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Chapter 1: General introduction 

 

1-1 Research backgrounds 

 Oxygen is an element with the largest Clarke number and commonly exists in 

minerals on earth in the form of “oxide”. Oxide is stable in ambient and shows a variety 

of physical and chemical properties such as dielectric,1)1-3) conductor,4-6) 

superconductor,7-10) ferroelectrics,11-14) ferromagnetics,15,16) catalysts 17) and so on. The 

variety has enabled a wide range of the material design for functional devices.18) Since 

the discovery of high-Tc superconductors,19) crystal growth of oxides and the peripheral 

technology have rapidly made progress.20,21) Now, the field of oxide electronics is 

getting advances into the backbone of semiconductor electronics in association with the 

crystal growth techniques peculiar to oxides.5,20,22,23) 

In such trends in oxide electronics, zinc oxide (ZnO) as a semiconductor has 

attracted much attention for a long time. ZnO is a transparent semiconductor with a 

direct bandgap of 3.37 eV at ambient temperature and pressure. ZnO has hexagonal 

wurtzite structure where each elements (Zn and O) form tetrahedral coordination as 

illustrated in Fig. 1-1. The crystal structure has no inversion symmetry along 〈0001〉 

direction due to the distortion of tetrahedron from the regular one, which result in the 

origin of spontaneous polarization and piezoelectricity along c-axis direction.24,25) ZnO 

have very high electro-mechanical coupling coefficient (k2) in semiconductors, which 

have allowed the application to thin film piezoelectric devices on non-piezoelectric 

substrates such as surface acoustic wave (SAW) resonator and filter for 

telecommunications.26-31) Recent progress on thin film growth technology has enabled 
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the growth of high quality single-crystalline ZnO epitaxial films with atomically flat 

surface 32) utilizing commercially available high quality single crystal substrates 33) and 

their surface treatments.34,35) Since the demonstration of excitonic stimulated light 

emission at high temperature,36) ZnO has been expected as a host material of 

short-wavelength light emitter utilizing its extremely high exciton binding energy of 60 

meV.37) The successful formation of p-type ZnO proved by the electroluminescence 

from p-i-n homojunction of ZnO 38) accelerated the researches toward the realization of 

reliable and reproducible p-type ZnO films.39) As a result, the light emitting efficiency 

of ZnO-based light emitting diodes (LEDs) had rapidly improved to two-digits under 

the commercially available InGaN-based LEDs without any elaborate light extraction 

structures.40) Such a remarkable advances in the quality of ZnO-based materials has 

established their position as one of the purest semiconductors.41,42) 
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Fig. 1-1. Crystal structure and lattice parameter of wurtzite-structured zinc oxide.24,25) 
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Although ZnO have many inherent advantages in terms of its material 

properties compared with III-V semiconductor such as gallium nitride (GaN),33,36,37,43) 

the problem, oxygen deficiency (zinc excess), has still remained as an obstacle to the 

practical application of ZnO-based devices,44) despite enormous efforts have been 

devoted to overcome the serious problem as a semiconductor, and various crystal 

growth techniques have proposed and assessed.45) ZnO generally shows a single polarity 

of n-type and the opposite (p-type) is very difficult to form, which is one of the most 

serious but universal issue in many wide bandgap semiconductors.46-55) According to the 

first principle calculation given Janotti and Van de Walle,56) donor-type defects such as 

zinc interstitial (Zni) and oxygen vacancy (VO) are predicted to be formed easily in 

nominally un-doped ZnO in Zn-rich equilibrium state. (Fig. 1-2 left) However, note that 

the formation energies of each point defects in O-rich state are higher positive value 

than those in Zn-rich state when the Fermi level locates from midgap (i-type) to valence 

band maximum (p-type).56,57) (Fig. 1-2 right) Their calculation implicitly recommends 

that crystal growth techniques enable O-rich state are the promising route for 

suppressing donor-type intrinsic defects. From an experimental viewpoint, crystal 

growth techniques with reactive oxygen sources are important for the realization of pure 

ZnO films with high quality either the final goal is intrinsic or p-type ZnO.32,57,58) In 

case of conventional vacuum-based thin film growth techniques such as molecular beam 

epitaxy (MBE), pulsed laser deposition (PLD), sputtering and low pressure chemical 

vapor deposition (LPCVD), the generation of oxygen deficiency (Zn excess) is difficult 

to suppress owing to the high equilibrium vapor pressure of oxygen. In the history of 

semiconductors such as Si, GaAs and GaN, the incorporation oxygen has been 
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forbidden during the crystal growth. In contrast to that, oxide semiconductors contain 

oxygen as a major element, which is suitable for the growth near atmospheric pressure 

(AP). And sometimes the crystal growth is performed even in the moisture at AP.59-61) In 

this thesis, the author proposes “nonequilibrium (cold) plasma process near atmospheric 

pressure (AP)” which is potentially able to generate oxidative excited species with 

extremely high density.62) 

  

Fig. 1-2. Formation energy of native point defects in ZnO against the position of 
Fermi level calculated by A. Janotti, and C. G. Van de Walle.56) The inflection points 
indicate the change of charged state. The words Zn-rich and O-rich indicate the 
diviation from the ideal stoichiometric composition. 
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Conventionally, nonequilibrium plasma has been generated at low pressure 

(LP), because a stable glow discharge suitable for materials processing is easy to 

generate at a specific LP according to Paschen’s law.63) Such nonequilibrium glow 

discharge has played important roles in the manufacturing processes of semiconductor 

devices. (e.g. sputtering, dry etching, ashing, surface modification, and so on.) On the 

other hand, glow-to-arc transition rapidly occurs near AP, which has been employed in 

thermal spraying, nuclear fusion reactions, etc. utilizing the extremely high gas 

temperature. In the late 1980s, Okazaki and her co-workers had succeeded in the 

formation of stable glow discharge at AP under several specific conditions.64) Their 

requirements are as follows: (i) Dilution of process gases by a large amount of helium 

(He), (ii) Covering of at least one side electrode by dielectric materials and (iii) 

Application of alternating voltage above 1 kHz. Since their pioneering research, 

nonequilibrium plasma expanded its processing objects out of vacuum chamber not only 

for material processing 63,65) but also for biomedical processing etc.66,67) However, the 

dilution by He is an expensive process due to the high cost and unstable supply of noble 

gases.68) The stabilization technique of AP plasma without He was a big demand toward 

the practical application of this plasma. 
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The generation of nonequilibrium AP plasma using general-purpose gases such 

as N2, O2 and Ar had also been proposed in 1993 by Okazaki et al.69) However, stability 

of the plasma was greatly affected by impurities, and a stable glow discharge was 

difficult to maintain mainly due to the shorter lifetime of metastable radicals compared 

with He (as long as 6×105 s). Under such technological difficulty, Yuasa et al. had 

succeeded in the formation of stable N2 plasma at AP by the improvement of dielectric 

materials and voltage waveforms.70,71) 
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In our research group, Hayakawa et al. had succeeded in the formation of 

nonequilibrium glow discharge of N2 near AP accompanied by the low gas temperature 

of 400 K and high electron temperature of 3000 – 12000 K. They applied this 

nonequilibrium N2 plasma near AP to the direct nitridation of silicon (denoted as SiN) 

and oxinitridation of silicon (denoted as SiON) for the application to gate insulators in 

field effect transistors (FETs). The results are briefly summarized in Fig. 1-3.72) 

Compared with the SiN dielectric layer formed by conventional radio frequency (RF) 

plasma operated at LP, pure N2 plasma generated near AP is able to form dense SiN 

layer with smaller leakage current. They had also succeeded in the formation of SiN 

layer even at ambient temperature, indicating the high reactivity of nitrogen excited 

species in pure N2 plasma generated near AP. Additionally, N2 plasma with as low as 

250 ppm additional O2 strongly enhances the oxidation of Si, and SiON layer shows 

much lower leakage current compared with SiN layer. Based on the analysis of leakage 

current by Wentzel-Kramers-Brillouin (WKB) approximation, the effective mass in 

SiON layer is calculated to be 0.62 𝑚0, which is higher than the reported value of 

SiON layer with almost the same chemical composition, indicating the high 

oxidizability of the N2-based N2/O2 plasma generated near AP. Despite being oxidative, 

however, this plasma had never been employed in the chemical vapor deposition (CVD) 

of oxide films. Regarding the CVD of ZnO films using AP plasma, although a few 

reports exist,73-76) all of them are employed under He dilution of source gases. To the 

knowledge of the author, no experimental verification and report exist which focused on 

the advantages of AP plasma as oxidation source in CVD process of oxide 
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semiconductors. Of course, the potential application of AP plasma process for the CVD 

of oxide films has not clearly understood until now. 
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Fig. 1-3. Leakage current characteristics of metal-insulator-semiconductor (MIS) 
capacitor at accumulation side. Ultrathin dielectric layes (~ 2 nm) are formed at 350 °C 
by irradiating conventional RF plasma and AP plasma to p-type Si substrates.72) 
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1-2 Objectives and composition of this thesis 

Based on the research backgrounds described in 1-1, the author intends to 

apply this N2-based nonequilibrium plasma generated near AP to the CVD process of 

ZnO films as a novel process. The author develops two different CVD systems 

optimized for the deposition of ZnO films and studies on the effect of excited species on 

the formation process of ZnO films. On the basis of plasma analysis and film 

characterization techniques, reaction processes in the plasma and resulting electronic 

state of ZnO films are elucidated in detail. The objectives of this thesis are set as 

follows. 

 

<Objectives> 

Experimental verification of the advantages of N2-based nonequilibrium 

plasma generated near atmospheric pressure to the reduction of residual 

electron and nitrogen doping to ZnO films for the application to next 

generation CVD process of ZnO based semiconductor. 
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This thesis is composed of seven chapters as briefly summarized in Fig. 1-4. 

In chapter 1, the author has described the research backgrounds and the 

objectives of this doctoral thesis. 

In chapter 2, basic concepts of developed CVD system using direct plasma 

generated near AP are explained in detail.77) As a Zn source material, -diketonate 

complexes: Bis-2,4octanedionato zinc [Zn(C8H13O2)2 denoted as Zn(OD)2] was selected, 

and low temperature formation of ZnO films around 200 ºC was demonstrated using 

O2-based N2/O2 direct plasma. In order to assess the growth process of ZnO films from 

Fig. 1-4. Overall picture of this thesis.  The composition of this thesis is also 
schematically illustrated. 
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a macroscopic point of view, growth rate was evaluated at various growth conditions. 

Moreover, from the change of growth rate against the gas flow direction, potential 

application for low-temperature growth of ZnO is discussed. 

In chapter 3, the author focuses on the effects of radiative excited species in 

N2/O2 plasma on the crystallinity and electrical property of low temperature grown ZnO 

films on glass substrates.78) Although a high temperature growth is effective for the 

enhancement of crystallinity, low temperature growth enables the evaluation of intrinsic 

effect of plasma on the properties of films. Finally, highly (0001)-oriented ZnO films 

were successfully obtained by adjusting the O2 concentration in N2/O2 and the gas flow 

velocity, while keeping a constant growth temperature of as low as 200 ºC. Despite such 

a low growth temperature, ZnO films showed quite high specific resistivity exceeding 

106 cm at room temperature. Texture control and formation mechanism of highly 

resistive ZnO films are discussed.  

In chapter 4, the electronic states of highly resistive ZnO films are discussed in 

order to elucidate the origin of high resistivity. In addition to the improvement of crystal 

quality by the control of excited species proposed in chapter 3, epitaxial growth was 

introduced to approach the further intrinsic effects of plasma on the formation of highly 

resistive ZnO films. Photoluminescence (PL) measurement revealed that the existence 

of radiative recombination center around the midgap of ZnO, which is possibly 

originate from acceptor-type intrinsic defects. Temperature-dependent Hall effect 

together with secondary ion mass spectroscopy (SIMS) and Raman spectroscopy 

suggested that nonequilibrium AP plasma is effective to reduce shallow donor in ZnO. 

Based on the experimental results, the electronic states of highly resistive epitaxial ZnO 
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films are discussed in comparison with ZnO films grown by the conventional vacuum 

processes. 

In chapter 5, the author proposes a novel chemical vapor deposition (CVD) 

route of ZnO films involving a nonequilibrium N2 plasma generated near atmospheric 

pressure with small O2 concentration (O2%) below 1%, where is expected to be 

effective region for the reduction of residual donors and nitrogen doping to ZnO films. 

In the optical emission (OE) spectra of the plasma, OE lines corresponding to the NO-g 

system (𝐴2𝛴+⟶ 𝑋2𝛱𝛾
+) are observed, despite the only introduced gases being N2 and 

O2; these vanish at an O2% of more than 1%. This plasma generated some highly 

reactive oxidant and leaded to the formation of ZnO films with excellent (0001) 

preferred orientation and high transmittance in the visible region. Based on the analyses 

of the plasma and the exhaust gases, the decomposition, oxidation and crystallization 

processes are analyzed in detail. Moreover, this plasma is able to form ZnO films with 

quite high specific resistivity of 4×106 cm in a wide process window, which is 

difficult to be formed by conventional vacuum processes. Thus, the electronic states are 

investigated by thermally stimulated current (TSC) measurement to elucidate the origin 

of high resistivity. Finally the author refers to a few directions in which this technique 

can be extended. 

In chapter 6, remote plasma CVD system is newly developed in order to 

improve the crystal quality and extend a degree of freedom for deposition such as 

deposition onto metal or flexible substrates. According to the finding obtained in 

chapter 5, nonequilibrium N2 plasma generated near atmospheric pressure with small O2 

concentration was employed. OES at remote region revealed that metastable N2(𝐴3𝛴𝑢+) 
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with remarkably long lifetime of 2 s 79,80) played a key role in the generation of remote 

plasma. Separate injection of zinc source material and oxidant was employed to avoid 

unintentional parasitic reactions before arriving at the substrate which often degraded 

the crystal quality.28,29,45) As a result, epitaxial growth of ZnO films was realized with 

high deposition rate and material yield. 

