ is 

expected, suggesting the heteroepitaxial growth of Zn3N2. 
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4.2 Preparation Details for Epitaxial Zn3N2 Thin Films 

4.2.1 Thin Film Growth Methods 

Zn3N2 thin films were grown on YSZ(100) single-crystal substrates with substrate 

temperatures ranging from 100−250 °C by the reactive radio frequency (RF) magnetron 

sputtering technique. A disk of metal Zn was used as the target (a diameter of 10 cm and 

purity of 99.9%). The substrates were ultrasonically degreased in methanol for 5 min, and 

then in acetone for 5 min, and one more time in methanol for 5 min. At last, they were 

dried with nitrogen gas blowing. An RF power of 80 W was applied to the Zn target. A 

base pressure lower than 2 × 10−4 Pa was established in the growth chamber before the film 

growth. Sputtering was conducted in a gas mixture consisting of Ar (99.999% pure) and N2 

(99.9995% pure) at a total pressure of 2 Pa. Each gas was introduced into the growth 

chamber by using a mass flow controller. Thin films were grown under various 

atmospheres with f(N2) [f(N2) = N2/(Ar+N2)] ranging from 20%–80%. Prior to the growth, 

the target surface was sputter-etched with pure Ar for 30 min and was subsequently 

pre-sputtered for 10 min under the same condition with the film growth. The growth time 

was adjusted to obtain a thin film with a thickness of 250–300 nm. After the film growth, 

the films were immediately stored in another vacuum chamber (the pressure was about 1 

Pa) for subsequent measurements.  

4.2.2 Characterizations for Epitaxial Zn3N2 Thin Films 

Crystalline phases of the films were examined by X-ray diffraction (XRD) measurements 

using a four-axis diffractometer with Cu Kα radiation (Rigaku ATX-E). In addition to 

conventional θ–2θ scans, φ–scans were also performed in order to determine the in-plane 

epitaxial relationship between epitaxial films and substrates. For polycrystalline films with 

poor crystallinity, the crystalline phases were analyzed by using GIXRD (grazing 

incidence X-ray diffraction) measurements with an X-ray incident angle of 0.3°. All XRD 
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patterns were recorded with a scan speed of 1.000 °/min. Surface morphology was 

observed by using a scanning electron microscope (SEM; JEOL JSM-6510LA). X-ray 

photoelectron spectroscopy (XPS) using monochromated Al Kα radiation (PHI Versa 

Probe) was employed for examining the composition of the films. The XPS measurements 

were carried out after mild Ar+-sputter etching (ion energy of 4 keV and emission current 

of 7 mA) for 2 min to avoid the influence of adsorbed species, such as oxygen, on XPS 

signals. Constant-depth profiles of the peak intensities of zinc, oxygen, and nitrogen were 

confirmed after removal of adsorbates [12]. The resistivity (ρ) of the films was measured 

using the van der Pauw method with a source current of 1 mA. Carrier density (ne) and 

Hall mobility (μH) were determined by Hall effect measurement in the van der Pauw 

configuration (Toyo Corp. Resitest 8200). Magnetic fields of ±1 T were applied normal to 

the film surface. The thermopower (Seebeck coefficient S) measurements were performed 

using a standard DC technique with a custom-made setup. A temperature gradient (usually 

chosen to be less than 5 K) was provided using a Manganin wire heater, and the 

temperatures at the cold and hot ends were measured with a calibrated K-type 

thermocouple. The thermovoltages were recorded with a digital multimeter (Keithley 

2000). Electron transport measurements were all carried out at room temperature. Infrared 

transmittance at normal incidence and reflectance at near-normal incidence (~5°) in a 

wavenumber range of 1000–4600 cm−1 were measured by using a Fourier transform 

infrared (FTIR) spectrophotometer (Shimadzu IRAffinity-1). To minimize film oxidation 

and/or hydroxylation, all measurements were performed within a day after the film growth. 

4.3 Results for Growth and Characterizations of Zn3N2 Films 

4.3.1 Thin Film Growth 

Structure and phase composition of Zn3N2 films strongly depended on the growth 

conditions. In particular, substrate temperature (Ts) and nitrogen concentration in the 
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sputtering atmosphere [f(N2)] were the two crucial parameters. Figure1 depicts the phase 

diagram for Zn3N2 thin films grown on YSZ(100) substrates, as functions of Ts and f (N2). 
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Figure 4.1. Ts−f(N2) growth parameter-based phase diagram of Zn3N2 thin films on 

yttria-stabilized zirconia (100) substrates: circles, triangles, and squares denote Zn3N2 

epitaxial films, single phase Zn3N2 polycrystalline films, and polycrystalline films 

composed of metal Zn and Zn3N2, respectively. The shadowed region represents the 

growth condition for Zn3N2 epitaxial films. Thin films were not grown under the 

conditions represented by cross marks. 

As shown in Figure 4.1, epitaxial growth occurred in a relatively narrow region (closed 

circles in the shadowed region). Hereafter, we refer to the shadowed region in Figure 4.1 as 

the epitaxial region. Thin films grown at Ts lower than the epitaxial region were in 

polycrystalline form. Phase-pure Zn3N2 polycrystalline films were obtained when we 

conducted the growth at a Ts of 150 °C with sufficient N2 supplied to the growth chamber 

(triangles). The polycrystalline nature was confirmed from GIXRD patterns shown in 

Figure 4.2(a). In this figure, a halo pattern at 2θ around 30–35° is visible, indicating that 

the polycrystalline film somewhat contains an amorphous phase. That is, Zn3N2 

polycrystalline films grown at low temperatures had poor crystallinity. In fact, when XRD 
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measurements were carried out in the conventional θ–2θ mode, we could not observe clear 

diffraction peaks. Further decrease in Ts to 100 °C resulted in the growth of mixture films 

of metal Zn and Zn3N2 (squares). Since low Ts does not provide enough thermal energy to 

promote the chemical reaction between zinc and nitrogen on the substrates, mixture films 

of Zn and Zn3N2 were obtained. The GIXRD pattern for the film grown at Ts = 100 °C and 

f(N2) = 40% is presented in Figure 4.2(b). Peaks from metal Zn are clearly seen.  

 

Figure 4.2. Grazing incidence X-ray diffraction (GIXRD) profiles of (a) a film grown at Ts 

= 150 °C and f(N2) = 60% and (b) a film grown at Ts = 100 °C and f(N2) = 40%. (c) θ−2θ 

XRD profiles of Zn3N2 film deposited under the growth condition of the epitaxial region. 

Diffraction peaks from the substrates are marked by asterisks. 400 and 800 diffraction 

peaks from Zn3N2 are also labeled. (d) φ−scan patterns of Zn3N2 440 and yttria-stabilized 

zirconia (YSZ) 220 for a Zn3N2 film grown at Ts = 200 °C and f(N2) = 80%. 

Meanwhile, we could hardly grow thin films at Ts higher than the epitaxial region (Ts > 

250 °C). One possible reason for this is the re-evaporation of zinc from the substrate 

surface before reacting with nitrogen, because zinc is an element with very high vapor 
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pressure even at low temperature [28]. Another possible reason may be the decomposition 

of Zn3N2, because it partially decomposes at temperatures as low as 200−500 °C [29]. As a 

result, Zn3N2 epitaxial films were grown in the narrow epitaxial process window. 

Figure 4.2(c) displays θ–2θ XRD profiles of Zn3N2 thin films grown in the epitaxial region. 

Besides 200 and 400 diffraction peaks from the substrates, only 400 and 800 diffraction 

peaks from Zn3N2 were observed. The results indicated that the films are 100-orientated 

and the (100) planes are parallel to the (100) planes of the substrates, i.e., the out-of-plane 

orientation relationship is (100)Zn3N2 || (100)YSZ. To examine the in-plane relationship, XRD 

asymmetric reflection measurements in φ–scan mode were performed. Figure 4.2(d) 

depicts typical φ–scan patterns of the Zn3N2 440 and YSZ 220 peaks. Four evenly spaced 

peaks from Zn3N2 and YSZ were clearly observed, which reflects four-fold rotational 

symmetry around the [100] direction of both the Zn3N2 and the YSZ. The coincidence in 

φ–positions of the Zn3N2 440 and YSZ 220 peaks is seen in Figure 4.2(d). The zone axis 

associated with the (100) and (110) planes of a cubic system is [001]. Therefore, the result 

presented in Figure 2(d) indicates that the zone axis in the Zn3N2 is aligned with that in the 

YSZ, i.e., the in-plane epitaxial relationship is [001]Zn3N2 || [001]YSZ. From the XRD 

measurements, we confirmed that Zn3N2 was epitaxially grown on YSZ(100) with the 

epitaxial relationship of (100)[001]Zn3N2 || (100)[001]YSZ under the limited growth condition 

mentioned above. 

Figure 4.3. Top-view scanning electron microscopy (SEM) images with ×50,000 

magnification for (a) polycrystalline and (b) epitaxial film. 

(a) Poly. (b) Epi.

500 nm 500 nm
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Typical SEM images for polycrystalline and epitaxial films, respectively, are shown in 

Figures 4.3(a) and 4.3(b) as above. The polycrystalline film has a homogeneous compact 

structure comprising small grains with diameters of ~100 nm. On the other hand, the 

epitaxial film is composed of larger grains with diameters of 200–300 nm and has a 

smoother surface. 

4.3.2 Unintentional Oxygen Incorporation 

 

Figure 4.4. O 1s X-ray photoelectron spectroscopy (XPS) core spectra of 2 min–long 

sputter-etched surfaces for Zn3N2 films grown at (a) substrate temperatures Ts ranging from 

100 to 250 °C, and (b) nitrogen concentrations f(N2) varying from 20% to 80%. Peaks at 

BE ~530.4 eV were attributed to O–Zn bonds. The dashed lines are a guide for the eyes. 

Unintentional oxygen incorporation into Zn3N2 films during the film growth has been 

reported [12-14,20,22,24]. The incorporated oxygen is believed to come from water vapor 
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in the residual gas present in the growth chamber. Unintentional incorporation into Zn3N2 

films was observed even when the growth chamber was pumped down to <10−4 Pa before 

the film growth [14, 22]. The incorporated oxygen partially replaces lattice-nitrogen in 

Zn3N2 and acts as an electron donor [12, 30], which is very similar to the InN case [31, 32]. 

We performed semi-quantitative analysis of oxygen concentration in Zn3N2 films using 

XPS measurements.  

Figure 4.4(a) shows O 1s core spectra for Zn3N2 films grown at Ts ranging from 

100–250 °C. These spectra clearly indicate the existence of oxygen in the Zn3N2 films. The 

O 1s peaks are located in the vicinity of a binding energy (BE) of 530.4 eV. Hence, these 

peaks were attributed to O–Zn bonds [13, 22]. The spectra were normalized with respect to 

the intensity of Zn 2p3/2 peaks, so as to reflect the oxygen-to-zinc atomic ratio (XO/XZn) in 

the Zn3N2 films. As seen from Figure 4.4(a), the peak intensity gradually increased with 

increasing Ts, implying an increase in XO/XZn. This phenomenon is probably due to the 

enhancement of the reactivity between zinc and oxygen on the growing film surface with 

the increase in Ts. Moreover, the increase in Ts could promote the desorption of nitrogen 

from the film surface, because Zn3N2 has a low decomposition temperature [29]. This 

could also be one reason for the increase in XO/XZn with increasing Ts. 

On the basis of the relative sensitivity factor (RSF) method, the ratio XO/XZn can be 

estimated from the formula XO/XZn = (IO/IZn)(SZn/SO), where IO and IZn respectively 

represent the integral intensities of the O 1s and Zn 2p3/2 peaks, and SZn and SO are the 

RSFs of zinc and oxygen, respectively. Representing the composition of the films as 

Zn3N2–xOx, x values were calculated from the relationship x = 3(XO/XZn). Although x values 

derived from XPS results are semiquantitative, we confirmed that the x values could 

explain electrical and optical properties of oxygen-doped Zn3N2 [12]. For the calculation of 

x, we used SO = 0.711 and SZn = 3.354 as provided by PHI [33]. We obtained x = 0.04, 0.05, 

0.10, 0.11 at Ts = 100, 150, 200, 250°C, respectively (also see Table 4.1 and Figure 4.5(b)). 

The x values were consistent with those determined by more accurate Rutherford 
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backscattering spectrometry for unintentionally oxygen-doped Zn3N2 films grown under 

growth conditions similar to ours [14]. 

O 1s core spectra for Zn3N2 films grown at f(N2) ranging from 20–80% are displayed in 

Figure 4.4(b). The O 1s peaks located at BE ~ 530.4 eV were attributed to O–Zn bonds. 

These spectra are also normalized with respect to the intensity of Zn 2p3/2 peaks. Figure 

4.4(b) suggests that an increase in XO/XZn occurred when an increase in f(N2) occurred. We 

estimated x values by the above-mentioned RSF method: x = 0.05 at f(N2) = 20%, x = 0.08 

at f(N2) = 40%, x = 0.09 at f(N2) = 60%, and x = 0.10 at f(N2) = 80% (also see Table 4.1 

and Figure 4.6(b)). Although the reason why x increased with increasing f(N2) has not been 

clarified yet, the variation of electrical properties of Zn3N2 can be interpreted in terms of 

the f(N2) dependence of x, as discussed in section 4.3.3. 

4.3.3 Electron Transport Properties 

Both Hall coefficients RH and Seebeck coefficients S for the Zn3N2 films were always 

negative (see Table 4-1), indicating that the Zn3N2 films show n-type conductivity. Figure 

6.5(a) shows the Ts dependence of carrier density ne. The films had ne values larger than 

1019 cm−3, regardless of Ts. In our study, Zn3N2 having ne > 1019 cm−3 was identified as a 

degenerate semiconductor [12]. Hence, those films had degenerate conduction electrons. 

As seen from Figure 4.5(a), ne monotonically increased with increasing Ts. That is, ne 

values in the epitaxial films were larger than those in the polycrystalline ones. This gives 

us an impression that improvements in the crystallinity of Zn3N2 may enhance ne. However, 

ne does not have a crucial relationship to the crystallinity. As displayed in Figure 4.5(b), Ts 

dependence of oxygen concentration in Zn3N2 was very similar to that of ne. Since oxygen 

incorporated in Zn3N2 behaves as an electron donor (oxygen occupies a nitrogen site), we 

concluded that the dependence of ne on Ts is mainly determined by oxygen concentration in 

Zn3N2 films. 
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Table 4.1. Electron transport properties in Zn3N2 films. The errors were determined by 

several different least squares fitting runs using different initial parameters. 

aDrude-fitting could not be applied to the infrared transmittance and reflectance spectra. 

A plot of electrical resistivity ρ against Ts is displayed in Figure 4.5(c). A steep decrease in 

ρ with increasing Ts is clearly seen. While ne strongly depends upon Ts as described above, 

μH shows relatively weak Ts dependence, as shown in Figure 4.5(d). Thus, the ρ‒Ts 

behavior is concluded to be a result of the variation in ne with Ts. Hall mobility, μH, as a 

function of Ts is displayed in Figure 4.5(d). A weak bell-shaped dependence of μH on Ts is 

seen in this figure. It should be noted that μH values of the polycrystalline films with poor 

crystallinity are comparable to those of the epitaxial films. Namely, even in polycrystalline 

films with poor crystallinity, high electron mobility is achievable. This is due to a small 

electron effective mass of < 0.2m0 (m0 denotes the free electron mass) in Zn3N2 with ne < 

3×1019 cm−3 (see Table 4.1). Details of effective mass and mobility will be discussed in 

section 4.4. 

Sample ne S ωp τ 

me
*/m0 

μH μopt 

  Ts    f(N2) x form (cm‒3) (μV K‒1) (1014 s‒1) (10‒14 s) (cm2 V−1 s−1) 

100 °C  80% 0.04 Poly. 2.3 × 1019 
‒55.3 6.8 ± 0.5 1.1 ± 0.2  0.16 ± 0.03  

56 114 ± 5 

150 °C  80% 0.05 Poly. 2.5 × 1019 
‒50.1 7.2 ± 0.3 1.1 ± 0.1 0.17 ± 0.02  

62 112 ± 2 

200 °C  20% 0.05 Poly. 1.3 × 1019 ‒76.4 
− a) − a) − a) 

73 − 

200 °C  40% 0.08 Epi. 6.2 × 1019 ‒34.1 
8.3 ± 0.3 1.2 ± 0.1  0.29 ± 0.02  

68 75 ± 5 

200 °C  60% 0.09 Epi. 6.8 × 1019 ‒35.5 
8.8 ± 0.1 1.2 ± 0.1  0.28 ± 0.01  

65 77 ± 1 

200 °C  80% 0.10 Epi. 7.1 × 1019 
‒34.0 8.7 ± 0.3  1.0 ± 0.1  0.30 ± 0.02  

64 67 ± 4 

250 °C  80% 0.11 Epi. 9.8 × 1019 
‒24.9 9.1 ± 0.1 1.1 ± 0.2 0.37 ± 0.01  

58 56 ± 3 
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Figure 4.5. (a) Carrier density ne, (b) x in Zn3N2‒xOx, (c) resistivity ρ, and (d) Hall mobility 

μH of Zn3N2 films plotted as functions of the substrate temperature Ts. The films were 

grown at f(N2) = 80%. The dashed lines represent the approximate boundary between 

polycrystalline and epitaxial films. 

Next, we present f(N2) dependence of electrical properties. Figure 4.6(a) shows the f(N2) 

dependence of carrier density ne. The films also had ne values larger than 1019 cm−3, so that 

these can be regarded as degenerate semiconductors. As shown in Figure 4.6(a), ne 

increases as f(N2) increases. This trend is generally synchronized with an increase in 

oxygen concentration, shown in Figure 4.6(b). The trend seen in Figure 4.6(a) is explained 

in terms of the variation in oxygen concentration. As for f(N2) dependence of ρ (see Figure 

4.6(c)), ρ exhibits a decreasing trend that is almost opposite to the increasing trend of ne. 

Hence, the decrease in ρ with increasing f(N2) is largely ascribed to the increase in ne. 

Figure 4.6(d) is a plot of μH against f(N2). A gradual decrease in μH with increasing f(N2) is 

observed in this figure. The decreasing tendency is attributable to the increase in the 

concentration of oxygen, which behaves as an ionized impurity scattering center. The 

maximum μH value is obtained in the polycrystalline film. This suggests that electron 

transport in Zn3N2 is insensitive to its crystallinity. Surprisingly, the polycrystalline film 

had a μH value of 73 cm2 V−1 s−1, which is more than seven times as large as those of 
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polycrystalline GaN [15] and InN [17]. The high μH value mainly comes from a small 

electron effective mass of ~0.15m0 as discussed later. 

 

Figure 4.6. (a) Carrier density ne, (b) x in Zn3N2‒xOx, (c) resistivity ρ, and (d) Hall mobility 

μH of Zn3N2 films plotted as functions of nitrogen concentration f(N2). The films were 

grown at Ts = 200 °C. The dashed lines represent the approximate boundary between 

polycrystalline and epitaxial films. 

4.4 Discussions for Epitaxial Zn3N2 Thin Films 

4.4.1 Effective Mass 

Effective mass is of great significance for the electron transport properties. We optically 

derived the electron effective mass (m*) by using the classical Drude dielectric function. As 

seen in Figures 4.7(a) and 4.7(b), infrared transmittance and reflectance of epitaxial and 

polycrystalline films with ne > 2 × 1019 cm−3 showed typical Drude-like behavior: an 

increase in reflectance and a decrease in transmittance with decreasing wavenumber. As 

for the polycrystalline films with ne = 1.3 × 1019 cm−3, the Drude-like behavior could not 

be observed in this wavenumber range because ωp is expected to be much smaller than 
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1000 cm−1. Within the simple Drude model framework, the frequency-dependent dielectric 

function ε(ω) can be expressed as 

                     





i
  2

2

p
)(

,                         (4.1) 

                      

*

0

2

e

p
m

en


 

.                                 (4.2) 

where ε∞ is the high-frequency permittivity (5.8 for Zn3N2 [11]), ωp the plasma frequency, 

τ the scattering time, e the elementary electric charge, and ε0 the permittivity of vacuum, 

respectively. 

Theoretical T and R spectra calculated through the Fresnel formulas combined with the 

Drude dielectric function were fitted to the experimental spectra. In the fitting procedure, 

ωp and τ were used as fitting parameters. We obtained fairly good fits for all the films 

(typical cases presented by solid lines shown in Figures 4.7(a) and 4.7(b)). The best-fit 

parameters are listed in Table 4.1. The values of m* can be calculated from Eq. (4.2) using 

ne values determined from Hall measurements (the m* values are listed in Table 4.1). As 

shown in Figure 4.8, m* was found to increase with increasing ne. To our best knowledge, 

we revealed ne-dependent m* in Zn3N2 for the first time. A nearly constant m* value of 

~0.3m0 has been reported in literature [8, 24]. These values were determined for only 

Zn3N2 films having ne on the order of 1020 cm−3. The determination of m* in Zn3N2 films 

with ne values much lower than 1020 cm−3 has not been investigated to date. Accordingly, 

the ne dependence of m* has not been revealed until this study. Our m* values obtained at 

ne > 6 × 1019 cm−3 are very close to the literature values (see Figure 4.8). On the other hand, 

m* values at ne < 3 × 1019 cm−3 were lower than 0.2m0, which is smaller than the literature 

values. The small m* (< 0.2m0) is one reason why high μH values are achievable even in 

polycrystalline films grown at low Ts (see Figure 4.5(d) and Figure 4.6(d)). The 

attainability of high electron mobility in polycrystalline films grown at low temperatures 
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makes this material attractive as a semiconductor for cost-effective polycrystalline 

semiconductor devices, including polycrystalline thin-film transistors. 