In chapter 7, the author comprehensively summarizes the results obtained 

throughout this doctoral thesis and refers to the future scopes of this plasma CVD 

technique. 
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Chapter 2: Development of chemical vapor deposition 

system using nonequilibrium N2/O2 plasma generated 

near atmospheric pressure 

 

2-1 Introduction 

Nonequilibrium plasma have played indispensable role in the manufacturing 

process of electronic devices such as cleaning, deposition, etching, ashing and surface 

modification etc.1) Regarding the crystal growth technique, sputtering 2) has been widely 

used for the deposition because of their advantage of the capability of wide and uniform 

deposition. However, the electronics industry is now looking to fabricate structures on a 

larger scale, and would prefer to use flexible substrates that would have a lower profile 

and lighter weight and be more rugged than silicon substrates.3-5) Their use would also 

offer manufacturers the potential for continuous, high-throughput printing on large rolls 

rather than batch processing using small 12’’ wafers. To realize the economical huge 

size deposition such as a roll-to-roll processing, low-temperature CVD operated at near 

atmospheric pressure (AP) is studied.6-8) In particular, AP plasma-enhanced CVD has an 

advantage for the low-temperature growth of ZnO films. Regarding the AP plasma 

enhanced CVD of ZnO films, although a few reports exist,9-12) their processes require 

the use of expensive rare gas (He) as a dilution gas to maintain arcless, nonequilibrium, 

stable discharge near AP. From the industrial point of view, He-less processes are 

desirable. Therefore, we have focused on the stabilization of N2-based plasma near 

AP,13) and applied to the CVD process of ZnO films. 
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In this chapter, at first, basic concepts of developed CVD system using direct 

plasma are explained including Zn source materials. Using this system, low temperature 

formation of ZnO films around 200 ºC is demonstrated using O2-based direct plasma 

generated near AP. Secondly, the growth process of ZnO films is evaluated from 

macroscopic viewpoint. Finally, potential application for low-temperature growth of 

ZnO is discussed. 
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2-2 Experimental 

2-2-1 Source materials for CVD 

 In case of CVD, the choice of source material is one of the most important 

criteria, because the growth rate, crystal quality, impurity incorporation etc. are directly 

affected by the selection. Their purity, safety, toxicity, reactivity and vapor pressure 

must be comprehensively taken into account. Among various CVD source materials, 

metal organic (MO) compounds including metal-alkyl bond and metal organic 

complexes such as -diketonate have been widely used. MO has long been used for the 

MOCVD of GaAs 14) or GaN 15-17) and their family alloys since the early stage of 

MOCVD.18,19) Since the development of atomic layer deposition, trimethylaluminum 

(TMAl) has been widely used in the formation of AlOx dielectric or passivation layer 

and the reaction scheme with water (H2O) has been studied deeply.20) Although the MO 

precursors have excellent purity and property, most of them have a spontaneous 

combustibility, which requires utmost attention to the sealing of system and the 

treatment of the waste gases.19) The latter has a relatively short history, however, 

complexes with moderately high vapor pressure suitable for CVD are able to synthesize 

even for a variety of transition metals.20,21) Therefore, these complexes have been used 

in the deposition of high-k dielectric,22) ferroelectrics,23) superconductor 24) etc. 
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Regarding the CVD of ZnO films, MO compounds: diethyl zinc (DEZn) and 

dimethyl zinc (DMZn) has been the most popular source materials.25) They have also 

been used as acceptor dopant source in GaAs films.26) However, these materials have an 

explosive reactivity with oxidants such as O2 and H2O, which result in the premature 

reaction before arriving at the substrate.25,27) To avoid this problem, some researchers 

proposed separate injection of DEZn and oxidant 25,28,29) or use of less-reactive oxidants 

such as CO2,29) NOx,30-33) ketone 33) and alcohol 33-35) and so on. 

The use of solid -diketonate complexes is examined for the growth of 

ZnO.36,37) In case of thermal CVD from -diketonate and O2, a relatively high growth 

temperature above 300 ºC is required due to its thermal stability.38) 
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In this thesis, metal organic compound: Diethyl zinc [Zn(C2H5)2 (Tri Chemical 

Laboratories Inc.) denoted as DEZn] 27) and -diketonate complexes: 

Bis-2,4octanedionato zinc [Zn(C8H13O2)2 (Adeka Corp.) denoted as Zn(OD)2] 12) were 

selected as source materials of Zn. 

The chemical structural formulas and the vapor pressure curves for these Zn 

source materials are shown in Fig. 2-1 and Fig. 2-2, respectively. Vapor pressure curves 

of dimethyl zinc (DMZn) and other liquid -diketonate complexes (Zn-MOPD,10) 

Zn-TD) are also written in dashed lines. In general, vapor pressure required for CVD is 

around 100 mTorr – 1 Torr, which is easily obtained for DEZn even around room 

temperature. Therefore DEZn is supplied by bubbling method in this study. Detail 

explanation on DEZn will be presented in chapter 6. Although the vapor pressure of 

Zn(OD)2 is rather smaller than that of DEZn, this material is suitable for the constant 

supply using vaporizer, because it is liquid at room temperature and at ambient 

pressure.12) The handling is easier than DEZn due to the stability, which is desirable for 

the growth near AP sometimes in open (chamber-less) system. From chapter 2 to 5, the 

results using Zn(OD)2 is discussed. 
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Fig. 2-1. Chemical structural formula of organic Zn source materials used in this study: 
Bis [2,4-octanedionato] zinc [Zn(C8H13O2)2 denoted as Zn(OD)2] (a) 12) and Diethyl 
zinc [Zn(C2H5)2 denoted as DEZn] (b). 
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2-2-2 CVD system using N2/O2 direct plasma generated near 

atmospheric pressure 

 A schematic illustration of CVD system is illustrated in Fig. 2-3 (a). 

Bis-2,4octanedionato zinc [Zn(C8H13O2)2 (Adeka Corp.) denoted as Zn(OD)2] is stored 

in a stainless cylinder with two different length tubes. The liquid surface of Zn(OD)2 is 

statically pushed by He of 0.4 MPa from shorter tube to transport it through longer dip 

tube as liquid state. The flow rate of Zn(OD)2 is controlled at 0.01 g/min by liquid mass 

flow controller (LMFC). Zn(OD)2 is splashed by the irradiation of surrounding N2 gas 

(denoted as Top gas) of 1 slm (standard liter per minute) to ease its vaporization, 

vaporized by thermal vaporizer maintained at 190 °C and transported by preheated N2 

gas (denoted as Carrier gas) of 3 slm. Net N2 gas of 4 slm is reduced to 20 - 100 ml/min 

(FCarrier) by vent line, and the reduced one is mixed with additional N2 and O2 (FO2) 

controlled by mass flow controller (MFC). The mixed gases are introduced into plasma. 

Most of the gas lines are heated at 190 - 230 °C by ribbon heaters and temperature 

controllers so as not to condensate the vaporized Zn(OD)2. O2-based Nonequilibrium 

N2/O2 plasma is generated between two parallel plate electrode separated by uniform 

gap of 1.1 mm and covered with dielectric aluminum nitride (AlN) based on dielectric 

barrier discharge as shown in Fig. 2-3 (b). The thicknesses of AlN dielectric plates are 

0.8 mm (Top electrode side) and 0.9 mm (Bottom electrode side). Applied alternating 

voltage and frequency are 6.0 – 6.7 kV (peak-to-peak) and 180 kHz (close to resonance 

frequency), respectively. The typical discharge current is around 200 mA. 
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Fig. 2-3. A schematic illustration of CVD system using N2/O2 direct plasma generated 
near atmospheric pressure for the deposition of ZnO films (a) and a photograph of the 
discharging region taken from cross-sectional direction. (b) Although the plasma seems 
to be discontinuous along the gas glow direction, this is due to the holes on the side of 
quartz susceptor to fix the edge of optical fiber adjacent to the direct plasma. 
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ZnO films are grown on glass (Borosilicate glass, D263, 25×25×0.5t, 

Matsunami Glass Ind., Ltd.) or sapphire (0001)  substrate (One-side polished, 

10×10×0.33t, Shinkosha Co., Ltd.) mounted in the plasma so called direct configuration. 

The growth pressure and the growth temperature (Tg) are 50 kPa and 200 - 400 °C, 

respectively. During the growth, the total pressure is kept constant by adjusting a needle 

valve located at the exhaust gas line. In order to investigate excited species in the 

plasma, optical emission of the plasma is guided into photonic multichannel spectral 

analyzer (PMA-C7473, Hamamatsu Photonics) with the wavelength resolution of < 2 

nm. Quartz optical fiber is attached adjacent to the plasma to analyze the excited species 

just above the deposition area. Detail information on the CVD system is reported 

elsewhere.39) 
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2-2-3 Film characterization 

 After CVD, deposited films were characterized by several methods. The crystal 

structure was investigated by X-ray diffraction (XRD: X’pert MRD, Philips) using 

Cu-K radiation. The optical configuration of XRD is 2-. Optical transmittance, 

optical bandgap and thickness of the deposited films were simultaneously obtained 

using a UV-vis spectrophotometer (V-650, JASCO) assuming that the refractive index 

of ZnO in range of UV-vis is 1.95. For some samples, film thickness was measured 

using a field-emission-type scanning electron microscope (FE-SEM; S-4500, Hitachi 

Co Ltd) in cross-sectional view after cleaving the sample parallel to the gas flow 

direction. 
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2-3 Results and discussions 

2-3-1 Analysis of plasma by optical emission spectroscopy 

The growth conditions of ZnO films are summarized in Table 2-1. In order to 

get information on the excited species in the plasma, optical emission spectroscopy 

(OES) was carried out at first. Fig. 2-4 shows OE spectrum of the O2-based plasma 

generated at the O2% of 90%. Weak OEs corresponding to N2 second positive system 

(N2 2ps: 𝐶3𝛱𝑢+⟶𝐵3𝛱𝑢
+) are observed at the wavelengths ranging from 300 to 450 nm. 

Although N2 2ps is reported to be the strongest OE lines in nonequilibrium N2 plasma 

generated near AP,40) the intensity is suppressed in O2-based N2/O2 plasma. On the other 

hand, OE lines attributed to atomic oxygen (Atomic O*) are predominantly observed at 

the wavelengths of 777 nm (3p5P → 3s5S), 843 nm (3p3P → 3s3S), and 927 nm (3d5D 

→ 3p5P), which are often observed in O2 plasma generated at low pressure.41,42) The OE 

intensity of Atomic O* with introducing Zn(OD)2 (during deposition) was 30 – 70% 

weaker than that of without introducing Zn(OD)2, suggesting that the active Atomic O* 

contribute to the decomposition of Zn(OD)2 and subsequent oxidation of ZnO similar to 

low pressure plasma processes of oxide films.43,44) The growth of ZnO films were 

performed using this plasma. 
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Fig. 2-4. OE spectrum of the N2/O2 plasma generated at the O2% of 90%. 

Vaporizer temperature TV 190 oC

Vaporizer pressure pV 100 kPa

Gas flow velocity v 0.7 m/s

Growth pressure p 50 kPa

Growth temperature Tg 200 oC

AC voltage Vpp 6.0 kV (Peak to peak)

AC frequency f 180 kHz

O2 flow rate FO2 550 sccm

Carrie gas flow rate FCarrier 60 sccm

Table. 2-1. Typical growth condition of ZnO films by O2-based N2/O2 direct plasma 
generated near atmospheric pressure. 
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2-3-2 Characterization of ZnO films 

Fig. 2-5 shows XRD profile of the deposited film taken by the optical 

configuration of 2-. Strong 0002 and relatively weak 101̅1 diffractions of ZnO are 

clearly observed without any secondary phase, indicating that (0001)-oriented ZnO 

film is successfully obtained on a glass substrate at the Tg of as low as 200 °C. 
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Fig. 2-5. 2- scanned XRD profile of the sample grown at the substrate temperature 
and O2% of 200 ºC and 90%, respectively. 
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Fig. 2-6 shows optical transmittance spectrum of ZnO film shown in Fig. 2-5. 

ZnO film show high transmittance above 90% in visible region with no noticeable 

in-gap absorption and sharp basic absorption edge. The direct optical bandgap was 

calculated to be 3.31 eV from Tauc plot derived from this spectrum,45) which is close to 

the bandgap of ZnO at room temperature.46,47) The film thickness was also determined 

to be approximately 300 nm from the oscillation period assuming that the refractive 

index of ZnO in visible region of 1.95, which corresponds to the growth rate of 10 

nm/min. 

  

Fig. 2-6. Optical transmittance spectrum of ZnO film grown at the substrate 
temperature and O2% of 200 ºC and 90%, respectively. 
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2-3-3 Position dependence of growth rate 

 In general, substrate is rotated during CVD to improve the uniformity of film 

thickness. However, thickness distribution without substrate rotation gives important 

information on the reaction process of source materials along gas flow direction. Fig. 

2-7 shows photograph of the plasma (a), cross-section of horizontal reactor (b) and 

thickness distribution along the gas flow direction (c). Although the plasma in Fig. 2-7 

(a) seems to be discontinuous along the gas glow direction, that is due to the holes on 

the quartz susceptor to fix the edge of optical fiber adjacent to the direct plasma. Note 

that the lateral position x = 0 mm in Fig. 2-7 (b) and (c) corresponds to the upstream 

edge of the “top electrode”, where high voltage is applied. At the lateral position x < -2 

mm, plasma is not observed due to the low electric field at this section. In this section, 

the growth of ZnO is not recognized at all despite the precursor concentration itself 

should be the highest in all region. This result indicates the important finding that we 

cannot deposit ZnO films at 200 °C by thermal CVD process (without plasma), and 

ZnO films are grown by the contribution of excited species in the O2-based N2/O2 

plasma at 200 °C. At the lateral position of -2 ≤ x < -1, the growth of ZnO suddenly 

starts and the film thickness reaches to the maximum despite the plasma density should 

be lower than that of x ≥ 0. On the other hand, the film thickness recovers at -1 ≤ x < 0 

probably due to the increase of plasma density in this region, and becomes almost 

constant at 0 ≤ x < 1.5 and then monotonically decreases at x ≥ 1.5 due to the decrease 

of precursor concentration. CVD processes using horizontal reactor as in our case, film 

thickness distribution along the gas flow direction should have a single peak at the most 

upstream region, and then monotonically decrease against the increase of lateral 
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position x, due to the decrease of precursor concentration along the gas flow.48,49) In our 

case, however, that has two peaks. This finding suggest that the growth mechanism at 

the left side (x < 0) of boundary position (x = 0) is different from the right side (x > 0). 