 

Figure 4.7. Infrared transmittance (T), reflectance (R) and absorption (A) for (a) epitaxial 

Zn3N2 film grown with ne = 7.1 × 1019 cm−3 and (b) polycrystalline Zn3N2 film with ne = 

2.5 × 1019 cm−3. The results of least-squares fitting using the Drude dielectric function are 

shown as solid lines. 

Meanwhile, enhancements in m* with increasing ne have been reported for other 

degenerately doped semiconductors such as GaN [34], InN [35], GaAs [36], InSb [37], 

TiO2 [38], ZnO [39-41], Cd2SnO4 [42]. Hereafter, the effective mass is denoted m*(ne). 

Such a trend has generally been interpreted as a result of the nonparabolicity of the 

conduction band. For degenerately doped ZnO in which the conduction band mainly is 

composed of the Zn 4s state, ne dependence of m*(ne) has been reproduced well by 
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adopting an empirical non-parabolic band dispersion model E(k): 
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Where k is the wave vector of the electron, m0
* is the effective mass at the bottom of the 

conduction band, and α is the nonparabolic parameter [43]. From Eq. (4.3), ne-dependent 

m*(ne) is given as 
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Figure 4.8. Effective mass [m*(ne)/m0] as a function of carrier density ne. The solid curve 

represents the theoretical m*(ne)/m0 calculated from Eq. (4.4) using m0
* = 0.08m0 and α = 

2.1 eV‒1. Literature values are also shown as a closed triangle [8], closed diamonds [12], 

and a closed square [24].  

Since the conduction band in Zn3N2 is mainly composed of the Zn 4s state as well, we 

adopted Eq. (4.4) to analyze m*(ne). Eq. (4) was fitted to the experimental m*(ne), including 

literature values, by using m0
* and α as fitting parameters. We obtained a good fit when m0

* 
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and α values were (0.08 ± 0.03) m0 and (4.0 ± 2.0) eV−1, respectively (presented by the 

solid line in Figure 4.8). That is, the fitting analysis extracted a very small m0
* value of 

(0.08 ± 0.03) m0, which is comparable to that in InN [44,45]. This result suggests that 

Zn3N2 is promising as a high-mobility semiconductor with small effective mass. To 

achieve extremely high electron mobility, efforts to grow Zn3N2 with low ne (i.e., a low 

density of oxygen impurity) are still necessary.  

4.4.2 Transport Mechanisms  

Although thermopower measurements are useful for understanding the electron transport 

mechanism, the Seebeck coefficient (S) of Zn3N2 has not been reported to date. As 

mentioned before, we measured S values and the values were always negative, indicating 

n-type conductivity (see Table 4.1). A plot of |S| versus ne allows us to gain insight into 

electron transport mechanisms in a degenerate semiconductor because |S| of a degenerate 

semiconductor is given by [46] 
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where r represents the scattering constant (e.g., r = 3/2 for ionized impurity scattering, r = 

0 for neutral impurity scattering, and r = −1/2 for phonon scattering), kB is the Boltzmann 

constant, T is the temperature, and h is the Planck constant. 

A log–log plot of |S| vs. ne is shown in Figure 4.9(a). As seen from this figure, the 

experimental |S| approximately obeys a power law of ne
−2/3, which is consistent with Eq. 

(4.5). Theoretical |S| curves for r = 3/2, 0, −1/2 calculated by taking into account the ne 

dependence of m*(ne) are also plotted in Figure 4.9(a). The experimental data lie close to 

the theoretical line for r = 3/2 (solid line), implying that ionized impurity scattering is one 

of the dominant scattering mechanisms for electron transport in the degenerately doped 

Zn3N2 films. It should be stressed that the |S| values for the epitaxial films are located on 
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the curve for r = 3/2. That is, the contributions of scattering mechanisms other than the 

ionized impurity scattering are negligibly small in Zn3N2 epitaxial films. As discussed later, 

this is confirmed by detailed mobility analysis. As for polycrystalline films, the 

experimental values of |S| somewhat deviate from the theoretical curve for r = 3/2, 

implying that the contributions of additional scattering mechanisms, including neutral 

impurity scattering and grain boundary scattering, cannot be ignored.  

To get further insights into the electron transport mechanisms, we carried out detailed 

analysis of electron mobility. We already revealed that μH of degenerate Zn3N2 films 

exhibits temperature-independent behavior, which indicates that acoustic and optical 

phonon scattering do not have significant influence on electron transport [12]. Here, we 

discuss impurity scattering in Zn3N2. In general, a mobility vs. carrier density plot provides 

helpful information to understand impurity scattering of charge carriers in a semiconductor. 

Figure 4.9(b) shows μH values in Zn3N2 films as a function of ne (open circles). This figure 

also includes our own data [12] for polycrystalline films of Zn3N2 (open triangles). The 

values of μH fall in the range of 60–70 cm2 V−1 s−1. 

The Seebeck data discussed above suggests that ionized impurity scattering is one of the 

dominant scattering mechanisms in the Zn3N2 films. Thus, theoretical mobility limited by 

ionized impurity scattering (μI) was calculated on the basis of the Brooks-Herring-Dingle 

(BHD) theory [47]. The theoretical μI is expressed as 
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where the scattering function g(ζ) is given by  
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Here, εr is the relative permittivity, Z is the relative charge of the ionized impurity, and nI is 

the density of the ionized scattering center. ħ is the reduced Planck constant. We calculated 

μI, assuming that free electrons are generated entirely from substitutional oxygen (i.e., Z = 

1 and nI = ne). In addition, we took account of the ne dependence of m*: this is given by Eq. 

(4.4) (see section 4.4.1). We incorporated Eq. (4.4) into Eqs. (4.6) and (4.8) in order to 

calculate theoretical μI. The μI curve is shown in Figure 4.9(b). The μH values for the 

epitaxial films agree well with the theoretical curve, indicating that the most dominant 

scattering mechanism is the ionized impurity scattering. That is, oxygen unintentionally 

incorporated into Zn3N2 acts as an ionized impurity scattering center and governs the 

electron transport in the epitaxial films.  

As for the polycrystalline films, μH values show a significant departure from the theoretical 

curve. This implies that additional scattering mechanisms should be considered. In general, 

Hall mobility μH in polycrystalline materials is known to be degraded substantially from 

the intrinsic value by scattering due to the grain boundaries. We calculated optical 

mobilities (μopt) as intra-grain mobilities by using m*(ne), optically determined τ, and ωp 

through the formula: 
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It is reasonable to think that μopt represents the intra-grain mobility. This is justified by 

estimating a mean free path (le) using the optically obtained τ value. In the free electron 

model, le is defined as le = vFτ = (3πne)
1/3τ (vF is the Fermi velocity) [48]. The values of le 

were estimated to be ~6 nm for all the films. The estimated le values were much smaller 

than the grain size of the polycrystalline films (~100 nm: see Figure 4.3), indicating that 

the contribution of the grain boundary scattering is negligible for electrons controlling 

optical response.  
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Figure 4.9. (a) Absolute value |S| of Seebeck coefficient for polycrystalline and epitaxial 

films as a function of carrier density ne. Theoretical lines for r = 3/2 (solid line), 0 (dash 

dot line), −1/2 (dashed line) are also included. (b) Plots of intra-grain mobility μopt (closed 

circles) and Hall mobility μH (open circles) as a function of carrier density ne. The solid 

curve represents the theoretical mobility due to ionized impurity scattering. 

The calculated μopt values are plotted in Figure 4.9(b) (closed marks). It should be noted 

that μopt values are significantly higher than μH for polycrystalline films. This indicates that 

the DC electron transport in the polycrystalline films is substantially impeded by scattering 

at the grain boundaries. In contrast, μopt values similar to μH values were obtained for the 

epitaxial films, indicating that the grain boundary scattering hardly affects DC electron 

transport in the epitaxial films. The intra-grain μopt for the polycrystalline films shows ne 

dependence similar to the theoretical curve, suggesting that ionized impurity scattering is 

one of the dominant scattering mechanisms in the individual crystalline grains. 

Nevertheless, the values of the intra-grain μopt are still lower than the theoretical curves. 
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This suggests that a certain number of scattering centers, in addition to the ionized 

impurity, are present in the crystalline grains. The polycrystalline films have poor 

crystallinity as shown in Figure 4.1(a), so that high-density defects, including neutral 

impurities, vacancies, and dislocations, are expected to exist in the individual grains. Thus, 

we speculate that those defects behave as scattering centers in the polycrystalline films. 

Although further study on the additional scattering centers is still necessary, it should be 

emphasized again that high DC mobility (> 60 cm2 V−1 s−1) is achievable in Zn3N2 

polycrystalline films from the benefits of small electron effective mass. The high electron 

mobility in low temperature-deposited polycrystalline films is a unique feature that 

polycrystalline films of III-nitride semiconductors do not possess. 

4.4.3 Comparison of Electron Mobility  

In this section, we compare the electron mobilities of Zn3N2 films with those of other 

semiconductors including ZnO, GaN, and InN. 

InN epitaxial films with ne on the order of 1019 cm–3 have μH values exceeding 200 cm2 V–1 

s–1 which is 3–4 times as large as those of the Zn3N2 epitaxial films in this study [49-52]. 

The higher μH values in InN may largely come from larger static dielectric constant (εr ~11) 

of InN. As seen from Eq. 4.6, ionized impurity scattering limited mobility, μI, is 

proportional to the square value of εr. That is, large εr has beneficial effect in the reduction 

of the long-range coulomb potential which ionized impurities make. The square value of εr 

for InN is ~121, whereas that value for Zn3N2 is ~28 which is approximately quarter of the 

InN value. In addition, ne dependence of me
* in InN is so weak that me

* remains a small 

value of 0.15m0 even when ne increased up to ~5 × 1019 cm–3 [50]. The larger μH values in 

InN can be explained in terms of the large εr and small me
*. 
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Figure 4.10. Hall mobility as a function of carrier density for different semiconductors 

(ZnO, GaN and Zn3N2). Experimental mobilities have been reported for ZnO single 

crystals [53] and epitaxial films (triangles) [54-55], polycrystalline GaN films (open square) 

[15] and epitaxial GaN films (solid squares) [56-57]. The mobility values of our Zn3N2 

films are shown as stars. 

Figure 4.10 plots μH of Zn3N2 films together with those of n-type ZnO and GaN, as 

functions of ne. Zn3N2 epilayers show μH values comparable to those in ZnO epitaxial films, 

which have been known as one of high mobility semiconductors. Moreover, Zn3N2 

epitaxial films have μH values similar to those of degenerate GaN epilayers which were 

grown by sophisticated methods using GaN [56] or AlN [57] buffer layers. We think that 

this is notable because detailed optimization of the growth conditions of Zn3N2 epitaxial 

films has not been established yet. Surprisingly, the μH values of Zn3N2 polycrystalline 

films are almost equivalent to those of ZnO single crystals [53], even though those 

polycrystalline films contain many defects and grain boundaries. Therefore, we believe that 

Zn3N2 can be regarded as a high mobility Zn-based compound semiconductor. If high 

quality Zn3N2 epitaxial films with ne lower than 1019 cm–3 can be grown, much higher μH 
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would be attained.  

In general, polycrystalline films of semiconductors exhibit μH values substantially lower 

than those in the epitaxial films. For example, the μH values of GaN polycrystalline films 

are only a few cm2 V–1 s–1[15], which are 20 times lower than those of GaN epitaxial films. 

On the contrary, such a degradation of μH did not occur in Zn3N2 films: the polycrystalline 

films of Zn3N2 have high μH values as well. This is a striking feature as compared with 

GaN. 

4.5 Summary 

Zn3N2 thin films were grown on YSZ(100) under various growth conditions. By adjusting 

the growth condition, we grew polycrystalline and epitaxial films of Zn3N2 on YSZ(100). 

All the films were confirmed to be unintentionally doped with oxygen. As a result, the 

films had degenerate conduction electron gas with ne higher than 1019 cm−3. The 

polycrystalline films had ne values in the range of 1.3–2.5 × 1019 cm−3, while the epitaxial 

films had ne values in the range of 6.2–9.8 × 1019 cm−3. The difference in ne was a result of 

different oxygen concentrations in the films. Surprisingly, DC-measured μH values in the 

polycrystalline films were comparable to or higher than those in the epitaxial films. The 

highest μH value of 73 cm2 V−1 s−1 was obtained for the polycrystalline films with an ne 

value of 1.3 × 1019 cm−3. 

We analyzed their electronic transport mechanisms by using DC and optical techniques in 

order to clarify the reason why such a high μH is achievable in Zn3N2 films. Electron 

density dependence on the electron effective mass m*(ne)
 was determined using the 

classical Drude dielectric function. We found that m*(ne) decreases with decreasing ne; this 

was attributable to the nonparabolicity of the conduction band. Using a nonparabolic 

conduction band model, the m* at the bottom of the conduction band was derived to be 

(0.08 ± 0.03) m0, which is as small as that in InN. We also analyzed the electron mobility 



 

 - 92 - 

and Seebeck coefficient in detail. Electron transport in the epitaxial films was found to be 

governed solely by ionized impurity scattering. On the other hand, in the polycrystalline 

films, scattering at the grain boundaries and ionized impurity scattering were revealed to 

mainly dominate electron transport. Even though electron transport across the grains in the 

polycrystalline films is impeded by the grain boundary scattering, high μH values were 

achievable. Intra-grain mobility μopt higher than 110 cm2 V−1 s−1 was observed in the 

polycrystalline films, which is due to the small m*(ne). Therefore, we concluded that high 

μH in Zn3N2 is largely due to the high μopt. The achievability of high electron mobility 

makes this material attractive for applications in large-area polycrystalline semiconductor 

devices, such as thin-film transistors and solar cells. 
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Chapter 5 
                                                 

Preparation, Characterization, 

Analysis of ZnSnN2 Thin Films 

Nothing is too wonderful to be 

true, if it be consistent with the 

laws of nature. 
                          

－Michael Faraday 

5.1 Background and Objective 

To meet the world economic growth demand by 2050, it requires over 20 TW (1012 W) 

new power instead of fossil fuel to maintain the atmosphere CO2 concentrations at their 

current level [1]. Solar photovoltaics are considered as one of the most promising options 

for a low-carbon future [1-3]. Besides the silicon-based PVs, aggressive development of 

non-silicon-based PV materials, such as CdTe and CuInGaSe2 (CIGS) has greatly inspired 

confidence in reducing PV module price per watt by increasing the photoelectric 

conversion efficiency or/and using inexpensive materials [4]. For example, the CdTe and 

CIGS technologies are still suffering serious problems of toxicity (Cd) or rarity 

(Te ~ 0.005 ppm, In ~ 0.048 ppm, and Se ~ 0.05 ppm) for TW-scale deployment [5-6]. 

Moreover, even the CIGS represents one of the current cost-competitive alternatives to 

silicon and a bandgap tunability through alloying, however, CIGS is economical only in 

polycrystalline from, making it unsuitable for solid-state lighting devices, where InGaN 

dominates. Both CIGS and InGaN system contain indium, which is an expensive element 
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with price fluctuations exceeding an order of magnitude over the past decade [7] . Thus, it 

becomes more and more imperative to develop new PV technology and solid-state lighting 

based on environmentally friendly materials which are earth-abundant (i.e., new-generation 

earth-abundant solar PV and SSL).  

5.2 Preparation Details for Epitaxial ZnSnN2 Thin Films 

5.2.1 Growth of ZnSnN2 Thin Films  

During the process of writing up this dissertation, in terms of ZnSnN2 thin film deposition 

only a few literature has been reported. Veal et al. [8] employed N-plasma-assisted MBE 

technique to grown epitaxial ZnSnN2 thin films on single-crystal YSZ(111) substrates with 

different nominal Zn:Sn flux ratios. Lahourcade et al. [9] applied reactive RF magnetron 

sputtering technique to obtain their experimentally stoichiometric ZnSnN2 films. In the 

initial exploration of ZnSnN2 sputter deposition, it was absolutely important to ensure that 

the desired stoichiometry could be achieved. Two different methods of deposition were 

expected: sputtering from a single mixed ZnxSn1–x target and simultaneously sputtering from 

elemental zinc and tin targets. In our current work, we used the former method to deposit 

ZnSnN2 thin films, while the latter is our next step in our future work. 

ZnSnN2 thin films were grown on YSZ(111) single-crystal substrates with substrate 

temperatures ranging from 250−350 °C by the reactive RF magnetron sputtering deposition 

technique. A disk of metal Zn0.5Sn0.5 was used as the target (a diameter of 10 cm and purity 

of 99.9%). An RF power of 70 W was applied to the Zn target. A base pressure lower than 

2 × 10−4 Pa was established in the growth chamber before the film growth. The substrates 

were ultrasonically degreased in methanol for 5 min, and then in acetone for 5 min, and 

one more time in methanol for 5 min. At last, they were dried with nitrogen gas blowing. 

Sputtering was conducted in a gas mixture consisting of Ar (99.999% pure) and N2 
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(99.9995% pure) at a total pressure of 2 Pa. Each gas was introduced into the growth 

chamber by using a mass flow controller. Thin films were grown under various 

atmospheres with f(N2) [f(N2) = N2/(Ar+N2)] ranging from 50%–100%, at an interval of 

10%. Prior to the growth, the target surface was sputter-etched with pure Ar for 30 min and 

was subsequently pre-sputtered for 10 min under the same condition with the film growth. 

The growth time was adjusted to obtain a thin film with a thickness of 100–300 nm. After 

the film growth, the films were immediately stored in another vacuum chamber (the 

pressure was about 1 Pa) for subsequent measurements.  

5.2.2 Characterizations of ZnSnN2 Thin Films  

The structure and phase composition of as-deposited ZnSnN2 films were determined by 

X-ray diffraction (XRD) measurements using an X-ray diffractometer equipped with a Cu 

Kα source (Rigaku ATX-G). For epitaxial films, besides the conventional θ–2θ mode scan, 

a 2θχ-φ–scan mode was also performed to examine the in-plane relationship between 

epitaxial films and YSZ(111) substrates. The determination of the chemical state and 

composition of the films was conducted by an XPS (PHI Versa Probe) instrument with 

monochromated Al Kα (hν = 1486.6 eV) radiation. XPS was performed on both 

as-deposited and 2 min Ar+-sputtered-surface films. The latter was carried out by the 

sputter-etching using an Ar+-gun with an ion energy of 4 keV and emission current of 7 

mA, with a raster size of 3 × 3 mm2. The semi-quantitative evaluation of XPS signals was 

done by an XPS peak fitting program, namely, XPSPEAK 4.1 software. The Shirley 

algorithm, the most widely used background subtraction method, was chosen for the 

background subtraction before entering the fit iterations. The peak shapes were typically 

determined by using Gaussian-Lorentzian sum function, and a linear least squares curve 

fitting procedure was adopted to fit the spectra. The van der Pauw method (with a 1 mA 

source current) was utilized to measure electrical resistivity (ρ). Hall effect measurements 

in the van der Pauw configuration (Toyo Corp. Resitest 8200) were employed to detect 

electron density (ne) and Hall mobility (μH). Magnetic fields of ± 1 T were applied normal 
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to the film surface. For selected samples, temperature dependence of ρ, ne , and μH were 

also measured for temperatures ranging from 77 to 300 K. A temperature gradient (usually 

chosen to be less than 5 K) was provided using a Manganin wire heater, and the 

temperatures at the cold and hot ends were measured with a calibrated K-type 

thermocouple. The thermovoltages were recorded with a digital multimeter (Keithley 

2000). Electron transport measurements were all carried out at room temperature. Optical 

transmittance and reflectance in the ultraviolet to near-infrared region (in a wavelength 

range of 190–3200 nm) were measured using a spectrometer (Shimadzu UV-3150). We 

also measured infrared transmittance at normal incidence and reflectance at near-normal 

incidence (~5°) in a wavenumber range of 1000–4600 cm−1 were measured by using a 

Fourier transform infrared (FTIR) spectrophotometer (Shimadzu IRAffinity-1). All 

measurements were performed within a day after the film growth to minimize film 

oxidation and/or hydroxylation. 

5.3 Results for Growth and Characterizations of ZnSnN2 Films 

5.3.1 Epitaxial Thin Film Growth 

Due to the fact that the composition of our sputter target is fixed (Zn0.5Sn0.5), the growth 

temperature and reactive sputtering gas nitrogen turn into two key factors influencing the 

epitaxial film growth. Figure 5.1 depicts the phase diagram for ZnSnN2 thin films grown 

on single-crystal YSZ(111) substrates, as functions of substrate temperature Ts and nitrogen 

partial pressure P(N2).  