In the following discussion (from chapter 2 to 5), we focus on the result of x > 0, where 

the CVD process is certainly performed by the excited species in “direct” plasma. 
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Fig. 2-7. Photograph of the O2-based N2/O2 plasma generated near AP taken from the 
cross sectional direction (a), schematic illustration of the reactor (b) and the 
distribution of film thickness (c). 
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2-3-4 Analysis of the limiting factor of CVD 

 In general, CVD growth can be described by chemical reaction formula. In case 

of Zn(OD)2 and O2, following formula can be described after taking the constant into 

account: 

𝑍𝑛(𝑂𝐷)2 + 21𝑂2
𝑇𝑔 & 𝑃𝑙𝑎𝑠𝑚𝑎
→        𝑍𝑛𝑂 + 16𝐶𝑂2 + 13𝐻2𝑂. (2-1) 

According to this equation, the limiting factor of the CVD of ZnO films can be 

estimated from the change of the growth rate of ZnO films against the change of the 

flow rate of source gases (FCarrier, FO2) or the driving force of chemical reaction (Tg) in 

eq. (2-1). 

In order to estimate the macroscopic growth mechanisms of ZnO films from 

the viewpoint of limiting factor, FCarrier, FO2 and Tg were varied as summarized in Table 

2-2. Fig. 2-8 shows FCarrier (a), FO2 (b) and Tg (c) dependence of the growth rate of ZnO 

films. Note that the film thickness is measured at 0 < x < 1.5, where the films are 

certainly grown by direct plasma. The growth rate of ZnO films is almost proportional 

to the FCarrier at constant FO2 and Tg (a), while that is insensitive to the change of FO2 at 

constant FCarrier and Tg (b). That is not increase with increasing the Tg at every FO2 (c). 

These results indicate that the growth of ZnO is supply limited in this experimental 

condition, which is an ideal state for industrial device fabrication by CVD.50,51) 
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Fig. 2-8. Change of the growth rate of ZnO films against the change of FCarrier (a), FO2 
(b) and Tg (c). Flow rate of each gases are written in the schematics of CVD system. 
Error bars indicate the maximum and minimum growth rate in three different samples 
deposited at the same condition. 

Vaporizer temperature TV 190 oC

Vaporizer pressure pV 100 kPa

Gas flow velocity v 0.7 m/s

Growth pressure p 50 kPa

Growth temperature Tg 200 ~ 400 oC

AC voltage Vpp 6.0 kV (Peak to peak)

AC frequency f 180 kHz

O2 flow rate FO2 50 ~ 550 sccm

Carrie gas flow rate FCarrier 30 ~ 100 sccm

Substrate Glass, Sapphire (0001)

Table. 2-2. Summary of the growth condition of ZnO films discussed in Fig. 2-8. 

(a) Carrier gas flow rate (b) O2 flow rate (c) Growth temperature

200 ºC

MFC

MFCO2

N2

N2
Zn(OD)2

FO2

550 sccm

Fcarrier

30 ~ 100 sccm
200 ºC

MFC

MFCO2

N2

N2
Zn(OD)2

FO2

50 ~ 550 sccm

Fcarrier
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2-4 Conclusions 

The chemical vapor deposition system using non-equilibrium N2/O2 plasma 

was developed for the low temperature growth of ZnO films. As Zn source material, 

-diketonate complexes: Bis-2,4octanedionato zinc [Zn(C8H13O2)2 (Adeka Corp.) 

denoted as Zn(OD)2] was selected which is free from spontaneous combustibility. By 

introducing vaporized Zn(OD)2 into O2-based N2/O2 plasma generated near AP, ZnO 

films was successfully obtained on glass substrates at the substrate temperature of as 

low as 200 °C without using He dilution of mixed gases. From XRD measurement, it 

was found that the film was well crystallized with (0001) preferred orientation. The 

film also showed high transmittance above 90% in visible region and sharp absorption 

edge at 3.31 eV corresponding to the optical band-gap of ZnO. The film thickness 

distribution profile showed two thickness peaks located at remote and direct position. 

According to the chemical reaction formula, the growth rate of ZnO films at the direct 

position were evaluated and found that the growth of ZnO films is limited by Zn supply, 

which is an ideal state of CVD. Considering the fact that ZnO films were not grown by 

thermal CVD around this temperature, our plasma is effective for the low temperature 

formation of ZnO films near AP. 
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Chapter 3: Orientation control of low temperature grown 

ZnO films and the electrical property 

 

3-1 Introduction 

Zinc oxide (ZnO) has been intensively studied because of its potential for 

various applications such as transparent conductive films,1-5) thin-film transistors,6,7) 

high-electron mobility transistors 8,9) and piezoelectric devices 10-12) and so on. Although 

ZnO have a lot of attractive material properties for these applications such as high 

exciton binding energy,13) high electron saturation velocity 14) and large 

electromechanical coupling coefficient among semiconductors,15) ZnO and its related 

alloys are not put into practical use well mainly due to the large number of residual 

electron concentration.7) To solve this chronic problem, we propose chemical vapor 

deposition (CVD) using nonequilibrium plasma generated near atmospheric pressure 

(AP) which is potentially able to supply rather dense and oxidative excited species to 

ZnO films compared with low pressure processes represented by sputtering.16) 

Regarding the AP plasma enhanced CVD of ZnO films, although a few reports 

exist,17-20) their processes require the use of expensive rare gas (He) as a dilution gas to 

maintain arc-less, nonequilibrium and stable discharge near AP. From the industrial 

point of view, He-less process is desirable.21) Therefore, we have developed 

nonequilibrium plasma source operated near AP, and demonstrated the formation of 

ZnO films at a substrate temperature as low as 200 °C using O2-based plasma. Although 

the film showed (0001) preferred orientation, X-ray diffraction from (101̅1) which 
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has the largest structural factor 22) was also observed in XRD pattern.23) Additionally, 

the electrical property was not discussed in chapter 2. 

In this chapter, we access the effects of radiative activated species in N2/O2 

plasma generated at various gas compositions on the crystallinity and electrical property 

of low temperature grown ZnO films.24) 
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3-2 Experimental 

Bis-2,4octanedionato zinc [Zn(C8H13O2)2 (Adeka Corp.) denoted as Zn(OD)2] 

was used as the Zn source material that was free from spontaneous combustibility in 

atmosphere and was also suitable for constant supply because it was liquid at room 

temperature and at AP. Fig. 3-1 shows a schematic illustration of the AP 

plasma-enhanced ZnO-CVD system.23,24) Vaporized Zn(OD)2 is transported with N2 

carrier gas at the constant flow rate of 60 ml/min. The source and N2 carrier gases are 

mixed with N2 and O2 controlled by the mass flow controller (MFC). The O2 

concentration in the total mixed gas flow rate (O2%) is varied from 0.1 to 90% to 

change the composition of the N2/O2 mixed gas. The mixed gases heated at 190 °C are 

introduced into the growth chamber. The total pressure of the chamber during 

deposition is maintained at 50 kPa. The deposition of ZnO films is performed on glass 

substrates at the growth temperature (Tg) of 150 - 300 °C. The substrates are mounted in 

direct plasma generated between two parallel-plate electrodes covered with dielectric 

materials (AlN). The applied AC voltage and frequency are 6.0 - 6.5 kV and 180 kHz, 

respectively. Growth conditions of ZnO films are summarized in Table 3-1. The excited 

species in the plasma during deposition are evaluated by optical emission spectroscopy 

(OES) using a photonic multichannel spectral analyzer (PMA-C7473, Hamamatsu 

Photonics). After deposition, crystal structure of the films is investigated by X-ray 

diffraction (XRD: X’pert MRD, Philips). The specific resistivity of ZnO layer was 

evaluated by van der Pauw’s method using Hall-effect measurement system 

(TOYO-Corp., ResiTest 8310). Prior to the electrical measurement, indium dot was 

soldered onto the four corners of sample as Ohmic electrodes. 
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Fig. 3-1. A schematic illustration of CVD system using N2/O2 direct plasma generated 
near atmospheric pressure. 

Table. 3-1. Growth condition of ZnO films for the control of (0001) preferred 
orientation. 

Gas flow velocity v 0.7, 3.8 m/s

Growth pressure p 50 kPa

Growth temperature Tg 150 ~ 300 oC

AC voltage Vpp 6.0 - 6.5 kV (Peak to peak)

AC frequency f 180 kHz

O2% 0.1 ~ 90%

Carrie gas flow rate FCarrier 60 sccm
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3-3 Results and discussions 

3-3-1 Growth temperature dependence on the crystallinity 

ZnO films were grown on glass substrate heated at 150, 200 and 300 °C at the 

constant O2% of 90% under observation of Atomic O* (777, 843 and 927 nm) as shown 

in chapter 2. After the deposition, the crystal structure of the obtained films was 

evaluated by XRD. Fig. 3-2 shows 2- scanned XRD profiles for the samples 

deposited at the substrate temperatures of 150, 200 and 300 °C. With increasing the 

growth temperature, relative XRD intensity of ZnO 000𝑙 increases, whereas that of 

another plane decreases. Since the ZnO (0001) plane has the lowest surface free 

energy density of 0.099 eV/Å2, ZnO films prefer (0001) orientation. Therefore, ZnO 

films with strong (0001) preferred orientation can be easily obtained without the 

effect of epitaxy (self-texture) such as on a glass substrate.25) In general, the crystallinity 

of thin films is improved by increasing Tg mainly due to the enhancement of 

decomposition and surface migration of precursors. In this chapter, however, we 

attempted to fabricate strongly (0001)-oriented ZnO films at 200 °C by optimizing 

other deposition parameters in order to access the effects of radiative activated species 

in N2/O2 plasma generated at various gas compositions on the crystallinity to discuss 

intrinsic nature of plasma on the crystallinity of ZnO films. 
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Fig. 3-2. 2- scanned XRD profiles of the sample grown at the substrate temperature 
of 150, 200 and 300 ºC. In this experiment, O2% is fixed at 90%. 
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3-3-2 Orientation control and the kinetics 

We have reported that the N2 second positive system (N2 2ps: 𝐶3𝛱𝑢+⟶

𝐵3𝛱𝑢
+) was predominantly observed in N2 plasma generated near AP and it retained a 

reactivity high enough to accomplish room-temperature nitridation of a silicon 

wafer.26-28) There is quite a high potential energy state of above 10 eV from the ground 

state in the reaction process of N2 2ps,29,30) which might supply precursors a high energy 

to form highly (0001)-oriented ZnO films. Therefore, we investigated the change in 

the optical emission spectra by varying the O2% systematically from N2-rich to O2-rich 

gas composition. 

Fig. 3-3 (a) shows the change in the optical emission (OE) intensities of 

predominantly observed radiative transitions, NO-g system (NO-g: 𝐴2𝛴+⟶ 𝑋2𝛱𝛾
+), 

N2 2ps and atomic oxygen (Atomic O*: 3p5P → 3s5S), as a function of the O2%. NO-g is 

observed only at the O2% of below 1%. The generation processes of NO will be 

discussed in chapter 5. N2 2ps is observed in all O2% except 100%. The OE is rapidly 

quenched by the addition of O2, and tends to decrease against the increase of O2% due 

to the decrease of electron density by the strong electronegativity of O2 31) or quenching 

reaction of N2(𝐶3𝛱𝑢
+) with O2.32) The OE of Atomic O* appears at the O2% of more 

than 20%, and the intensity is gradually increases with increasing the O2%. This result 

suggests that the dominant excited species can be selectively used for deposition by 

adjusting the O2%. 
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Fig. 3-3. Change of the OE intensity of NO-g, N2 2ps and Atomic O* against the 
change of the O2%. Magnification of the OE intensity is indicated. (a) Plot of texture 
coefficient TC(0002) as a function of the O2%. Error bars at 0.2, 20 and 90% indicates 
maximum and minimum value for several samples deposited at the same condition. 
(b) 
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The crystal structure of the deposited films fabricated under various O2% was 

analyzed by 2- scanned XRD measurement. The strongest diffraction peak originates 

from ZnO 0002 in all samples discussed here, indicating that the films have (0001) 

preferred orientation regardless of the O2%; however, diffraction intensity from another 

plane depended on O2%, suggesting that the texture of ZnO films is affected by excited 

species in the plasma. The texture coefficient (TC) used in the quantitative 

characterization of preferred orientation for thin films can be described according to the 

following formula: 33,34) 

𝑇𝐶(ℎ𝑘𝑙𝑚) =
𝐼𝑚(𝑘𝑘𝑙𝑚) 𝐼0(𝑘𝑘𝑙𝑚)⁄

(1 𝑛⁄ )∑𝐼𝑚(𝑘𝑘𝑙𝑚) 𝐼0(𝑘𝑘𝑙𝑚)⁄
, (3-1) 

where 𝐼𝑚(ℎ𝑘𝑙𝑚) is measured relative XRD intensity of ℎ𝑘𝑙𝑚 plane, 𝐼0(ℎ𝑘𝑙𝑚) is that of 

standard reference data (e.g. JCPDS 36-1451) and n is the number of diffraction peaks. 

In our sample, 𝑇𝐶(0002)  should be between 1 (random orientation) and 2 (strong 

preferred orientation), because ZnO 0002 and 101̅1 both of which have relatively 

large structural factor are dominantly observed in 2- scanned XRD profiles for all 

sample discussed here. Fig. 3-3 (b) shows plot of 𝑇𝐶(0002) of ZnO films as a function 

of the O2%. 𝑇𝐶(0002) is less than 1.85 at the O2% of 0.1%, 1 – 10% and 40 – 90%. The 

value specifically increases at around the O2% of 0.2 and 20%. At the O2% of around 

20%, 𝑇𝐶(0002) is almost equal to 2, indicating that highly (0001)-oriented ZnO films 

were successfully obtained by adjusting the O2% without increasing the growth 

temperature. Regarding the O2% of around 0.2%, NO-g seems to play important roles in 

the enhancement of texture. We will focus on the mechanism of this region in chapter 5. 

On the other hand, O2% of 20%, where only a relatively weak OE of N2 2ps is observed, 
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shows the highest 𝑇𝐶(0002). From this result, the texture control mechanism cannot 

attribute to single radiative excited species (N2 2ps). Another non-radiative species 25,35) 

or plasma parameter 36,37) might be responsible for the enhancement of self-texture on 

glass substrate. 
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3-3-3 Electrical properties of ZnO films 

This section focuses on the resistivity of our low temperature grown ZnO films. 

In the last section (3-3-2), the crystallinity of ZnO films from viewpoint of self-texture 

was found to be affected by the excited species in the direct plasma. At the specific O2% 

of 0.2%, radiative excited species (NO-g) seemed to be responsible for the crystallinity. 

On the other hand, at the O2% of 20%, where the highest 𝑇𝐶(0002) was obtained, the 

texture enhancement mechanism was not able to attribute to single radiative species (N2 

2ps or Atomic O*), and the texture might be affected by some plasma parameter. 