As can be seen in Figure 5.1, epitaxial growth region for the case of ZnSnN2 thin films, i.e., 

the shadowed orthogonal purple region, is relatively narrow. Hereafter, we refer to the 

shadowed region in Figure 5.1 as the epitaxial region. Epitaxial growth of ZnSnN2 thin 

films usually needs suitable temperature and appropriate nitrogen proportion. The proper 
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growth temperature for our deposition condition is about 300 °C and appropriate nitrogen 

proportion is nitrogen-rich. Lower temperature or nitrogen-poor bring about either 

polycrystalline ZnSnN2 thin films or secondary phases such as Zn, Sn metals. 

 

Figure 5.1. Phase diagram of ZnSnN2 thin films on single-crystal yttria-stabilized zirconia 

(111) substrates as functions of substrate temperature Ts and nitrogen partial pressure P(N2) 

growth parameter: crosses, circles, triangles, and squares denote ZnSnN2 film 

decomposition, epitaxial ZnSnN2 thin films, polycrystalline ZnSnN2 thin films, and 

unstable ZnSnN2 thin films (reproducibility is difficult to control), respectively. The 

shadowed orthogonal purple region represents the growth condition for ZnSnN2 epitaxial 

films, while the rectangular light blue area donates ZnSnN2 film decomposition 

temperature boundary.  

What’s intriguing, when the experiment condition was Ts = 300 °C and P(N2) = 1.2, this 

grown ZnSnN2 thin film exhibited rather unstable character, namely epitaxial growth or 

polycrystalline growth after we deposited for at lease six times in contrast with the other 
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epitaxial films or polycrystalline films, which grew stable film-form character. We can not 

deny that this special experimental point is truly recognized as either epitaxial one or 

polycrystalline one, because even though we have already tried at least six times the trial 

times was still rare. On the other hand, when we looked at the both sides (left side and right 

side) of this point, polycrystalline and epitaxial films were respectively grown, which may 

give us an indication that this very experimental point maybe a threshold of epitaxial 

growth at Ts = 300°C. Even though, because the material parameter is much more 

important, we also took advantage of this very point as to explain our following results and 

discussions. It should be noted here that, the film decomposition temperature boundary is 

consistent with our previous bulk study [10], indicating the decomposition temperature of 

grown ZnSnN2 thin film is not high.  

As we illustrated above, structure determination for ZnSnN2 material is under controversial: 

cation ordered orthorhombic and cation disordered wurtzite-like structures. From the 

calculated X-ray powder diffraction data, the distinct differential between these two 

structures lies in whether the two weak peaks (110) and (011) at ca. 22° appear or not. The 

peaks at 22° is a characteristic for the orthorhombic structure. In all of our sputter-grown 

ZnSnN2 thin films, this kind of characteristic was absent within XRD measurement limit, 

indicating that all of ZnSnN2 samples showed cation disordered wurtzite-like structure. 

Our finding is in good agreement with that given in Ref. [11], where the absence of 

characteristic peak reflections in the pole figure. We detected all the epitaxial ZnSnN2 thin 

films, and found that all the samples showed the similar XRD patterns.  

Here we just selected one typical ZnSnN2 thin film to reveal the epitaxial relationship 

between the grown film and substrate. Figure 5.2(a) shows the out-of-plane nature of the 

epitaxial film: the (002), (004) and (006) planes matched with the calculated X-ray powder 

diffraction data of ZnSnN2 (see Figure 5.2(d), (006) plane was not simulated here); and 

(111), (222) and (333) lattice plane reflections of YSZ single-crystal substrate.  
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Figure 5.2. (a). θ–2θ mode scan measurements show only 002, 004, and 006 lattice plane 

reflections of ZnSnN2 and 111, 222, and 333 lattice plane reflections of YSZ single-crystal 

substrate. (b) 2θχ-φ–scan mode shows the 040 lattice plane reflection of ZnSnN2 and 220 

lattice plane reflection of YSZ substrate. (c) A wide range 040 rocking cure reveals 6-fold 

rotational symmetry. (d) Simulated powder XRD patterns for random-wurtzite and 

orthorhombic structures of ZnSnN2. 
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From Figure 5.2(a), the out-of-plane diffraction pattern indicates that the ZnSnN2 thin film 

was completely (001) oriented; while the in-plane one [Figure 5.2(b)] indicates that the 

ZnSnN2 thin film and substrate were aligned with respect to the (010) plane. A wide range 

040 rocking cure revealed 6-fold rotational symmetry [Figure 5.2(c)]. Taken 

above-mentioned together, therefore, the ZnSnN2 film was epitaxially grown on YSZ(111) 

with the relationship of (001)[010]ZnSnN2//(111)[110]YSZ(111).  

5.3.2 Surface Morphology of ZnSnN2 Thin Films 

 

Figure 5.3. (a).A large-scale top-view AFM image of one typical epitaxial ZnSnN2 thin 

film fabricated with nitrogen partial pressure 2.0 Pa. (b) A three-dimensional [3D] surface 

topology of AFM image of the same film sample (on a scale bar of 2 × 2 μm2) compared to 

part a. (c) Cross-sectional view along the measurement line shown in part a. 

In our work, AFM technique was applied to be used for quantitative determination of the 

surface roughnesses of all of the grown epitaxial ZnSnN2 thin films. In this work, we just 
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selected one typical epitaxial ZnSnN2 thin film to make an illustration for surface 

morphology of ZnSnN2 thin films, which is shown in Figure 5.3. 

The surface roughness of grown ZnSnN2 thin films was quantitatively examined by taking 

advantage of AFM technique. To combine Figure 5.3(a) and 5.3(b), for a typical epitaxial 

ZnSnN2 thin film which was grown under the experimental condition of nitrogen partial 

pressure of 2.0 Pa, the root-mean-square (RMS) roughness of the 2 × 2 μm2 scanned area 

was 1.6 nm. For all of the measured epitaxial ZnSnN2 thin films, the RMS roughnesses of 

the 2 × 2 μm2 scanned area were determined to be in a range of 0.9–3.2 nm. These RMS 

roughnesses were relatively a little high, indicating that improved-quality of ZnSnN2 thin 

films should be grown in the near future by using ultrahigh vacuum system matched 

sputtering instrument or other advanced techniques. From the cross-section profile shown 

in Figure 5.3(c), the lateral grain diameter was estimated to ca. 300 nm, which is typical 

for a sputtered thin film. 

5.3.3 Electrical Properties of ZnSnN2 Thin Films 

In this part of our work, we will focus on the epitaxial ZnSnN2 thin film grown at 300 °C 

with various nitrogen partial pressure ranging from 1.2 to 2.0 Pa. All the Hall coefficients 

RH of the ZnSnN2 films were always negative (RH < 0), indicating that the ZnSnN2 films 

show n-type conductivity. Figure 5.4(a) shows the nitrogen partial pressure PN2 dependence 

of electron density ne. All the films had ne values larger than 1020 cm−3, which were also 

showed in Refs. [8, 9, 12 ].  

As seen in Figure 5.4(a), the ne decreased with PN2 increased, which gave us an indication 

that making the nitrogen sufficient, i.e., nitrogen-rich atmosphere, could partly lower the 

electron density in ZnSnN2 films. Such a phenomenon can also be seen in the famous 

semiconductor case of InN. The factor that impacted this tendency could be glanced from 
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Figure 5.4(b). Similar with the case of binary zinc nitride material, oxygen contamination 

can be easily introduced into ZnSnN2 film host, hereafter inferred to as “ZnSnN2–xOx”.  

Here, we also took advantage of the RSF method to establish the ratios of XZn/XSn given by 

(IZn/SZn) times (SSn/ISn); the x values were given by average of XO/XZn and XO/XSn. The 

XO/XZn equals (IO/SO) times (SZn/IZn) and XO/XSn equals (IO/SO) times (SSn/ISn), where IO, IZn, 

ISn, SO, SZn, and SSn represent the O 1s integral intensity, Zn 2p 3/2 and Sn 3d 5/2 peaks 

integral intensity, respectively; RSF of O (0.711), Zn (3.354) and Sn (4.095). As a 

consequence, we calculated the Zn concentration in film, namely Zn/(Zn+Sn) ratio and 

also x values in ZnSnN2–xOx films using RSF method described above. In Figure 5.4(b), 

Zn/(Zn+Sn) ratio kept a nearly constant ca. 0.55 (near the target composition value and 

0.50 and stoichiometric composition) as the PN2 increased; while the x values in 

ZnSnN2–xOx films had a similar tendency with that observed trend of ne–PN2 dependence. 

We, therefore, understood it’s the factor of oxygen impurity more than Zn/Sn 

off-stoichiometry that impacted the measured electron density. 

Figures 5.5 show electrical properties-temperature of all sputtered epitaxial ZnSnN2 thin 

films.  

Figure 5.5(a) depicts the resistivity ρ–temperature T dependence of all sputtered epitaxial 

ZnSnN2 thin films. The ρ–T curves exhibit nearly temperature-independent behavior; these 

curves have very small negative temperature coefficients, which confirmed that all of 

epitaxial ZnSnN2 thin films served as semiconductors.  

Figure 5.5(b) depicts the electron density ne–temperature T dependence of all sputtered 

epitaxial ZnSnN2 thin films, from which we can see that ne are almost independent against 

T, indicating that all of our sputtered ZnSnN2 thin films having ne > 1020 cm−3 can be 

identified as degenerate semiconductors. Hence, those films had degenerate conduction 

electrons. Such a finding is similar with that of our binary topic material: Zn3N2. What 

should be mentioned here that, as a matter of fact, for some polycrystalline and epitaxial 
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ZnSnN2 films with ne > 1019 cm−3 also can be identified as degenerate semiconductors. 

Those samples are not my main focus in this part, although ne–temperature T dependence 

for typical samples had been carried out, here we just skipped to show the data we had 

already measured. All of the experimental data provided us an information that: ZnSnN2 

thin films with ne > 1019 cm−3 having highly degenerate electron gas can be identified as 

degenerate semiconductors.  

In Figure 5.5(c), Hall mobility behavior show a nearly constant value versus measured 

temperature, suggesting that ionized impurity scattering have a main contribution to 

electron transport in ZnSnN2 films because electron mobility limited by the ionized 

impurity scattering does not depend on temperature in degenerate semiconductors, just as 

the case of Zn3N2 explained earlier in section. 3.3.3. All of the Hall mobilities were found 

to be ca. 20 cm2V–1s–1 or lower, these low values probably due in part to the small grain 

sizes of sputtered grown ZnSnN2 thin films, as shown in Figure 5.3(c).  

 

Figure 5.4. (a). Electron density ne as a function of nitrogen partial pressure PN2. (b) Zn 

concentration, i.e., Zn/(Zn+Sn) ratio and x in ZnSnN2–xOx as functions of nitrogen partial 

pressure PN2. 
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Figure 5.5. (a) Resistivity ρ–temperature T measurement, (b) Electron density 

ne–temperature T measurement, (c) Hall mobility μH–temperature T measurement for 

ZnSnN2 epi-films which were measured at temperature ranged from 77 to 300 K. Black 

square, inverted triangle, triangle, diamond, and circle marks present samples grown at 

partial nitrogen of 1.2, 1.4, 1.6, 1.8, 2.0 Pa, respectively. 

5.3.4 Optical Properties of ZnSnN2 Thin Films 

The absorption coefficients α were estimated in order to determine the bandgap of the 

epitaxial ZnSnN2 thin films. The absorption coefficients were calculated from the optical 

transmission spectra.  
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Figure 5.6. hν versus (αhν)2 plots (Tauc-plot) for ZnSnN2 epi. films with (a) ne = 2.8 × 1020 

cm–3, (b) ne = 3.0 × 1020 cm–3, (c) ne = 3.3 × 1020 cm–3, (d) ne = 4.8 × 1020 cm–3, and ne = 

5.1 × 1020 cm–3. The dashed lines are extrapolating the linear portion to hνα = 0 to deduce 

bandgap energy for each ZnSnN2 thin film. 

Since ZnSnN2 has been reported to be a semiconductor with a direct gap [4, 9, 13-14], we 

estimated Eg using the following fundamental equation: (hνα)2 = A(hν-Eg), where hν 

denotes photon energy and A is a constant. The absorption coefficients α of ZnSnN2 films 
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were determined from transmittance measurements. The calculation of α was given using 

the following expression: α = (1/d)ln[(1–R)/T], from whence α can be obtained if R and T 

are measured (d is the thickness of film sample). We determined Eg by extrapolating the 

linear portion to hνα = 0 and obtained Figure 5.6. As seen in Figure 5.6, with the ne 

increased from 2.8 × 1020 to 5.1 × 1020 cm–3, the deduced bandgap values also increased 

from 2.0 to 2.5 eV. The estimated optical bandgaps increased with electron density 

increasing, suggesting a blue shift of bandgap. Such a blue shift can be interpreted as a 

result of Burstein-Moss effect. The Burstein-Moss effect results from the Pauli Exclusion 

Principle and is usually seen in degenerated semiconductors. Usually for an undoped 

semiconductor, the top of the valence band is full of occupied electrons; while the bottom 

of the conduction band is empty. When heavy n-type doping occurs, the electron density 

exceeds the conduction band edge density of state, then the exceeding electrons start to 

occupy the energy state at the bottom of conduction band and push Fermi level upper. With 

electron density increasing more, more and more exceeding electrons are inclined to 

occupy the energy state within conduction band. In such cases, when measured optical 

bandgap using optical transmittance and reflectance spectra, only we can get is the 

apparent optical bandgap, because an electron can only be excited from the top of the 

valence band (at kF) to the conduction band just below the Fermi level. This case is often 

happened, for example as a case of InN, its now-accepted gap of approximately 0.69 eV is 

much smaller than that of its initially reported bandgap about 1.9−2.1 eV, which has largely 

been attributed to this effect. With regard to the factor of cation disorder degree, we will 

discuss it below in Figure 5.7. 

Recent new interest in heterovalent ZnSnN2 partly due to the fact that its unique properties 

are both similar to and complementary to the well-known III-N semiconductors. 

Structurally, from the binary III-N nitrides to the ternary II-IV-N nitrides (here, ZnSnN2), it 

can be thought to derive by replacing the group III element by, alternatingly, Zn (group II) 

and Sn (group IV) elements. Hence, new questions and additional complexity will come 
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into being owing to the additional degree of freedom of having two different valence 

cations. Most notable is the question of the ordering of the cations.  

This notable question can affect the band structure property which has been confirmed in 

lots of materials both from theoretical predictions [15-22] and experimental findings 

[23-26]. Such a phenomenon of tunable disorder is well known for semiconductor alloys 

[27]. In our case of ZnSnN2 material, there was a recent theoretical prediction proposed by 

Feldberg et al. [11], who had found that for the ideal ordered structure (ordered 

orthorhombic Pna21 structure) having a bandgap energy of 2.09 eV at zero K, in contrast to 

the “fully” disordered structure (“fully” disordered monoclinic structure), its bandgap 

energy was calculated to be 1.12 eV. What it should be mentioned here is that, however, 

what constitutes “full disordered” was not identified, and statistics on the number of each 

type of tetrahedron in the structure was not provided.  

 

Figure 5.7. The relationship of the Tauc-plot-extracted optical bandgaps (red square marks) 

for ZnSnN2 epi. films vs. electron density ne.The curve area is formed by calculating two 

extreme cases: ordered structure and “fully” disordered structure, red dashed line and green 

dashed line, respectively, taking both a theoretical and experimental effective electron 

masses for ordered and “fully” disordered structures into consideration, 0.15m0 and 0.50m0, 

respectively. 
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In Veal’s work [8], they theoretically derived the effective electron masses of both 

orthorhombic and disordered wurtzite-like structure of 0.147m0 and 0.12m0. On the other 

hand, in Fioretti’s work [4], they experimentally extracted the effective electron mass of 

ordered Pna21 structure ZnSnN2 from the relationship of absorption edge data and electron 

density, and yielded 0.5m0. However, the experimental value of effective electron mass for 

“fully” disordered structure has not been reported till now. According to the Burstein-Moss 

model, for a n-type semiconductor material, its bandgap shift (widening, ΔEg) can be 

expressed in a relation to electron density ne  
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Where, m* is the effective electron mass, ne is the electron density, ħ is the reduced Planck 

constant (= h/2π). Taken above-mentioned theoretical and experimental results (i.e., Veal’s 

work and Fioretti’s work,respectively), we plotted the optical bandgap shifts ΔEg, using Eq. 

6.1, for each ZnSnN2 films as a function of electron density ne, which is shown in Figure 

5.7. In this case, the optical bandgaps of epitaxial ZnSnN2 films is the sum of “intrinsic” 

bandgap and the Burstein-Moss shifted bandgap ΔEg, which is expressed like 
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Thus, the so-called “intrinsic” bandgap of ZnSnN2 material can be obtained using the 

least-square fitting method from the variation of optical bandgaps as a function of the 2/3 

power of electron density ne, which is depicted in the following Figure 5.8. From which, 

the so-called “intrinsic” bandgap was determined to be around 1.67 eV. What should be 

mentioned here is that, one is in the lower (ne)
2/3 range, ca. 0.3 × 1013 cm–3, there existed a 

relatively low optical bandgap, this very point came from my following student’s data 

which was obtained under different substrate temperature and the same target; the other 

due to material parameter is much more important for studying a new material, hence, in 

order to more correctly deduced the so-called “intrinsic” bandgap of ZnSnN2 material, we 

added additional extracted values which were from the reproducibility experiments (under 
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the same conditions). The good fitting using the lease-square fitting method indicated that 

a good reproducibility and systematical data were extracted.  

 

Figure 5.8. The variation of optical bandgaps as a function of the 2/3 power of electron 

density ne for all of our sputtered grown epitaxial ZnSnN2 thin films.  

From Figures 5.7 and Figure 5.8, it can be clearly seen that the Tauc-plot-extracted optical 

bandgaps for ZnSnN2 epi. films had a distinct increase tendency with ne increasing, 

confirming the Burstein-Moss effect as a result of conduction band filling. The extracted 

bandgap values located in the middle of the formed curve area and the determined 

“intrinsic” bandgap of 1.67 eV, indicating two possible situations: one is that all the 

ZnSnN2 films show partially ordered structure; the other is that our extracted bandgaps for 

ZnSnN2 epi. films were underestimated. The former situation can be confirmed from our 

XRD processing (our theoretical calculation (Figure 5.9(a)); our experimental result, see 

Figure 5.9(b)): a distinguish difference between the ordered and disorder structure exists in 

the appearance of 011 and 110 peak or not. A wide range 110 rocking cure in Figure 5.9(b) 

shows no reflection peak, suggesting ZnSnN2 structure is not ordered structure. Notably, 
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XRD characterization alone is not enough to identify evidently the variation of the cation 

disorder degree within the grown ZnSnN2 thin films. 

 

Figure 5.9. (a) The distinguish between disordered structure and ordered structure from the 

simulated XRD patterns. (b) A wide range 110 (2θχ) rocking cure of a typical epitaxial 

ZnSnN2 thin film. 

5.3.5 Electron Effective Mass of ZnSnN2 Thin Films 

Similar with our another study object, binary Zn3N2 material, we also derived the effective 

electron mass of ZnSnN2 material. Because all the processing method and calculation 

method was the same to that of Zn3N2 which have already been given in Part 4.4.1 in detail, 

in the following discussion we will present our calculated results. The optical property of 

electron effective mass of ZnSnN2 thin film on YSZ(111) single crystal substrates was 

derived by a series of transmittance and reflectance measurements. What’s different in this 

part is that we took advantage of double Tauc–Lorentz (TL) dispersion function combined 

with classical Drude dielectric function model to deduce the electron effective masses of 

ZnSnN2 thin films. Many reported articles have proved that using thus TL-Drude model 
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can provide reasonable and excellent experimental data, such as the cases of Ga:ZnO and 

ITO thin films [28]. The TL-Drude model can be expressed by combing the TL term [29] 

and Drude term. The TL term and the Drude term are used to model the band-to-band 

energy absorption and the free-electron absorption, respectively. The imaginary part (ε2) of 

dielectric function of the TL-Drude model is described by 
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where ATL, Cγ, AD, and ГD, present the oscillator strength (amplitude) of TL term, the 

broadening parameter of TL term, amplitude of Drude term, and the broadening parameter 

of Drude term, respectively. E0 is the transition energy of the Lorentz component in the TL 

model, and Eg is the bandgap energy.  

For our spectra fitting, note that the expression for E > Eg in Eq. 6.3 is the product of the 

Tauc law combined with the imaginary part of the Lorentz oscillator. The real part (ε1) of 

the dielectric function can be derived from the expression of the imaginary part (ε2) using 

the Kramers−Kronig integration [30], which is shown as Eq. 6.4. We utilized SCOUT 

software for spectrum simulation and made use of a three-phase model to carry out fitting 

processing, which is YSZ(111) substrate/epi. ZnSnN2 film/surface rough layer. The 

spectrum simulations by using double TL-Drude model were shown in Figure 5.10.  