However, the analysis of plasma parameters in direct region using Langmuir probe is 

almost impossible due to the quite small gap of 1.1 mm and the destruction of dielectric 

barrier discharge. Instead of that, discharge current was measured during deposition by 

an oscilloscope in combination with a current probe to evaluate the change of plasma 

parameters as represented by the electron concentration. As a result, peak-to-peak value 

of the discharge current was approximately 200 mA, which was almost independent on 

the O2% at around the O2%s in the vicinity of 20%. This fact suggests that the electron 

concentration in the plasma does not show a drastic change near the O2% of 20%. 
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As described in chapter 2 (see Fig. 2-7 again), the deposition area was limited 

to near the edge of top electrode, suggesting that the most of the Zn source material 

reacts with oxidant as soon as the mixed gases are introduced into the plasma, which 

might cause an unintentional parasitic reaction at the vapor phase. Therefore, the gas 

flow velocity (denoted as vgas) was increased from 0.7 to 3.8 m/s by increasing total gas 

flow rate in order to reduce the effect of vapor-phase reaction.38-40) 
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Fig. 3-4 (a) shows O2% dependence of the 𝑇𝐶(0002) for ZnO films grown at 

the gas flow velocity of 0.7 [already shown in Fig. 3-3 (b)] and 3.8 m/s. With increasing 

the vgas, 𝑇𝐶(0002) approaches to 2, indicating the enhancement of crystallinity by the 

increase of vgas. This result suggests that the use of fast gas velocity is effective for the 

enhancement of crystallinity possibly due to the reduction of vapor-phase reactions. 

Subsequently, the specific resistivity was evaluated for several samples by van der 

Pauw’s method using indium Ohmic electrodes. [Fig. 3-4 (b)] Note that all samples 

show high resistivity exceeding 103 cm at room temperature, which is rather higher 

than nominally un-doped ZnO films grown by vacuum processes such as molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD). At the vgas of 0.7 m/s, the 

specific resistivity changes from 103 to 106 cm against the change of the O2%. On the 

other hand, the specific resistivity shows quite high value of 106 – 107 cm and smaller 

O2% dependence when the vgas is increased from 0.7 to 3.8 m/s, while enhancing the 

𝑇𝐶(0002). Although the microscopic growth mechanism of ZnO films is not clearly 

understood, it is clear that the high resistivity is not due to the degradation of 

crystallinity such as the incorporation of undecomposed residues, but the intrinsic 

nature in the CVD processes using N2/O2 direct plasma generated near AP, suggesting 

that the advantage of this plasma for the formation of ZnO films with low residual 

electron concentration. 
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Fig. 3-4. Plot of TC(0002) for the samples grown at the gas flow velocity vgas of 0.7 and 
3.8 m/s as a function of the O2%. (a) Change of the specific resistivity of the samples 
grown at the various O2% and vgas. (b) 
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3-4 Conclusions 

In summary, we applied nonequilibrium N2/O2 plasma generated near AP to the 

low-temperature formation of ZnO films. In the optical emission spectra of plasma 

during deposition, optical emission peaks corresponding to the NO-g system, N2 second 

positive system and atomic O were observed, and the emission intensities of those 

transitions could be controlled by varying the O2%. ZnO films with strong (0001) 

preferred orientation were successfully obtained on the glass substrate at a deposition 

temperature of 200 °C by systematically optimizing the O2% and gas flow velocity 

without increasing the substrate temperature, suggesting that the control of radiative 

excited species and efficient use of direct plasma are the important factors for the 

improving the crystallographic quality of low temperature grown ZnO films. Despite 

such a low growth temperature, ZnO films showed quite high specific resistivity 

exceeding 106 cm at room temperature while keeping the crystallinity, suggesting that 

the potential ability of our direct plasma for the formation of ZnO films with low 

residual carrier concentration even at small amount of O2. This finding is very important 

for nitrogen doping to ZnO films. 
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Chapter 4: Evaluation of the electronic state for highly 

resistive ZnO epitaxial films 

 

4-1 Introduction 

Zinc oxide (ZnO) and its related alloys have been intensively studied for their 

excellent optical, electrical, and magnetic properties.1–10) Recent advances regarding 

crystal growth and peripheral technology of ZnO films have drastically improved the 

quality and purity of ZnO films,10) and have established their position as one of the 

purest semiconductors.11,12) Although ZnO have many inherent advantages in terms of 

its material properties compared with III-V semiconductors such as gallium nitride 

(GaN),13–15) the control and suppression of its “high residual electron concentration” has 

still remained one of the biggest issues toward the practical application of ZnO-based 

devices in various aspects 16) such as thin-film transistors,17) piezoelectric devices,18) and 

light emitting devices,7) despite enormous efforts have been devoted to the problem and 

the various crystal growth techniques proposed and assessed.19) Recent theoretical 

research predicted that nonequilibrium growth at an oxygen-rich environment is 

effective in suppressing representative donor-type defects such as zinc interstitials (Zni) 

and oxygen vacancies (VO).20,21) From an experimental point of view, the use of a 

reactive oxygen source is also important for the suppression of donor-type defects in 

oxide films.22–25) The history regarding crystal growth of ZnO films implicitly 

recommends that nonequilibrium processes near atmospheric pressure (AP) using active 

species with high oxidizability is the promising approach in suppressing residual 

electron in ZnO 22) and its related compounds.25) Therefore, we focused on 
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nonequilibrium plasma generated near atmospheric pressure (AP), which has an 

extremely high plasma density exceeding 1015 cm−3,26) and a sufficiently high reactivity 

to achieve Si 27,28) and Ge 29) nitridation even at ambient temperatures. We have also 

found that small amounts of O2 added to N2 plasma (~ 250 ppm) significantly enhances 

the oxidation of Si, which led to the formation of a dense silicon oxynitride layer with a 

low leakage current density of 1.4×10−4 A/cm2 at 5 MV/cm.30) 

Although ZnO films grown by conventional vacuum processes tend to show 

low resistivity due to a large number of residual electrons, those grown by our plasma 

exhibit quite high specific resistivity exceeding 106 cm at ambient temperature while 

keeping high crystallinity, suggesting its low residual electron concentration.31,32) 

However, the origin of this high resistivity was not elucidated directly in chapter 3. In 

this chapter, therefore, we focus on the electrical property of highly resistive ZnO films 

with a considerably higher crystal quality than poly-crystal ZnO films discussed in the 

last chapter. Using high-quality epitaxial films, we discuss the advantages of N2-based 

nonequilibrium N2/O2 plasma for the reduction of “shallow donor” and “residual 

electron” in ZnO films. 
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4-2 Experimental 

A single crystal of sapphire (0001)  was used as a substrate. Prior to 

deposition, the substrate was degreased by ultrasonic cleaning in acetone and ethanol 

each for 5 min, and subsequently annealed at 1000 °C for 10 h in air to obtain a 

well-defined/atomically-flat step and terrace structure with a single step height of 

0.23 nm, reported by Yoshimoto et al.33) [Fig. 4-3 (a)]. Bis-2,4octanedionato zinc 

[Zn(C8H13O2)2, Adeka Corp.] was selected for CVD as the Zn source material being free 

from spontaneous combustibility and liquid at standard conditions. Zn(C8H13O2)2 was 

vaporized at 190 ºC by thermal vaporizer, transported at a constant flow rate of 

0.4 mmol/min together with N2 carrier gas at a flow rate of 60 ml/min and mixed with 

additional N2 at 428 ml/min and O2 at 122 ml/min for a total mixed gas flow rate of 

610 ml/min. These conditions correspond to the O2 concentration in the N2/O2 mixture 

(O2%) of 20%, which was found to optimal in chapter 3.31) N2-based nonequilibrium 

N2/O2 plasma was generated between two parallel plate electrodes covered with 

aluminum nitride dielectrics based on dielectric barrier discharge by applying an 

alternating voltage with the peak-to-peak value and frequency of 5.7 – 6.0 kV and 

180 kHz, respectively. Growth pressure and gas flow velocity were set to 50 kPa and 

0.7 m/s, respectively. Detailed information of the CVD system is reported 

elsewhere.31,32,34) In this chapter, growth temperature (denoted as Tg) is set to 200, 300 

and 400 °C to improve the crystal quality. For comparison, ZnO film was deposited by 

pulsed laser deposition (PLD) system using KrF excimer laser and ZnO ceramic target 

at the Tg and O2 partial pressure of 600 °C and 1×10-4 Torr, respectively. 

Hydrothermally (HYD) grown resistive ZnO single crystal supplied by OPTOSTAR Ltd. 
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(n300K ~ 3×1014 cm-3) was also prepared as a control sample for optical measurement. 

After deposition, the crystal structure and epitaxial relationship were evaluated through 

X-ray diffraction (XRD: X’pert MRD, Philips) using the optical geometry for 2- and 

, respectively. The surface morphology was investigated by dynamic force microscope 

(DFM) mode of scanning probe microscope (SPM: NanoNaviReal, Hitachi High-Tech 

Science Corp.). Optical transmittance, optical bandgap and thickness of the films were 

simultaneously evaluated using UV-vis spectrophotometer (V-650, JASCO). 

Photoluminescence (PL) measurement was performed using He-Cd laser (IK3802R-G, 

Kimmon Koha) and photonic multichannel spectral analyzer (PMA-C7473, Hamamatsu 

Photonics) as an excitation source and a detector, respectively. Electrical properties 

(specific resistivity, carrier concentration, and Hall mobility) were evaluated using 

Hall-effect measurement system (Resitest 8310, Toyo Corp.) at measurement 

temperatures (T) ranging from 340 to 400 K using a sinusoidal alternating magnetic 

field with a root mean square and frequency of 0.54 T and 100 mHz, respectively. The 

applied current was optimized within a range of 10−8 to 10−7 A, depending on the 

inter-terminal resistivity and signal/noise (S/N) ratio of Hall voltage for each T. The 

impurity concentration was evaluated by secondary ion mass spectroscopy (SIMS: PHI 

ADEPT1010, ULVAC-Phi). Finally, micro Raman scattering measurements were 

carried out in backscattering geometry (RAMAN-11, Nanophoton). ZnO film grown at 

the Tg of 400 °C was cleaved and one of the pieces was annealed by rapid thermal 

annealing system (RTA: MILA-3000, Ulvac-Riko, Inc.) at 700 °C for 10 min in O2 

atmosphere to evaluate the effect of thermal treatment on the resistivity and the 

chemical bonding state of nitrogen in ZnO.  
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4-3 Results and discussions 

4-3-1 Crystallinity and morphology of epitaxial ZnO films 

To investigate the crystal structure and epitaxial relationships, XRD 

measurement was performed in the optical geometry of 2- and  as shown in Fig. 4-1 

(a) and (b), respectively. The 2- scanned XRD profile (a) shows only ZnO 000𝑙 

diffraction peaks, indicating the strong (0001) preferred orientation of ZnO films on 

sapphire (0001)  substrates. The -scanned XRD profiles (b) show the six-fold 

symmetric diffraction peaks of ZnO 101̅1, which are rotated by 30° from the three-fold 

symmetric diffraction peaks of sapphire 101̅4, indicating that ZnO films are epitaxially 

grown on the sapphire substrates with the epitaxial relationships of (0001) [112̅0] 

ZnO // (0001) [101̅0] sapphire as illustrated in the inset of (b). The incorporation of a 

30° rotation domain, [101̅0] ZnO // [101̅0] sapphire,35,36) is suppressed in our epitaxial 

films. Additionally, the magnitudes of orientation were evaluated by the full width at the 

half maximum (FWHM) value of - and -scanned XRD profiles. (Fig. 4-2) Regarding 

-scan, ZnO 0002  and 101̅1 plane are selected for tilt and twist measurement, 

respectively, because the lattice plane inclination () of these two planes is much 

different from each other.37) The FWHM values of rocking curve and -scan decrease 

with increasing the Tg signaling the improvement of crystallinity at higher Tg growth, 

probably due to the enhancement of surface migration of adatoms or Ostwald 

ripening.38) 
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Fig. 4-1. 2- scanned (a) and  scanned (b) XRD profiles for ZnO epitaxial films on 
sapphire (0001) substrate grown at various Tg. Epitaxial relationships are (0001) 
[112̅0] ZnO // (0001) [101̅0] sapphire as shown in the inset of (b). 
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Fig. 4-3 (b) – (d) show surface morphologies of ZnO epitaxial films grown on 

atomically flat sapphire (0001) single crystal substrates. (a) Although the growth 

mode seems to be a typical three-dimensional grain growth mode, the diameter of grain 

for 400 °C-grown film is approximately 100 nm, which is apparently larger than that of 

200 °C- and 300 °C-grown ones (~ 50 nm). These observations support the results 

described above. (Fig. 4-2) Root mean square (RMS) values for 400 °C-grown film is 

slightly larger than those of other ones despite the film thicknesses are almost the same. 

This is possibly due to the expansion of grain size. 
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Fig. 4-3. DFM image of sapphire (0001) single crystal substrate after optimum 
annealing treatment.33) (a) Single step height of 0.23 nm corresponds to one sixth of 
c-axis length of sapphire. DFM images of ZnO films grown on the substrate at various 
Tg. (b) - (d) 
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4-3-2 Optical properties of epitaxial ZnO films 

The optical properties of the ZnO epitaxial films were investigated using 

optical transmittance measurements at wavelengths ranging from 300 to 900 nm (Fig. 

4-4). The ZnO films show high transmittance above 85% at wavelengths ranging from 

400 to 900 nm with no noticeable in-gap absorption, and a sharp basic absorption edge 

near the bandgap of ZnO. From the oscillation period of the spectrum and the assumed 

refractive index of 1.95, the film thicknesses of 200 ºC-, 300 ºC- and 400 ºC-grown ZnO 

films can be determined to be approximately 390, 400 and 350 nm, respectively, which 

shows good agreement with observations using a cross-sectional scanning electron 

microscope (SEM) after cleaving the samples. The corresponding growth rate is 

calculated to be 11 ~ 13 nm/min, which shows small change against the increase of Tg 

because the CVD is performed in a supply limited region as described in chapter 2. The 

direct optical bandgap (𝐸𝑔) is estimated using the following formula (the so-called Tauc 

plot): 39) 

(𝛼𝐸)2 = 𝐴(𝐸 − 𝐸𝑔), (4-1) 

where 𝛼 , 𝐸 , and 𝐴  are the absorption coefficient, photon energy, and constant, 

respectively. By linear extrapolating the line (inset of Fig. 4-4), the values of 𝐸𝑔 for 

200 ºC-, 300 ºC- and 400 ºC-grown ZnO films are determined to be 3.29, 3.30 and 

3.27 eV, respectively, which are close to the bandgap of ZnO at ambient temperature 

and pressure.40) From the above results, the ZnO epitaxial films with good 

crystallographic and optical transmittance properties were successfully formed by 

N2-based nonequilibrium N2/O2 plasma generated near AP. 

  



74 

 

  

Fig. 4-4. Optical transmittance spectra for ZnO epitaxial films grown at various Tgs. 
The inset gives the Tauc plot derived from the transmittance spectra. 
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As a more defect-sensitive method, PL measurement was also carried out. (Fig. 

4-5) At 300 K (a), PL spectrum of ZnO film grown at 400 °C is dominated by red 

luminescence (RL) around its mid-gap centered at 1.8 eV (~ 680 nm) with a relatively 

weak near band edge luminescence (NBL), while those of PLD-grown ZnO film and 

HYD-grown resistive ZnO single crystal are dominated by green luminescence (GL) 

and yellow luminescence (YL). GL in ZnO centered at 2.4 eV (~ 520 nm) is generally 

assigned as oxygen vacancy (VO)-related emission, which is often observed in 

nominally un-doped ZnO regardless of the growth methods.16,20,41) Compared to that, 

RL in ZnO is poorly understood. Although a few reports exist, RL does not seem to 

exist naturally, but seems to be created artificially during harsh treatments such as high 

temperature annealing 42) or electron beam irradiation.42,43) Knutsen et al. have 

associated the RL centered at 1.75 meV with zinc vacancy (VZn) acceptor. They 

performed high energy electron beam irradiation to ZnO single crystal to find that the 

drastic decrease of residual electron concentration from ~ 1016 cm-3 to ~ 1013 cm-3 as 

well as the enhancement of RL intensity with increasing irradiation energy, supporting 

that the RL have a nature of acceptor-type intrinsic defects.42) At a cryogenic 

temperature of 8.4 K (b), PL measurement was performed again. RL is still 

predominantly observed for all CVD-grown samples. These results indicate that ZnO 

epitaxaial films grown by N2-based nonequilibrium N2/O2 plasma generated near AP 

naturally include VZn acceptor at as-deposited states, which behaves as efficient 

radiative recombination center in our CVD-grown ZnO epitaxial films. 
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Fig. 4-5. PL spectra of ZnO epitaxial films and single crystal taken at 300 K (a) and 
8.4 K (b). All spectra are normalized by the PL intensity at 3.28 eV. 
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4-3-3 Electrical property of ZnO epitaxial films 

Hall-effect measurements were performed for ZnO epitaxial films to 

electrically investigate the electronic states. Prior to the measurement, the samples were 

processed into Hall-bar structures with a channel length and width of 200 mm and 

150 mm, respectively, through standard photolithography consisting of chemical etching 

of the ZnO films (ITO-02, Kanto Kagaku, 0.1 wt.% for 1 min), electron beam (EB) 

deposition of Ti(5 nm)/Au(200 nm) Ohmic electrodes (EBG-303, Biemtron Co., Ltd.), 

and subsequent lift-off techniques in the remover (AZ Products, AZ-700, 80°C). All 

samples exhibited n-type conduction independent on the T. Fig. 4-6 shows T 

dependence of the specific resistivity r (a), electron concentration n (b) and Hall 

mobility mHall (c). An optical microscope image of a Hall-bar structure and the 

measurement configurations are also inserted in Fig. 4-6 (b). A PLD-grown sample 

measured by van der Pauw’s method shows low resistivity (~ 2×10-1 cm) regardless of 

the T, due to the high residual shallow donors concentration above 1018 cm-3, whereas 

all CVD-grown samples show high resistivity exceeding 103 cm even at 400 K. The 

resistivity was too high to obtain a reliable Hall voltage near 300 K. Although the mHalls 

themselves are not so high (0.8 - 4 cm2V-1s-1 at 400 K) probably due to the grain 

boundary scattering,44) n are quite low values on the order of 1013 to 1015 cm-3 even at 

400 K. It is clear that our process is able to obtain ZnO films with quite low n, which 

has still been a major challenging issue for the device application of ZnO. From another 

viewpoint, carrier compensation by acceptors as represented by VZn must be taken into 

account. To reveal the origin of such a low residual electron concentration, the T 

dependence of n was analyzed in detail based on the charge neutral formula. 
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Fig. 4-6. T dependence r (a), n (b), and mHall(c). Error bars in n (b) and mHall (c) 
indicate the maximum and minimum value for each temperature measured at an 
optimized applied current. Optical microscope image and measurement configurations 
of a five-terminal Hall-bar structure are also shown in (b). 
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For non-degenerated n-type semiconductors with a single dominant donor level 

and a negligible free hole concentration, the charge neutral formula can be expressed as: 

45,46) 

𝑛(𝑛+𝑁𝐴
𝑛𝑒𝑡)

𝑁𝐷−𝑁𝐴
𝑛𝑒𝑡−𝑛

=
𝑁𝐶

2
𝑒𝑥𝑝 (−

𝐸𝐶−𝐸𝐷

𝑘𝐵𝑇
), (4-2) 

where 𝑛, 𝑁𝐴𝑛𝑒𝑡 , 𝑁𝐷 , 𝐸𝐶 − 𝐸𝐷 , 𝑘𝐵 , and 𝑇 are the free electron concentration, net 

compensating acceptors concentration, dominant donor concentration, activation energy 

of the donor level, Boltzmann constant, and absolute temperature, respectively. Here, 

𝑁𝐶 is an effective density of states of the conduction band: 

𝑁𝐶 = 2 (
2𝜋𝑚𝑒

∗𝑚0𝑘𝐵𝑇

ℎ2
)3 2⁄ , (4-3) 

where 𝑚𝑒∗𝑚0 , and ℎ  are the effective electron mass and the Planck constant, 

respectively. In the following calculation, 0.21 𝑚0 (parallel to the c-axis) is used as an 

effective mass of the electron.47) Also, our n-type ZnO films on sapphire (0001) 

substrates have quite low n of the order of 1013 ~ 1015 cm−3 even at 400 K, which is 

obtained in a wide process window. These values are lower than that of high quality 

epitaxial films on sapphire (112̅0)  substrates with smaller lattice mismatch,48,49) 

homoepitaxial films,50) and lattice-matched heteroepitaxial films,51) despite all of which 

are obtained as a result of their continuous efforts toward a reduction of the n. Such 

situations enable the use of an additional approximation: 

𝑛 ≪ 𝑁𝐴
𝑛𝑒𝑡 , 𝑁𝐷. (4-4) 

From Eqs. (4-2) – (4-4), the following equation can be derived.45,52,53) 

𝑛𝑇−3 2⁄ = (
𝑁𝐷

𝑁𝐴
𝑛𝑒𝑡 − 1) (

2𝜋𝑚𝑒
∗𝑚0𝑘𝐵

ℎ2
)
3 2⁄

𝑒𝑥𝑝 (−
𝐸𝐶−𝐸𝐷

𝑘𝐵𝑇
). (4-5) 
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According to Eq. (4-5), 𝑛𝑇−3 2⁄  is plotted against the reciprocal temperature 

1000/T (Fig. 4-7). From the slope and intercept of the solid fitted lines, the activation 

energy of the dominant donor level (𝐸𝐷) and the compensation ratio (𝑁𝐴𝑛𝑒𝑡 𝑁𝐷⁄ ) for each 

samples are deduced. Although the sample grown at 200 °C is not able to get a reliable 

fitting result to calculate its compensation ratio, only the donor level is calculated to be 

(1.19±0.08) eV from the conduction band (Ec). On the other hand, samples grown at 300 

and 400 °C show almost the same activation energy of (0.29±0.04) and (0.34±0.05) eV 

from the Ec, respectively, suggesting that the free electron of these samples come from 
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NA
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Fig. 4-7. Temperature dependence of the nT-3/2 in highly resistive ZnO epitaxial films. 
Activation energy of the dominant donor level (ED) and the compensation ratio 
(NA

net/ND) are deduced from the slope and intercept of the solid fitted lines, 
respectively. 
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the same donor level around Ec – 0.3 eV. In the conventional growth techniques 

performed in a vacuum such as molecular beam epitaxy (MBE), pulsed laser deposition 

(PLD), such deep donor is hardly confirmed in Hall-effect measurement unless an 

introduction of counter (acceptor) dopants due to a large amount of shallow donors in 

ZnO films. Even in single crystals of ZnO, such deep donor is hardly observed in 

Hall-effect measurement unless the compensation of shallow donors by Li acceptor.54,55) 

Moreover, n at 300 K (n300K) for 400 °C-grown sample is estimated to be as low as 

7×1013 cm−3 by the extrapolation of the fitted line despite its low 𝑁𝐴𝑛𝑒𝑡 𝑁𝐷⁄  for 

semiconductor materials.54) These results indicates that nonequilibrium N2/O2 plasma 

generated near AP is effective for the suppression of not only residual electron but also 

shallow donors in ZnO, which still has been the most critical issue for the practical 

application of ZnO-based devices. For 400 °C-grown sample, the slope seems to change 

at the T around 370 K, suggesting that the change of dominant donor level should be 

taken into account just in case. Assuming the existence of two dominant donor levels, 

those activation energies (𝐸𝐷1  and 𝐸𝐷2 ) are calculated to be 70 and 590 meV, 

respectively, both of which are apparently larger than the thermal energy of 

measurement temperature (kBT, T = 340 ~ 400 K). Moreover, their compensation ratios 

(𝑁𝐴𝑛𝑒𝑡 𝑁𝐷1⁄  and 𝑁𝐴𝑛𝑒𝑡 𝑁𝐷2⁄ ) are calculated to be 0.996 and 2×10-5, respectively. These 

fitting results support the former discussion that nonequilibrium N2/O2 plasma 

generated near AP is effective for the suppression of not only residual electron but also 

shallow donors in ZnO. 
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To return to Eq. (4-2), numerical calculation was performed as 𝑁𝐷 variable, 

and as 𝐸𝐷 and 𝑁𝐴𝑛𝑒𝑡 𝑁𝐷⁄  constants.46) Although we could not get a higher limit of 𝑁𝐷 

due to the absence of Hall-effect measurements more than 400 K, lower limit of 𝑁𝐷 

could be estimated: 𝑁𝐷 ≳ 1016 cm-3 for 300 °C-grown film and 𝑁𝐷 ≳ 1018 cm-3 for 

400 °C-grown film. Additionally, the compensation ratio 𝑁𝐴𝑛𝑒𝑡 𝑁𝐷⁄  tends to increase 

with decreasing the Tg, signaling the change of defect or impurity concentration. That 

for 300 °C-grown sample is close to unity, indicating a nearly full compensation. 

However, the carrier type conversion from n-type to p-type against the decrease of Tg 

from 300 to 200 °C is not confirmed, which can be explained by the appearance of 

additional deeper donor located at Ec - 1.2 eV.  
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4-3-4 Extrinsic impurities and nitrogen acceptors 

SIMS measurement was performed to get information on the extrinsic 

impurities in ZnO film, those are possible candidates of donor and acceptor. Cesium ion 

(Cs+) was used as a primary ion. Fig. 4-8 shows depth profiles of hydrogen (H), carbon 

(C), nitrogen (N) and silicon (Si) in ZnO films. H (m/z = 1), C (m/z = 12), NO (m/z = 

30) and Si (m/z = 28) is used as secondary ions for the quantification of H, C, N and Si, 

respectively. Isotope ratio (28Si : 29Si : 30Si) is taken into account in the quantification of 

N to eliminate the interference effects between 30NO and 30Si. For all impurities, their 

concentrations naturally tend to decrease with increasing the Tg. Note that the depth 

profile and concentration of 200 °C- and 300 °C-grown ZnO films are similar to each 

other despite the activation energies of dominant donor are obviously different between 

these samples, suggesting that the dominant deep donors in our samples are not 

extrinsic impurities such as carbon 56,57) or silicon,58,59) but an intrinsic defects. Recently, 

H has believed to be the origin of shallow donor in ZnO,20,60) it does not seem to behave 

as a shallow donor, because dominant donor supplying free electron to the conduction 

band is “deep donor” in our case. On the other hand, nitrogen, a representative 

candidate of compensating acceptor, uniformly distributes along depth direction 

regardless of the Tg. In order to clarify the contribution of nitrogen to carrier 

compensation, chemical bonding state of nitrogen must be investigated for the epitaxial 

films discussed here. 
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Fig. 4-8. SIMS profiles for ZnO epitaxial films grown at various Tg. Cs+ is used as a 
primary ion. Background levels of each element are determined using standard ZnO 
film. 