From these simulations of experimental spectra, we have derived the electron effective 

masses of ZnSnN2 thin films to be mopt
* = (0.37 ± 0.05)m0. These values are greater than 

the previously calculated value of 0.1m0 [9, 31] or 0.147m0 [8] for ordered, Pna21 
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orthorhombic ZnSnN2. Even though this discrepancy exists, yet the previous theoretical 

calculations [11] predicted that ZnSnN2 with a wurtzite crystal structure may have a larger  

 

Figure 5.10. (a) Optical reflectance and transmittance for a typical epitaxial ZnSnN2 film 

with ne = 4.0 × 1020 cm−3. The results of least-squares fitting using the Drude dielectric 

function are shown as solid lines. (b) Using the Eq. 4.5 to extract the effective electron 

mass (density of states effective mass md
*). 
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electron effective mass. However, the electron effective mass we have already extracted 

from this double TL-Drude model is of the appropriate order of magnitude and is < 1me, 

which is qualitatively consistent with previous calculations [8, 9, 31]. The good fitting 

make us believe that our derived electron effective mass has a relatively high accuracy than 

those already reported values, and probably those values are underestimated due to the 

approximate nature of their analysis. 

5.4 Trial on Decreasing Electron Density of ZnSnN2 Films 

5.4.1 Issues and Trials 

In the above-discussed work of Figure 5.4(a), all the films grown via a target Zn0.5Sn0.5 had 

ne values larger than 1020 cm−3, in good agreement with Refs. [8, 9, 12], which is a main 

challenge affecting ZnSnN2 usage for a possible absorber material for PVs (usually 

free-carrier concentration is on the order of ≤ 1017 cm–3). This challenge triggered us to 

find a way to lower this high electron density, such as a different target material, or an 

effective electron-killer to compensate the heavily-doping oxygen effect arose from oxygen 

contaminations. 

In a combinatorial work [4] did by Fioretti’s group, they observed the grown ZnSnN2 films 

with 0.60 Zn/(Zn+Sn) having lower even lowest electron density, as shown in Figure. 5.11. 

This experimental finding had opened our mind to change our target material from 

Zn0.5Sn0.5 to Zn0.6Sn0.4. On the other hand, for the case of CIGS, efficient n-type doping 

presents a difficulty due to the formation energy of electron-killer Cu vacancies pinning the 

Fermi energy below the conduction band minimum, compensating further n-type doping. 

From the positions of Cu, Zn and Sn in periodic table of elements, Cu(I) is inferred to 

serve as a possible electron-killer in ZnSnN2 material. 
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Figure 5.11. Electron density in ZnSnN2 films as a function of zinc concentration, 

Zn/(Zn+Sn) (Adapted from [4]). 

5.4.2 Growth of ZnSnN2 Thin Films 

The reactive RF magnetron sputtering technique was applied to grow ZnSnN2 thin films on 

YSZ(111) single-crystal substrates at substrate temperatures of 300 °C. We used a metal 

Zn0.6Sn0.4 target (a diameter of 10 cm and purity of 99.9%) and N2 concentrations were 

fixed at 80% during the film growth. Copper(Cu)-doing experiments were done by placing 

4N purity Cu chips (0, 2, 3, 4, 5 pieces for this part of work) on the magnetron racetrack of 

the target, as is shown schematically in Figure 5.12). An RF power of 70 W was applied to 

the Zn target. A base pressure lower than 2 × 10−4 Pa was established in the growth 

chamber before the film growth. Sputtering was conducted in a gas mixture consisting of 
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Ar (99.999% pure) and N2 (99.9995% pure) at a total pressure of 2 Pa. Prior to the growth, 

the target surface was sputter-etched with pure Ar for 30 min and was subsequently 

pre-sputtered for 10 min under the same condition with the film growth. The growth time 

was adjusted to obtain a thin film with a thickness of 100–300 nm. After the film growth, 

the films were immediately stored in another vacuum chamber (the pressure was about 1 

Pa) for subsequent measurements. 

 

Figure 5.12. Schematic depiction for Cu(I)-doping into ZnSnN2 films grown by using 

reactive radio-frequency magnetron sputtering technique with a Zn0.6Sn0.4 target (a 

diameter of 10 cm and purity of 99.9%). The Cu thin chip pieces have a diameter of 1 cm 

and purity of 99.99%. 

5.4.3 Chemical State and Composition 

XPS analyses were performed to determine the chemical states of Cu and O. Herein, we 

present spectra for the films deposited at piece number of Cu = 4 in Figure 5.13. As can be 

seen in Figure 5.13 (a), weak satellite peaks appear in the region of BE ranging from 940 to 

950 eV, indicating Cu shows chemical valence state of +1 in ZnSnN2 films due to the fact 

that the distinct differential between Cu(I) and Cu(II) is whether strong satellite peaks 

between BE = 940 to 950 eV appear or not. In order to confirm this information, we also 
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measured the Cu LMM auger peak which is shown in Figure 5.13(d) to compare to the Cu 

auger peaks among Cu2O, CuO and metal Cu, which is shown in Figure 5.13(c). A similar 

peak appeared kinetic energy around 916.9 eV, which confirmed that Cu shows chemical 

valence state of +1 in ZnSnN2 films. The positive result from Figure 5.13(a) told us the 

successful Cu(I)-doping growth of ZnSnN2 thin films was achieved by this easy way.  

 

Figure 5.13. (a) X-ray excited Cu 2p and (b) O 1s XPS core spectra for a typical ZnSnN2 

film deposited under the condition of Cu piece number of 4 . (c) Cu LMM Auger XPS 

spectra of Cu2O, CuO and metal Cu. (d) Cu LMM Auger XPS spectra of for the same 

typical ZnSnN2 film (Cu piece number equals 4). 

The appearance of O 1s peak (Figure 5.13(b)) in the measurement results also stated that 
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oxygen impurities existed within our ZnSnN2 thin film host, similar to the case of Zn3N2, 

which confirmed our expectation that the heavily-doping effect originated from oxygen 

contaminations as mentioned above.  

We took advantage of the RSF method to establish both the oxygen concentrations, i.e., x 

values in Cu:ZnSnN2–xOx films and Cu concentrations in Cu:ZnSnN2–xOx films. The 

processing method of the former is given in Part 5.3.3, while the Cu concentrations, 

represented by Cu ratios Cu/(Cu+Zn+Sn), were given by average of XCu/XZn and XCu/XSn. 

The XCu/XZn given by (ICu/SCu) times (SZn/IZn) and the XCu/XSn given by (ICu/SCu) times 

(SSn/ISn), where ICu, IZn, ISn, SCu, SZn, and SSn represent the Cu 2p 3/2 integral intensity, Zn 

2p 3/2 and Sn 3d 5/2 peaks integral intensity, respectively; RSF of Cu (4.798), Zn (3.354) 

and Sn (4.095).  

 

Figure 5.14. Oxygen concentration, x values in Cu:ZnSnN2–xOx films as a function of 

copper concentration in Cu:ZnSnN2–xOx films.  

The oxygen concentration as a function of Cu concentration is plotted is Figure 5.14 as 

above. From this figure, a clear trend of oxygen concentration increased with increasing in 

Cu concentration maybe due to the so-called “gettering” effect [32], which is commonly 
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happened in a vacuum chamber like sputtering technique. Such an interesting finding 

indicated that copper used in ZnSnN2 thin film deposition process could be a oxygen-getter 

resulting in this increasing tendency. 

5.4.4 Comparison of Carrier Densities of ne
oxygen and ne

Hall 

 

Figure 5.15. Comparison of the electron density obtained from two different kinds of 

methods: one is the calculation data from the XPS results and the other is from the Hall 

measurements. ne
oxygen (square marks) presents the electron density from the calculation 

data from the XPS results, while ne
Hall (circle marks) originates from Hall measurements. 

The dashed lines are a guide for the eyes. 

As we illustrated earlier, oxygen impurity and copper dopant affect the electrical properties 

in two different ways, which oxygen impurity can be considered as an electron donor while 

the copper impurity can be served as an electron-killer. The practical relationship between 

these two “contradictory” parts is more sophisticated given that the abovementioned 

possible “gettering” effect. We, therefore, investigated the relationship between them from 

the effect on electron density perspective, as seen in Figure 5.15. The ne
oxygen presents the 



 

 - 125 - 

electron density from the calculation data from the XPS results, while ne
Hall originates from 

Hall measurements. It should be pointed out that we assumed that oxygen substitutes in 

nitrogen site can be considered as an electron donor, which is similar with the case of 

Zn3N2 and another important assumption that the substitutional oxygen in nitrogen site has 

a n-type doping efficient of 30% given not all substitutional oxygen releases an electron. 

With calculations of volume of one ZnSnN2 unit cell, we can calculate the substitutional 

oxygen concentrations and then the free electron density originates from the electron 

release from the Köger–Vink notation as ON

x
 → ON

･ + e’. From the Figure 5.15, it can be 

 

Figure 5.16. Compensation efficiency of electron-killer copper confronting the 

electron-release oxygen. 

seen that the discrepancy between these two kinds of carrier density enlarged with the 

discrepancy with copper concentration increasing, namely the carrier density became lower 

with Cu concentration increased. The dopant copper as a electron-killer confronts the 
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electron-release dopant oxygen, which is shown in Figure 5.16. We calculated the 

compensation efficiency combined ne
oxygen with ne

Hall and derived it to be a near constant 

18%, indirectly confirming the assumptions we made above was reasonable. Such a not 

high compensation efficiency indicated that copper could be considered as electron-killer 

to some extent while another more effective electron-killer needs to be exploited in future 

to further decrease electron density in ZnSnN2 material used as a PV absorber.  

5.5 Summary 

In this Chapter, we investigated another zinc-based nitride semiconductor, ternary ZnSnN2, 

which is analogue to GaN. Reactive radio-frequency magnetron sputtering technique is 

applied to grow ZnSnN2 thin films on single-crystal YSZ(111) substrates and conducted 

preliminary characteristics for ZnSnN2. The structural analyses inferred ZnSnN2 probably 

has a random-wurtzite type disordered structure. Being similar with the case of Zn3N2, 

oxygen defects in ZnSnN2 films were responsible for unintentional degenerate n-type 

doping. In copper Cu(I)-doped ZnSnN2 films, Cu served as an effective electron killer 

compensating further n-type doping to a certain extent. The estimated “scattered” bandgaps 

in the range 2.0–2.6 eV were due in part to high degenerate electron density and disorder 

degree in the cation sublattice. Electron effective mass of ZnSnN2 material is derived to be 

around (0.37±0.05)m0 from double Drude model fitting. The discoveries made suggest that 

high-quality (nearly intrinsic, optimal-cation disorder) ZnSnN2, comprised of 

earth-abundant elements, can be an alternative to InGaAlN materials system and has the 

potential to be applied to photovoltaics and solid-state lighting both from economic and 

environmental perspectives. 
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Chapter 6 
                                                 

Conclusions and Perspectives 

However difficult life may 

seem, there is always 

something you can do and 

succeed at. 
                          