E
xt

rin
si

c 
im

pu
rit

y
co

nc
en

tra
tio

n 
(c

m
-3

) 1023

1021

1022

1020

1019

1018

1017
0 100 200 300 0 100 200 300 0 100 200 300

Depth from surface (nm)

Tg: 200 ºC

H
C
N
Si

H
C

N
Si

H
C
N
Si

Tg: 300 ºC Tg: 400 ºC

H

Si

Background
level

Atomic concentration of ZnO

N
C

ZnO Sapphire ZnO Sapphire ZnO Sapphire



85 

 

Fig. 4-9 (a) shows Micro Raman spectra for ZnO films grown at various Tg. As 

a host vibration mode, ZnO E2(high) is predominantly observed at 438 cm-1 for all 

samples, because our Raman measurement is performed for ZnO films with (0001) 

preferred orientation using backscattering configuration.16) In addition to the vibration 

modes of host ZnO and sapphire substrate, local vibration modes (LVMs) are observed 

at 275 and 582 cm-1, both of which are not confirmed at all in PLD-grown nominally 

nitrogen-free ZnO films. These LVMs are generally attributed to nitrogen substituting 

oxygen site (NO) acceptor.16) Kaschner et al. proposed non-destructive and quantitative 

evaluation of nitrogen concentration using linear relationship between nitrogen 

concentration and intensity ratio, ILVM / IE2(high).61) Fig. 4-9 (b) is change in the integrated 

intensity ratio, ILVM / IE2(high), as a function of nitrogen concentration determined by 

SIMS measurements according to their proposal. Voigt function was used for the peak 

fitting and separation after the removal of linear background. ILVM / IE2(high) for both 

LVMs of 275 and 582 cm-1 show linear relationship against the change of nitrogen 

concentration, and their magnitude relation [I275 / IE2(high) < I582 / IE2(high)] agree with the 

report given by Kaschner et al.,61) indicating that NO acceptor certainly exist in our ZnO 

films. However, the slopes in Fig. 4-9 (b) [3.0×10-21 /cm-3 for I582 / IE2(high) and 4.8×10-22 

/cm-3 for I275 / IE2(high)] are approximately 0.065 and 0.028 times smaller than Kaschner’s 

report despite the nitrogen concentration of our ZnO films are one or two order of 

magnitude higher than their ZnO:N films,61) suggesting that only a small portion of 

nitrogen behaves as NO acceptor in our sample thus they are not a dominant 

compensating acceptor. 
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Fig. 4-9. Micro Raman spectra of epitaxial ZnO films on sapphire (0001) substrate 
grown at various Tg (a). PDA (700 ºC, 10 min, O2

 flow) was performed for 400 ºC 
grown sample. Change in the integrated intensity ratio, ILVM / IE2(high), as a function of 
nitrogen concentration determined by SIMS measurements, (b). Error bars along the 
horizontal axis indicate standard deviation of nitrogen concentration at the depth of 
100 – 200 nm from the surface. 
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In fact, we performed post deposition annealing (PDA) using rapid thermal 

annealing (RTA) system (700 °C, under O2 flow for 10 min) for another piece of 

400 °C-grown ZnO epitaxial film after cleaving the sample. [Fig. 4-9 (a)] The LVMs of 

NO acceptor are observed in the as-grown state, whereas those disappear after the PDA 

treatment. On the other hand, van der Pauw’s method revealed that this piece had a high 

specific resistivity of 1.5×105 cm at 300 K even after the PDA treatment, which is 

almost equal to the extended line of Fig. 4-6 (a). Although it has also reported that 

nitrogen-related complex defects are easily formed in N-doped ZnO such as NC 62,63) or 

NN,62,64-67) such signal was not detected at all in Raman spectra taken over a wide 

wavenumber before and after PDA,68) and in synchrotron radiation photoemission 

spectrum (SR-PES) of N1s orbital for as deposited sample.69) Considering the flat 

distribution of nitrogen concentration regardless of the Tg as shown in Fig. 4-8, most of 

the nitrogen might exist in the lattice of host ZnO as some stable state. 
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4-3-5 Electronic state of highly resistive ZnO films 

Based on PL measurement (Fig. 4-5), Hall-effect measurement (Fig. 4-6 and 

Fig. 4-7), SIMS measurement (Fig. 4-8) and Micro Raman spectroscopy (Fig. 4-9), the 

electronic states of our highly resistive ZnO films can be illustrated as Fig. 4-10. In case 

of ZnO film grown by vacuum processes (PLD) and HYD-grown ZnO single crystal, 

VO-related deep radiative recombination center (GL and YL) exists close to the 

conduction band (CB) side.20) On the other hand, our highly resistive ZnO films contain 

VZn-related one around its mid-gap, which act as an efficient recombination center 

(RL).42) At a quasi-equilibrium state (low electric field) such as Hall-effect measurement, 

shallow donors (Zni or H etc.) dominate the conductivity of ZnO film with low 

resistivity grown by vacuum processes (PLD), whereas they do not dominate the 

conductivity of our highly resistive ZnO films. Partially filled deep donors around 1.2 

eV and 0.3 eV from the conduction band minimum should play important roles in the 

generation of free electron and contribute to their low conductivities. On the other hand, 

representative deep acceptors such as VZn and NO should compensate residual donors 

and completely be filled by electron from the donors. Even assuming that shallow 

donors coexist in the highly resistive ZnO films, it is considered that the shallow donors 

should be preferentially and fully compensated to reduce the entire energy (Fermi 

energy). Such a complex situation with multiple donors is schematically illustrated and 

discussed in several literatures.70-73) [In case of ZnO, see Fig. 1 in ref.73)] In our highly 

resistive ZnO films, free electron from shallow donors should never exist because the 

concentration of n-type carrier is as low as 1013 - 1015 cm-3 even at 400 K. Therefore, 

the concentration of shallow donors should be less than 𝑁𝐴𝑛𝑒𝑡 (~ 0.89𝐸𝐷 and ~ 0.03𝐸𝐷 
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for 300 ºC- and 400 ºC-grown ZnO films, respectively). These results suggest that 

N2-based nonequilibrium N2/O2 plasma generated near AP is effective in suppressing 

not only residual electron but also shallow donors in ZnO. 

  

Fig. 4-10. Schematic illustrations of the electronic states for ZnO films discussed here. 
The words CB, VB, DS, DD, AD, Zni, H, VO, VZn, NO, GL, YL and RL in this figure 
denote the conduction band, valence band, shallow donor, deep donor, deep acceptor, 
zinc interstitial, hydrogen, oxygen vacancy, zinc vacancy, nitrogen substituting 
oxygen site, green luminescence, yellow luminescence and red luminescence, 
respectively. 
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4-4 Conclusions 

 In conclusions, we have successfully grown ZnO epitaxial films on sapphire 

(0001) substrate free from the incorporation of noticeable 30° rotational domain using 

N2-based nonequilibrium N2/O2 plasma generated near AP with the specific O2% of 

20% that is discovered in chapter 3.31) The ZnO epitaxial films exhibited high 

transmittance above 85% at the wavelengths ranging from 400 to 900 nm, and a sharp 

basic absorption edge corresponding to the optical bandgap of ZnO.40) On the other 

hand, PL spectra of our films are dominated by red luminescence (RL) centered at 1.8 

eV possibly originate from zinc vacancy (VZn) acceptor acting as an efficient radiative 

recombination center, which does not exist naturally but artificially created by some 

intentional damage.42) Hall-effect measurement revealed that these films are highly 

resistive because of an extremely low residual electron concentration originate from the 

suppression of shallow donors. As a result, extremely low free electron concentration of 

1013 - 1015 cm-3 was achieved even at 400 K. Although temperature-dependent 

Hall-effect measurement involving SIMS measurement and Raman measurement 

revealed carrier compensation by acceptors possibly originate from VZn or NO, the 

concentration of shallow donors should be less than 𝑁𝐴𝑛𝑒𝑡 (~ 0.89𝐸𝐷 and ~ 0.03𝐸𝐷 for 

300 ºC- and 400 ºC-grown samples, respectively). These results indicate that N2-based 

nonequilibrium N2/O2 plasma near AP is the effective method to suppress not only the 

residual electron but also the shallow donors in ZnO, which had been the most critical 

issue for practical applications of ZnO-based devices. 
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Chapter 5: Novel chemical vapor deposition route of 

ZnO films: nonequilibrium N2 plasma with small amount 

of O2 below 1% 

 

5-1 Introduction 

Zinc oxide (ZnO) and its related alloys have been intensively studied for their 

excellent optical, electrical, and magnetic properties.1–10) Although ZnO have many 

inherent advantages in terms of its material properties compared with III-V 

semiconductor such as gallium nitride (GaN),11–13) the problem of oxygen deficiency 

(zinc excess) has still remained as an obstacle to the practical application of ZnO-based 

devices,14) despite enormous efforts have been devoted to overcome the problem and 

various crystal growth techniques have been proposed and assessed.15) Recent 

theoretical researches have predicted that nonequilibrium growth at an oxygen-rich 

environment is effective in suppressing representative donor-type defects such as zinc 

interstitials (Zni) and oxygen vacancies (VO).16,17) From an experimental point of view, 

the use of a reactive oxygen source such as O3 and H2O is also important for 

suppressing oxygen deficiency in oxide films.18–21) Therefore, we focused on 

nonequilibrium plasma generated near atmospheric pressure (AP) which has an 

extremely high plasma density exceeding 1015 cm−3,22) and a sufficiently high reactivity 

to achieve Si 23,24) and Ge 25) nitridation even at ambient temperatures. Using plasma 

generation and stabilization technology near AP,26) we have developed a chemical vapor 

deposition (CVD) system and have reported the formation of ZnO films around 200 °C 

from -diketonate complexes [Bis-2,4octanedionato zinc: Zn(C8H13O2)2] and N2/O2 
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plasma generated near AP, which would never be achieved without plasma (thermal 

CVD) around this temperature as discussed in chapter 2.27,28) 

Recently, our research group has reported the oxynitridation of Si by irradiating 

N2 plasma with a small amount of additional O2 near AP. This plasma remarkably 

enhanced Si oxidation rather than nitridation, leading to the formation of a dense silicon 

oxynitride layer with much lower leakage current compared with conventional 

radio-frequency plasma formed under low pressure.29–31) Iwasaki et al. have adopted 

almost the same plasma system for surface modification process of ITO-coated glass 

substrates and glass substrates to find an extremely high hydrophilic efficiency.32,33) 

Despite being oxidative, this plasma had never been used in the CVD of oxide films. In 

case of conventional vacuum processes such as MBE, PLD, sputtering, ZnO films show 

low resistivity due to a large number of shallow donor-type defects. In contrast, we have 

discovered in chapter 3 that N2 plasma with a small amount of additional O2 is able to 

form ZnO films with quite high specific resistivity of 4×106 cm at room temperature 

while keeping high crystallinity,34,35) suggesting that our CVD process is effective to 

reduce residual electron in ZnO films. However, it has not elucidated the formation 

processes of the ZnO films through N2 plasma with a small amount of O2. 

In this chapter, therefore, we discuss the growth mechanism of ZnO films in 

this novel CVD route: N2 plasma with a small O2 concentration (O2%) below 1%. Based 

on the analysis of excited species in the plasma, decomposition and oxidation processes 

of the Zn source material, and crystallization process are discussed in detail.34) The 

electronic states of highly resistive ZnO films are investigated by thermally stimulated 

current (TSC) measurement to understand the reason of their high resistivity.35) 
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5-2 Experimental 

Referring to the schematic of our CVD system (Fig. 5-1), the flow rate of 

Bis-2,4octanedionato zinc: Zn(C8H13O2)2 (ADEKA CORPORATION) is fixed at 0.01 

g/min by liquid mass flow controller (LMFC). Zn source material is splashed by 

irradiating N2 (Top gas) of 1 slm, vaporized by thermal vaporizer kept at 190 °C, and 

transported using N2 (Carrier gas) of 3 slm. The flow rate of the carrier gas introduced 

into the chamber is fixed at 60 ml/min. This carrier gas is mixed with N2 and O2 

controlled by mass-flow controllers (MFC). The O2 concentration in the N2/O2 mixture 

(denoted as O2%) is varied from 0 to 1% and 20 to 90%, as an O2% determines the type 

and concentration of excited species in the N2/O2 plasma, which strongly affects the 

crystallinity of ZnO films as described in chapter 3.28) The purity of N2 and O2 is 

99.999% (5N). N2/O2 plasma by dielectric barrier discharging is generated between two 

parallel plate electrodes covered with aluminum nitride (AlN) separated by an uniform 

gap of 1.1 mm. Analysis of the plasma indicates that our plasma is nonequilibrium with 

the gas temperature and electron temperature of 410 - 430 K and 0.2 - 0.3 eV (~ 2900 

K), respectively.36) Applied AC voltage and the frequency are 6.0 - 6.7 kV and 180 kHz, 

respectively. The discharging current is typically 200 - 230 mA. ZnO films are grown 

on glass substrates placed in the plasma. The deposition time, the total pressure of the 

chamber and the growth temperature are 40 min, 50 kPa and 200 °C, respectively. 

Detailed information of the CVD system is reported elsewhere.27,28,34,35) The excited 

species in the plasma are monitored by optical emission spectroscopy (OES) using a 

photonic multichannel spectral analyzer (PMA-C7473, Hamamatsu Photonics). The 

mass analysis of the exhaust gases after passing through the plasma is performed by a 
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quadruple mass spectrometer (Q-mass: Inficon, Transpector 2) combined with a 

differential exhaust system. The oxidizability of the exhausted gases is evaluated by the 

controlled potential electrolysis gas sensor (PS-4DP, New Cosmos Electric) for the 

exhausted gases after passing through the dry pump. 
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Fig. 5-1. A schematic illustration of CVD system using N2/O2 plasma generated near 
AP and diagnostic system. Chemical structural formula of Zn source material is also 
shown. 
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After deposition, the crystal structure of the films is evaluated through X-ray 

diffraction (XRD: X’pert MRD, Philips) using the optical geometry of 2-. Optical 

transmittance, optical bandgap and thickness of the films are simultaneously obtained 

using a UV-vis spectrophotometer (V-650, JASCO) assuming that the refractive index 

of ZnO in visible region is 1.95. For some uncrystallized samples, the thickness is 

measured using a field-emission-type scanning electron microscope (FE-SEM; S-4500, 

Hitachi Co Ltd) in cross-sectional view after cleaving the samples parallel to the gas 

flow direction. Prior to the SEM observation, ultrathin Pt-Pd alloy was coated on the 

sample to avoid the charge up problem during the SEM observation. The specific 

resistivity of ZnO layer is evaluated by van der Pauw’s method using Hall-effect 

measurement system (TOYO-Corp., ResiTest 8310). Prior to the electrical 

measurements, Ohmic contacts consisted of indium dots are soldered onto the four 

corners of the films. In order to access effects of excited species in the plasma on the 

oxidation state of ZnO films, X-ray photoelectron spectroscopy (XPS: Kratos, 

AXIS-165) was performed using monochromatic Al-K radiation (1486.6 eV). Its 

energy resolution is 0.45 eV. Physical etching by Ar+ ion was carried out in the XPS 

chamber to remove adsorbed contaminations on the surface. 

Additionally, the trap levels of highly resistive ZnO films are evaluated by 

thermally stimulated current (TSC) measurement within the measurement temperature 

ranging from 78 to 300 K using pA Meter / DC voltage source (HP 4140B, 

Yokogawa-Hewlett-Packard Company), closed cycle cryostat (RDK-101D, Sumitomo 

Heavy Industries, Ltd.) and He compressor unit (CNA-11, Sumitomo Heavy Industries, 

Ltd.). The photo-excitation measurement and subsequent trap filling were performed at 
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78 K using UV-LED (OMRON, ZUV-C30H) with the central wavelength of 365 nm, 

which is slightly lower energy than the bandgap of ZnO at 78 K (3.43 eV) calculated 

from Varshni’s parameters ( = 0.716 meV/K,  = 537 K). Details of the TSC 

measurement will be described later. (5-3-5) 
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5-3 Results and discussions 

5-3-1 Effect of small amount of O2 addition on the plasma and basic 

properties of ZnO films 

OES of the plasma was performed to detect electronically excited atomic and 

molecular species in the plasma. Referring to Fig. 5-1, the edge of the optical fiber is 

fixed adjacent to the plasma to guide the optical emission (OE) into the PMA. Fig. 5-2 

shows the OE spectra of the plasma generated at the O2 concentration (O2%) of 0.2 and 

90%. Strong emission lines corresponding to the N2 second positive system (N2 2ps: 

𝐶3𝛱𝑢
+⟶ 𝐵3𝛱𝑢

+) are observed at wavelengths ranging from 300 to 450 nm in both 
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Fig. 5-2. Optical emission spectra of the plasma generated at the O2% of 0.2% (a) and 
90% (b). The magnifications of the spectra are also shown. 



106 

 

spectra. We have also reported that the N2 2ps are predominantly observed and the OE 

related to oxygen was barely observed in N2/O2 plasma at the O2% less than 20%.28) In 

Fig. 5-2 (b), the OE lines attributed to atomic oxygen (Atomic O*) are observed at 

wavelengths of 777 nm (3p5P → 3s5S), 843 nm (3p3P → 3s3S), and 927 nm (3d5D → 

3p5P), which are often observed in O2 plasma generated at low pressure.37,38) However, 

OE lines of nitric monoxide (NO) are observed at wavelengths of 213, 224, 234, 245, 

257, 270, and 284 nm in the spectrum of 0.2% [Fig. 5-2 (a)] despite N2 and O2 being 

the only gases introduced. This electronic transition is generally called the NO-g system 

(NO-g: 𝐴2𝛴+⟶ 𝑋2𝛱𝛾
+); its excitation processes up until the OE of NO-g are given as 

follows.39-41) 

𝑂2(𝑋
3𝛴𝑔
−) + 𝑒−(> 5.1 𝑒𝑉) ⟶ 2𝑂 + 𝑒−, (5-1) 

𝑁2(𝐴
3𝛴𝑢
+) + 𝑂2(𝑋

3𝛴𝑔
−) ⟶ 𝑁2(𝑋

1𝛴𝑔
+) + 2𝑂, (5-2) 

𝑁2(𝐴
3𝛴𝑢
+) + 𝑂 ⟶ 𝑁𝑂(𝑋2𝛱𝛾

+) + 𝑁, (5-3) 

𝑁𝑂(𝑋2𝛱𝛾
+) + 𝑁2(𝐴

3𝛴𝑢
+) ⟶ 𝑁𝑂(𝐴2𝛴+) + 𝑁2(𝑋

1𝛴𝑔
+), (5-4) 

𝑁𝑂(𝐴2𝛴+) ⟶ 𝑁𝑂(𝑋2𝛱𝛾
+) + ℎ𝜈(𝑁𝑂 − 𝛾). (5-5) 

From our previous report, the OE of the NO-g was observed in N2 plasma with 

small O2%. Using this plasma, the oxidation of Si wafer was drastically enhanced rather 

than the nitridation.29–31) Based on these results, we considered that NO-g should 

provide a new oxidation process for oxide films. Therefore, we have carried out OES 

for N2 plasma generated at a small O2% below 1%. 
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From plots of the OE intensities of N2 2ps and NO-g as a function of the O2% 

(Fig. 5-3), the OE intensity for N2 2ps rapidly decreases with the addition of O2 and 

becomes almost constant at O2% above 0.04%. The rapid quenching of N2 2ps by the 

addition of O2 is due to the decrease of electron density by the strong electronegativity 

of O2 33) or quenching reaction of N2(𝐶3𝛱𝑢
+) with O2 42) as described in chapter 3. 

Regarding NO-g, that is observed even at an O2% of 0% owing to oxygen-related 

residues in the N2 gas cylinder such as O2 or H2O, which are observed even when we 

use N2 gas of 99.9999% (6N) purity. The OE intensity of NO-g increases and reaches a 

maximum value around an O2% of 0.2% and then decreases with increasing O2%. At an 

O2% above 1%, OE from the NO-g system disappears probably due to the decrease of 

𝑁2(𝐴
3𝛴𝑢
+) concentration in the plasma according to eq. (5-4).42) 
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Fig. 5-3. Change of the OE intensity of N2 2ps (337 nm: square, the magnification of 
×1) and NO-g (234 nm: triangle, the magnification of ×10) as a function of the O2%. 
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To assess the contribution of NO-g to the crystallinity of the ZnO films, XRD 

measurements were performed to obtain 2- scanned XRD profiles [Fig. 5-4 (a)] for 

the samples deposited at O2%s of 0, 0.04, 0.1, 0.2, and 1.0%. No diffraction peaks are 

recognized for films fabricated at low O2% of 0 and 0.04%. In contrast, a small 

diffraction peak from ZnO 0002 is observed at the O2% of 0.1%, and that rapidly 

increases at the O2% of 0.2%. At the O2% of 1%, a diffraction peak from ZnO 101̅1 

appears, signaling deterioration in the (0001) preferred orientation for ZnO films. In 

general, 101̅1 diffraction with the largest structural factor for ZnO (JCPDS 36-1451) is 

often observed and difficult to remove when the films are grown at low temperature.43) 

The optical transmittance spectra of uncrystallized (0 and 0.04%) and 

crystallized samples (0.1, 0.2, and 1%) are shown in Fig. 5-4 (b). The crystallized films 

show sharp basic absorption edge corresponding to the bandgap of ZnO (~ 3.3 eV),44) 

whereas uncrystallized films exhibit broad absorption edge which exceeds the band gap 

of the ZnO, suggesting that the Zn source material is not fully decomposed when the 

deposition is carried out at the O2% below 0.04%.45) 
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To understand the contribution of NO-g for the chemical reaction during film 

growth, the growth rate and the state of crystallization against the logarithm of O2% are 

summarized in Fig. 5-5. The crosses (×) and circles (○) indicate the crystallization state 

of the films. The deposition rate of the ZnO films decreases with increasing O2% from 0 

to 0.1% whereas it does not change regardless of the O2% above 0.2%. The deposition 

rate of uncrystallized film (0%) is larger than that of crystallized one, because the Zn 

source material is not fully decomposed and included in the film as residual. At the O2% 

above 0.2%, the deposition rate is almost independent on the O2% and was regardless of 

the growth temperature ranging from 200 to 400 °C as well. Nevertheless, it depended 

on the flow rate of the Zn source material introduced into the chamber, suggesting that 

the growth governs the supply-limited process when the O2% above 0.2%. Atomic O* 

should contribute to the decomposition and the oxidization of the Zn source material at 

the O2% above 20% as shown in Fig. 5-2 (b), therefore, some oxidant with high 

oxidizability that is equivalent to Atomic O* should be sufficiently produced at the small 

O2% between 0.2 and 1%. 

Based on these experimental results shown from Fig. 5-3 to Fig. 5-5, the ZnO 

films with good crystallinity and optical property seem to originate from the 

contribution of NO-g. However, OE of NO-g is observed even at the uncrystallized 

regime (e.g. OE intensity of NO-g at 0.04% is larger than that of 1%). Therefore, 

another non-radiative excited species which enhances the decomposition and 

oxidization of Zn source material toward the crystallization of ZnO should exist at the 

O2% between 0.2 to 1%.
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5-3-2 Evaluation of non-radiative species using Q-mass and gas 

sensor 

To clarify the contribution of this non-radiative species, mass spectrometry was 

performed using the exhausted gases after passing through the plasma. (see Fig. 5-1 

again) The mass spectrum [Fig. 5-6 (a)] of the exhausted gases with the O2% of 0.2% 

can be classified in four different components corresponding to N, O, OH, and NO, after 

taking the isotope ratio and O2% into account. From the O2% dependence of the Q-mass 

signal of the representative ionized species [Fig. 5-6 (b)], the Q-mass signals for 14N+ 

and 28N2
+ are almost constant regardless of the O2% because the N2 flow rate is 

maintained constant throughout this experiment. Similarly, that for 17OH+, possibly 

originating from the residual water in the gas cylinder, is constant. In contrast, the signal 

for O increases with increasing O2%, which correlates with the increase in the O2 flow 

rate. Note that the signal for 30NO+ increase monotonically with increasing O2% despite 

the OE of NO-g disappearing at O2% greater than 1%. This signal originates from NO in 

the ground state [NO(X2g
+)], because the effective radiative lifetime of NO(A2) is 

estimated to be 210 ns,46) which is too short for NO(A2) to maintain and reach the 

Q-mass system. Therefore, the disappearance of NO-g at O2% greater than 1% must 

result from the decrease of metastable N2(A3u
+) concentration in the plasma according 

to eq. (5-4).42) 
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Our Q-mass system can detect only positively ionized species. To investigate 

the gas species with high electronegativity (high oxidizability), the oxidizability of the 

exhausted gases was evaluated using a controlled potential electrolysis gas sensor, 

which responds to the adsorption of oxidative gases such as F2, Cl2, and O3. The time 

dependences of the sensor voltage at various O2% were recorded (Fig. 5-7). Prior to 

each measurement (t < 0), the surface of the sensor was purged by dry nitrogen to 

remove the adsorbed unknown oxidative gases. Next, pure N2 plasma was generated (t = 

0) and subsequently supplied with O2 (t > 0). The voltage of the gas sensor shows a 

slight but significant decrease at an O2% of 0.2%, and then a rapid decrease at higher 

O2% up until 5%, which indicates that the oxidizability of the exhausted gas is 
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Fig. 5-7. Time variation of the sensor voltage recorded at various O2% from 0.04 to 
5%. Controlled potential electrolysis gas sensor is fixed at the downstream side of the 
dry pump. The inset is an enlarged view for the data of 0.04, 0.1 and 0.2%. Decrease of 
sensor voltage corresponds to the enhancement of the oxidizability of exhausted gases. 
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monotonically enhanced with increasing O2%. This is probably owing to O3 generated 

in the discharging region as the half-life of O3 is sufficiently long for O3 to reach the gas 

sensor. This contrasts with other excited oxidants with shorter lifetimes such as the 

atomic O radicals. In general, O3 has a large absorption coefficient around 260 nm,47,48) 

which corresponds to the central wavelength for the OE of NO-g. The photo-induced 

dissociation of O3 is described as follows: 

𝑂3 + ℎ𝜈(𝑁𝑂 − 𝛾) ⟶ 𝑂2 + 𝑂(3𝑃2), (5-6) 

which indicates that a certain amount of O(3P2) exists in the discharging region at an 

O2% ranging from 0.2 to 1%, because strong OE of NO-g and O3 coexist in this O2% 

regime. Moreover, the generation efficiency of O(3P2) should rapidly decrease at O2% 

greater than 1%, because the OE of NO-g disappears in the regime.49) This result 

strongly suggests that the highly crystalline ZnO film grown at a specific O2% of 0.2% 

is produced by the contribution of both NO-g and O3. 
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5-3-3 Evaluation of the oxidation state by XPS 

 In order to access effects of excited species in the plasma on the oxidation state 

of ZnO films, X-ray photoelectron spectroscopy (XPS: Kratos, AXIS-165) was 

performed using monochromatic Al-K radiation. Its energy resolution is 0.45 eV. In 

general, chemical states (e.g. chemical bonding states, coordination states, valence 

states) are analyzed from XPS peak shift of core levels. In case of Zn, however, 

oxidation-induced peak shift of Zn2p3/2 is as small as 0.3 eV, which makes it difficult to 

separate oxidized and non-oxidized components.50) On the other hand, 

oxidation-induced auger peak shift is as large as 5 eV. Therefore, we intended to 

separate oxidized component (ZnO) and not a fully oxidized component (ZnO1-x) using 

auger spectra. Fig. 5-8 (a) shows Zn auger L3M45M45 spectrum for ZnO film grown at 

the O2% of 0.2%. In addition to the intense peak (ZnO) located at the kinetic energy of 

988.4 eV, chemical shifted peak (ZnO1-x) is observed at 991.8 eV as a right shoulder. To 

evaluate the effects of excited species in the plasma on the oxidation state of ZnO films, 

integrated intensity ratio (IZnO / IZnO1-x) is plotted as a function of the O2%. [Fig. 5-8 (b)] 

The amount of peak shift (E) including its standard deviation is approximately 

(3.37±0.05) eV, therefore the standard deviation is smaller than the energy resolution of 

our system. Prior to the measurement, physical etching by Ar+ was performed for 0, 3 

and 4 min in the XPS chamber to reduce the effects of contamination. Note that the 

value of IZnO / IZnO1-x increases and reaches a maximum value around an O2% of 0.2%, 

where a highly crystalline ZnO film is obtained, and then decreases at 1%. At the O2% 

above 1%, IZnO / IZnO1-x do not show much change. These results suggest the strong 

oxidizability of this novel CVD route compatible to Atomic O*-based plasma. 
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5-3-4 Reaction scheme 

Based on the analysis of plasma (OES) and exhausted gas (Q-mass, Gas 

sensor), the detected excited species are summarized in Fig. 5-9 (a). At a specific O2% 

of 0.2%, where we could achieve the best crystallinity, NO-g and O3 coexist in the 

discharging region and might generate active oxidant such as O(3P2). Iwasaki et al. have 

reported the hydrophilization of the ITO-coated glass substrate 32) and the glass 

substrate 33) by nonequilibrium AP N2 plasma with small amounts of O2 added. Their 

group systematically investigated the absolute density of non-radiative atomic oxygen 

[O(3P2)] generated by the photo-induced decomposition of O3 at various O2% by 

vacuum ultraviolet laser absorption spectroscopy, and pointed out that the extremely 

high hydrophilic efficiency was produced at a specific O2% by the photo-induced 

decomposition of organic contaminants by NO-gand the subsequent oxidation by 

O(3P2).49) Their result is similar to our case and strongly supports our claim that the 

highly crystalline ZnO film fabricated at a specific O2% of 0.2% originates from the 

decomposition and oxidation of Zn source material by the coexistence of NO-gand O3 

through the reaction scheme in Fig. 5-9 (b). 
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5-3-5 Evaluation of the deep levels by thermally stimulated current 

measurement 

In the last section (5-3-4), we have found that the use of N2 plasma with small 

amount of additional O2 had remarkably enhanced the oxidation, which is compatible to 

that of atomic O*-based plasma as used in chapter 2.27) Using this plasma, extremely 

highly resistive ZnO films were successfully formed, which is difficult to obtain by the 

conventional vacuum processes such as MBE, PLD and sputtering methods.34,35) 

Therefore, this section focuses on the electronic states of highly resistive ZnO films. 

Thermally stimulated current (TSC) measurement is used to understand the reason of 

their high resistivity.35) 

Based on the findings obtained through the last section, we demonstrate the 

further enhancement of crystallinity by increasing the gas flow velocity from 0.7 to 3.8 

m/s. From a 2- scanned XRD profile [Fig. 5-10 (a)] of the film deposited at the 

optimized O2% of 0.2% and at the faster gas flow velocity of 3.8 m/s, strong (0001) 

preferred orientation is seen without the diffraction from ZnO 101̅1. 