－Stephen Hawking 

In this final Chapter, what we have already done and ever expected to achieve for our work 

will be concluded and contextualized. We concentrated our attention on zinc nitride (Zn3N2) 

and zinc tin nitride (ZnSnN2) thin film materials, both are relatively “young” materials 

with the tangible industry benefits of being solely composed of Earth-abundant, 

environmentally-benign, economy-efficiency elements. It is because their “less-discovery” 

of property that makes them remain unclear from both the perspectives of materials science 

and materials applications, which also triggered us to deploy our researches. The residual 

knotty problems, possible directions of these problems, together with future development 

in our work and related work will be given in a brief organization in the following 

“Perspectives for Future Work” Part.  

Our group work, we believe and hope, is more than a fundamental research that fills in 

some gaps for these two study objects, also can have positive and enlightening significancy 

for the newcomers follow-up in materials science. 
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6.1 Conclusions of Our Work 

The deployment of our research work was intrigued by a guiding thought of “expanding 

Transparent Conducting Oxides (TCOs) to Transparent Conducting Nitrides (TCNs)”. The 

overall goals of this work lie in three standpoints: i) illustration of the influence of the 

observed oxygen impurities within Zn3N2 thin film host on material properties; ii) 

clarification of the origin of high electron mobilities in Zn3N2 material; iii) determination 

of effective electron mass of ZnSnN2 material and trial to lower the relatively-high electron 

density. High electron density in polycrystalline Zn3N2 films makes it attractive in solar 

cells, high mobility thin film transistors, and other optoelectronic devices; while ZnSnN2 

material with a theoretical bandgap value of 1.4 eV have a potential appliance in 

photovoltaic systems, moreover its related alloy ZnSnxGe1−xN2 system (not our focus) can 

be considered as promising candidate alternatives to InxGa1−xN alloys used for photovoltaic 

systems and solid-state lighting. For the illustrations above, deployment of our research 

work on Zn3N2 and ZnSnN2 thin films can pave a path to reach our goals. 

The dissertation presented here provided growth details, characterization techniques and 

related experimental results, analyses of properties, potential applications of study objects, 

i.e., Zn3N2 and ZnSnN2 thin films synthesized by reactive radio-frequency magnetron 

sputtering technique with high purity of Argon, nitrogen, with/without intentional oxygen 

gases as working gas and metal targets (high purity of Zn and Zn:Sn, respectively) as 

sputtering materials.  

6.1.1 Illustration of the Influence of Oxygen Impurities 

Because oxygen can be easily introduced into Zn3N2 film host no matter what deposition 

methods used. Neither the detail qualitative nor quantitative analyses of effect of 

unintentional oxygen impurity on properties of Zn3N2 film has been reported so far, we 

intentionally introduced oxygen into the film-growth chamber and investigated the 
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properties of oxygen-doped Zn3N2 as a potential zinc-based nitride transparent 

semiconductor. Phase-pure films were grown but XPS results indicated that a small 

amount of oxygen exists within all Zn3N2-xOx films. The electron transport properties of 

zinc nitride thin films were demonstrated to be controlled by varying oxygen concentration, 

i.e., x in Zn3N2–xOx. Heavily doped Zn3N2–xOx films can be considered as n-type degenerate 

semiconductors. The free electron density (ne) in Zn3N2−xOx films increased was found 

increased from the magnitude order of 1019 to 1020 cm–3 as x increased, indicating that 

substitutional oxygen on nitrogen site behaves as an electron donor, which is consistent 

with the theoretical predictions. As a result, a highly conductive Zn3N2–xOx film with a 

resistivity of 6.2×10–4 Ω cm was obtained in a Zn3N1.81O0.19 film. It is notable that 

Zn3N2–xOx films exhibited electron mobility (μ) above 70 cm2 V–1 s–1 even in 

polycrystalline form. The μ values were approximately 100-fold those in degenerately 

doped GaN polycrystalline films and two-fold those in polycrystalline TCOs. Therefore, 

Zn3N2–xOx can be regarded as a high-mobility nitride-based semiconductor. Bandgap 

widening due to the Burstein–Moss effect was observed, supporting the notion that 

Zn3N2–xOx was degenerately doped. The optical gap (Eg
opt) was estimated to range from 2.3 

to 2.6 eV, which was smaller than the previously reported value of 3.2 eV. We postulate 

that the small Eg
opt originates from the optical absorption by electron transition between the 

interstitial N 2p in-gap state and conduction/valence band. Further research is required for 

achieving truly transparent Zn3N2–xOx films with low resistivity reduction of the NI density. 

6.1.2 Clarification of the Origin of High Electron Mobilities in Zn3N2  

Zinc nitride polycrystalline films and epitaxial films were deposited on non-alkali glass 

and YSZ(100) single crystal substrates, respectively, by reactive rf-magnetron sputtering 

technique. Small amounts of oxygen were detected along the thickness of Zn3N2 films both 

in polycrystalline and in epitaxial form. The electrical properties and optical bandgap can 

be tuned by varying the oxygen concentration, namely x in Zn3N2–xOx. Electron density 

tends to increase as the value of x increases, indicating that substitutional O in the N site 
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can be considered to be electron donor. From the analyses of electron mobility, we 

understood that ionized impurity (probably
N ) scattering governed the electron transport 

in epitaxial films, while both ionized impurity scattering and grain boundary scattering 

have main contributions to the electron transport in polycrystalline films. Moreover, 

neutral impurity scattering has negligible impact on the electron transport in Zn3N2. 

Despite the effect of grain boundary scattering, the electron mobilities attained were 

mostly above 65 cm2V–1s–1 in both polycrystalline and epitaxial Zn3N2 films; this similarity 

between the mobilities makes Zn3N2 a potential choice for large-area cost-effective 

polycrystalline semiconductor devices. The effective masses at the bottom of the 

conduction band were derived to be (0.08 ± 0.03)m0, using the good agreement of the 

measured ne–m*(ne) dependence with the Pisarkiewicz model simulation. Such small 

effective mass was responsible for achievable high mobilities in zinc nitride. As for the 

optical properties, bandgaps were determined to be in the range of 2.2 to 2.7 eV, which 

were smaller than the previously reported value 3.2 eV. If we effectively reduce the 

concentration of interstitial in-gap state defects, Zn3N2 films with good transparency could 

be attained for electronic and optoelectronic applications such as LED devices and solar 

cells.  

6.1.3 System Work of ZnSnN2 Material 

ZnSnN2 thin films were grown on single-crystalline YSZ(111) substrates under various 

growth conditions. By adjusting the growth condition, we successfully grew 

polycrystalline and epitaxial films of ZnSnN2 on YSZ(111). From analyses of its structure 

properties, we demonstrated that ZnSnN2 material probably has a random-wurtzite type 

disordered structure. Similar to the case of binary Zn3N2 material, all the films were 

confirmed to be unintentionally doped with oxygen. As a result, the films had degenerate 

conduction electron gas with ne in a range of 1019~1021 cm−3. The Hall mobility varied 

from < 1 to 30 cm2 V–1 s–1. We believe that such relatively low Hall mobility maybe due in 
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part to the small grain size of grown ZnSnN2 thin films. While high electron density 

mainly originated from heavy donor doping which attributed to the unintentional oxygen 

doping, somehow restricts its appliance for photovoltaic systems. In our work, we chose 

and examined the Cu(I)-doping to compensate the heavily oxygen-doping effect and found 

that the electron densities were still in level of 1020 cm–3, the decreasing degree was not 

that obvious. Hence the further decreasing in electron density is needed and better option 

of dopant is necessary. On the other hand, to our best knowledge, we are the first to derive 

the effective electron mass m* to be (0.37 ± 0.05)m0 by using double Drude-Lorentz model. 

The small effective electron mass is comparable with that of ZnO. The bandgap energy of 

ZnSnN2 material remains debatable, due in large measure to both impurity doping and 

cation disorder degree. In our work, we derived the bandgap values for ZnSnN2 thin films 

to be ~2.6 eV, much higher than the theoretical prediction value. Nevertheless, further 

decrease in electron density, high-quality film deposition, more effective electron-killer, 

and cation disorder coordination are still needed for its promising usage in photovoltaic 

systems and solid-state lighting in the near future. 

6.2 Perspectives for Future Work 

Several problems were encountered during this work. There is still space to improve the 

reactive radio-frequency magnetron sputtering technology although it is widely used to 

grow nitride-based thin films and better than the other depositions. A study of the 

deposition parameters was made but further optimization is still necessary. The influence 

of the subsequent thermal annealing under certain atmosphere may also be exploited to 

increase the film uniformity. If these two study objects would be used in electronic, 

optoelectronic and photovoltaic systems, there are still some constraints up in the air 

awaiting surmounted in the follow-up research and development. 
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6.2.1 Oxygen Impurity Removal 

One of the major aspects with the production of Zinc Nitride is the presence of oxygen at 

film surface and within film host. This problem has been extensively studied by the 

literature but still no solution has been accomplished. One possible solution would be to 

passivate the film surface in-situ, that is, before the film is taken out from vacuum, using 

an inert cover layer on top. 

6.2.2 Determination of Intrinsic Bandgaps of Zn3N2 and ZnSnN2 

Materials 

The difficulty in synthesis of electronic quality samples in part hinders their progress in 

materials science and device applications, which makes the determination of intrinsic 

bandgap energy values seem to be “impossible” till date. More advanced technique and 

ideal experimental conditions should be developed. 

6.2.3 Meliorative Durability of Zn3N2 and ZnSnN2 Materials 

Due to the chemical activity, oxygen is higher than that of nitrogen, making Zn 

preferentially combine with oxygen rather than with nitrogen when preparing Zn3N2 and 

ZnSnN2 materials. For now, preserving zinc nitride thin film in a vacuum chamber is an 

impermanent treatment. In an argon atmosphere, Zn3N2 powder is stable up to its 

decomposition point at around 700 °C, which gives us an indication that preserving Zn3N2 

with Ar may be a good way to prevent nitride oxidation/hydrolysis. Or, just like the 

preventive defence of oxygen contamination, another possible solution would be to 

passivate the film surface before the film is taken out from vacuum, using an inert cover 

layer atop film surface. 
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6.2.4 Further Decrease in Electron Density of ZnSnN2 Material 

Even though we have tried to take advantage of Cu(I), as electron killer, to compensate the 

heavily oxygen-doping effect, not so positive results we obtained. We still have hope and 

expectation that more effective dopants exist. On the other hand, there are at least two routs 

to lower the carrier density in ZnSnN2: post-growth annealing or off-stoichiometry, which 

are a new start in other group and ongoing. Annealing is performed under an activated 

nitrogen atmosphere in the same vacuum chamber in which films are grown, without 

breaking vacuum between film-growth and anneal process. Zinc-rich-grown ZnSnN2 films 

as an off-stoichiometrical material can exhibit lower electron density. But a trade-off 

between off-stoichiometry and cation-disorder degree has not been found yet. 
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