The transmittance spectrum of this film [Fig. 5-10 (b)] indicates high 

transmittance above 85% at wavelengths ranging from 405 to 900 nm simultaneously 

with a sharp basic absorption edge. The optical bandgap is calculated to be 3.30 eV 

[inset of Fig. 5-10 (b)], which is close to the bandgap of ZnO at room temperature.44) A 

blue shift in the optical bandgap induced by the Burstein–Moss effect 51) or the 

amorphous phase 45) has not been confirmed despite the growth condition being 

O2-poor. 
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Resistivity measurement was performed by four probe method using van der 

Pauw’s electrodes configuration. Fig. 5-11 shows the change of the specific resistivity 

of ZnO films grown at 200 °C against the change of the O2%. These films show a quite 

high specific resistivity of above 106 cm, which is not easily obtained via conventional 

vacuum processes such as MBE, PLD, and sputtering unless the introduction of 

additional ion doping. Although Hall-effect measurement was also performed following 

the resistivity measurement, reliable Hall voltage was not detected due to the high 

resistivity of the samples.  

Fig. 5-11. Change of the specific resistivity r of ZnO films grown at 200 °C against 
the change of the O2%. 
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In order to analyze the origin of the high resistivity, trap states were evaluated 

by TSC measurement which is a powerful tool for the electronical investigation of 

semi-insulating (SI) materials such as SI-GaAs,52,53) SI-InP 54-57) and SI-GaN 58-60) etc. 

The experimental setup and measurement sequence are schematically illustrated in Fig. 

5-12. TSC measurement consists of three different steps.52) Samples are cooled down 

from 300 to 78 K in the dark environment as the first step. Following the cooling step, 

the carrier is injected from the electrodes and the trap states should be efficiently filled 

at 78 K by the illumination of UV-LED with the central wavelength of 365 nm for 5 min. 

Finally, the current due to the carrier emission from trap states (so called TSC signal) is 

Fig. 5-12. A schematic illustration of the experimental setup for thermally stimulated 
current measurements. Time sequence of the TSC measurement is also shown. 
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recorded at the temperature ranging from 78 to 300 K in dark environment while 

keeping a constant heating rate. A bias voltage of 1 V was always applied to the sample 

throughout these three steps. Fig. 5-13 shows the TSC curves for the highly resistive 

ZnO films shown in Fig. 5-11. Two prominent TSC peaks are observed at the 

temperature of 100 K (Tm1) and 290 K (Tm2) for the sample fabricated at the O2% of 

0.2%. In case of the samples deposited at 3.8 and 20%, although small and gradual 

cusps are confirmed near Tm1 and Tm2, it is difficult to decide the reliable peak 

temperatures, which directly correspond to the trap level. In the following discussion, 

therefore, we focus on the TSC curve of the sample fabricated at 0.2%. From the peak 

temperature (Tm) of a given trap state, the activation energy of the trap (ET) is 

approximately determined using the following equation: 52) 

𝐸𝑇 = 𝑘𝐵𝑇𝑚 ln(𝑇𝑚
4/𝛽),                                (5-7) 

where kB is Boltzmann constant,  is heating rate. From this equation, ET corresponding 

to Tm1 and Tm2 are calculated to be 170 and 610 meV, respectively. Fang et al. have 

observed the TSC peaks with the ET of 150 meV 61) and 160 meV 62) from 

hydrothermally grown highly resistive ZnO single crystals and have assigned as zinc 

vacancy (VZn) acceptor. Additionally, Kuriyama et al. have reported that 30 

MeV-electron-irradiated ZnO single crystals showed broad TSC peak at around 550 to 

660 meV that corresponds to our result. With considering the combination of the results 

of electron paramagnetic resonance (EPR) measurement, they concluded that those 

peaks could be assigned as VZn and Oi, respectively.63) 
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Fig. 5-13. TSC curves for highly resistive ZnO films grown at the O2% of and 0.2, 3.8 
and 20%. Prior to TSC measurement, trap states were efficiently filled at 78 K by the 
illumination of UV-LED with the wavelength of 365 nm for 5 min while applying the 
bias voltage of 1 V. 
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According to the literatures, nitrogen atom substituting oxygen site (NO) also 

creates a deep acceptor level in ZnO with the activation energy of around 170 meV.64) 

From cryogenic PL measurement, that of NO is estimated at 170 - 266 meV,64-69) which 

is close to the value of VZn. In our case, NO acceptor should be taken into account as 

well, because dense and reactive nitrogen excited species exist in the plasma.23-25) In 

order to access the chemical bonding state of doped nitrogen, Raman spectroscopy was 

performed. (Fig. 5-14) In addition to the host vibration modes at 437 and 574 cm-1, 

local vibration modes by NO are observed at 275, 505, 582 and 636 cm-1 as discussed in 

chapter 4.14,70,71) Therefore, VZn and NO are the candidates for Tm1. In order to clarify the 

origin of Tm1, further discussion is necessary. 

  

Fig. 5-14. Raman spectrum for the highly resistive ZnO film grown at the growth 
temperature and O2% of 200 °C and 0.2%, respectively. 
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5-3-6 Assignment of the trap states 

Fig. 5-15 (a) shows the TSC curve near Tm1 recorded at various heating rate. 

Tm1 shifts to higher temperature with increasing the heating rate from 0.06 to 0.2 K/s. 

Using this inherent nature of TSC processes, we can get further information from TSC 

curves. At a TSC peak temperature Tm, following formula can be described: 72) 

1

𝜈
𝑒𝑥𝑝 (

𝐸𝑇

𝑘𝑇𝑚
) =

𝑘𝑇𝑚
2

𝛽𝐸𝑇
, (5-8) 

𝜈 = 𝑁𝜎𝑇𝑉, (5-9) 

where 𝜈 , 𝑁 , 𝜎𝑇  and 𝑉  are emission frequency, effective density of state of 

conduction or valence band, capture cross section and thermal velocity, respectively. 

Eqn. (5-8) and (5-9) lead to the following formula: 

𝐸𝑇 = 𝑘𝐵𝑇𝑚 (
𝑁𝜎𝑇𝑉𝑘𝐵𝑇𝑚

2

𝛽𝐸𝑇
). (5-10) 

In case of crystal, effective density of state  𝑁 and thermal velocity 𝑉 at the peak 

temperature Tm can be written as follows: 

𝑁 = 2(
2𝜋𝑚∗𝑚0𝑘𝐵𝑇𝑚

ℎ2
)
3 2⁄

, (5-11) 

𝑉 = √
8𝑘𝐵𝑇𝑚

𝜋𝑚∗𝑚0
, (5-12) 

where 𝑚∗𝑚0 , 𝑘𝐵  and ℎ  are effective mass of carrier in the crystal, Boltzmann 

constant and Planck constant, respectively. From Eqs. (5-10), (5-11) and (5-12), 

following formula can be obtained.56,72) 

𝐸𝑇

𝑘𝐵𝑇𝑚
= ln (

𝑇𝑚
4

𝛽
) + ln (

16𝜋𝑚∗𝑚0𝑘𝐵
3𝜎𝑇

ℎ3𝐸𝑇
). (5-13) 

Therefore, the accurate activation energy and the capture cross section can be 

simultaneously obtained from the slope and intercept of 1 𝑇𝑚⁄ - ln(𝑇𝑚4 𝛽⁄ )  plot, 
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respectively as shown in Fig. 5-15 (b). Assuming that the effective mass of hole in ZnO 

is 0.54𝑚0,
73,74) accurate trap level ET1 and capture cross section 1 can be calculated to 

be 160 meV and 2×10-16 cm-2, respectively. Gu et al.75) have detected the trap level from 

N+-implanted ZnO with the ET and T of 170 meV and ~ 1016 cm-2, respectively by deep 

level transient spectroscopy (DLTS) measurement, both of which are very close to our 

result. They performed DLTS measurement after the systematic recovery and activation 

annealing at various temperature ranging from 650 to 1200 °C. ET of 170 meV was not 

detected as N+-implanted sample. Interestingly, however, the trap suddenly appeared at 

the annealing temperature of 700 °C, and persistently remained even after 

1200 °C-annealing, while the other DLTS peaks tend to disappear through the high 

temperature annealing and recovery process of crystal lattice of ZnO. These results 

strongly suggest that this trap level has thermally stable and/or thermally induced 

natures. From theoretically and experimentally, NO in ZnO is considered to be 

unstable,76-78) while VZn is artificially induced at a harsh environments such as high 

temperature annealing,79) high energy beam irradiation,61-63,80-83) and H2O2 etching.84,85) 

In fact, we performed post deposition annealing (700 °C, 10 min) for 400 °C-grown 

epitaxial ZnO film (already shown in chapter 4) in O2 atmosphere for 10 min similar to 

their experiment.75) The LVMs of NO acceptor were observed in the as-grown state, 

whereas those disappeared after the annealing treatment. [see Fig. 4-9 (a) again] 

Therefore, ET1 seems to be VZn rather than NO. 
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Fig. 5-15. TSC curves around Tm1 recorded at various heating rates. (a) Dashed line is 
guide to the eye. Plot of ln(Tm1

4/) as a function of reciprocal temperature 1000/Tm1. 
(b) 
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By the way, ET around 300 meV (generally called E3 electron trap) has often 

reported from deep level transient spectroscopy (DLTS),84-88) thermal admittance 

spectroscopy (TAS),89) TSC 82) and Hall-effect measurement 90,91) for ZnO single 

crystals regardless of the synthesis methods, and has been assigned as singly ionized VO 

donor. Optical absorption measurements performed by Halliburton et al.,92) Kappers et 

al.93) and Srikant et al.44) also detected the sub-gap absorption by E3 trap as a shoulder 

of basic absorption edge. Although we have also detected a single TSC peak possibly 

originate from E3 electron trap (Tm = 170 K, ET = 320 meV) when we use HYD grown 

n-type resistive ZnO single crystal (n300K ~ 3×1014 cm-3) used in chapter 4 as a reference 

sample of photoluminescence (PL) measurements, the signal is not detected in the TSC 

curve for the sample fabricated at the O2% of 0.2%, whereas the broad TSC peak seems 

to exist around 170 – 180 K for the samples fabricated at the O2%s of 3.8 and 20%. Our 

TSC measurement was performed after illumination at low temperature, which should 

enhance the filling process for majority (electron) and minority (hole) carrier traps 

simultaneously.94) Provided that the concentration of deep VO donor is comparable to 

that of VZn, TSC signal from VO donor should appear more clearly, because TSC current 

is also affected by the carrier mobility. (me > mh in ZnO) Therefore, ZnO film grown at 

the O2% of 0.2% seems to include less VO donors. Matsumoto et al. have reported that 

carbon-implanted ZnO also have the donor level of 310 meV from photoluminescence 

(PL) measurement and have assigned the level as carbon substituting zinc site (CZn),95) 

but such peak is not observed in our highly resistive ZnO films at all. 
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Based on above discussions, the electronic states of highly resistive ZnO films 

are schematically illustrated in Fig. 5-16 in addition to those of HYD-grown resistive 

ZnO single crystal. In case of ZnO single crystal, carrier emission from electron trap 

located at approximately Ec – 320 meV (so called E3 electron trap) is dominant, which 

is often observed by DLTS 84-88) or TSC measurement.82) On the other hand, our highly 

resistive ZnO films are dominated by hole traps (acceptor-type defects) such as VZn 

(160 meV), and VZn or Oi (610 meV), which is hardly observed in as-grown ZnO films. 
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Fig. 5-16. A schematic illustration of carrier emission processes during the TSC 
measurement. D, A, VO, VZn and Oi in this figure indicate donor level, acceptor level, 
oxygen vacancy, zinc vacancy and oxygen interstitial, respectively. 
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5-3-7 Application of this novel CVD process 

Based on this work, we can conclude the several advantages of this novel CVD 

process utilizing N2 plasma with small amount of O2. It would be desirable to suppress 

unintentional parasitic reactions occurring in the gas line or upstream region of the 

reactors, because most of the CVD source materials have explosive reactivity with O2 

resulting in a deterioration in crystal quality.15,96-98) N2-based plasma improves the 

temporal and spatial homogeneity of the plasma through the work of the metastable 

N2(A3u
+) with long radiative lifetime,99,100) which also helps to enhance the extraction 

of excited species to the remote (downstream) region 101) resulting in damage-less 

remote plasma CVD processes near AP. NO under the effect of N2(A3u
+) might be 

useful in forming nitrogen-doped p-type ZnO as theoretically predicted 102) and 

experimentally demonstrated.103) 
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5-4 Conclusions 

In conclusion, we have found a new CVD process for ZnO film using N2 

plasma with a small O2 concentration (O2%) generated near AP. In the OES of the 

plasma, OE lines corresponding to electron transitions of the N2 2ps and the NO-g were 

dominant at O2% ranging from 0 to 1%. Despite a low O2%, the growth rate is 

comparable to that of the films using the plasma including atomic O* which plays an 

important role in forming oxide films at low pressure plasma processes. Our plasma 

analyses using OES, Q-mass, and gas sensor suggested that ZnO films with excellent 

crystallographic and optical properties were produced at the specific O2% of 0.2% 

through the decomposition and oxidation of Zn source material by the coexistence state 

of NO-gand O3. By using this novel route, ZnO films with high crystallinity, excellent 

optical absorption property and high specific resistivity of 4×106 cm were successfully 

obtained at the growth temperatures of as low as 200 °C at a wide process window, 

which is difficult to obtain through the conventional vacuum processes. TSC 

measurement detected two prominent trap states in our unique ZnO film grown at the 

O2% of 0.2% with the activation energy of 170, and 610 meV, which were able to 

assign as acceptor-type defects: VZn, and VZn or Oi, respectively. This experimental 

result and theoretical prediction given by Janotti et al.17) suggests that AP plasma 

process is effective method for the realization of O-rich growth condition, which might 

leads to the formation of intrinsic and p-type ZnO films. 
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Chapter 6: Chemical vapor deposition using 

nonequilibrium N2/O2 remote plasma generated near 

atmospheric pressure 

 

6-1 Introduction 

Nonequilibrium plasma generated near AP is classified into two different 

configurations: direct plasma and remote plasma,1) and the two types are employed for 

different purposes in accordance to the processing objects. As for the deposition process, 

direct plasma has been applied to the high speed deposition 2) owing to the high plasma 

density.3) Nonequilibrium AP plasma besed on dielectric barrier discharge requires the 

covering of electrodes by dielectric materials and the narrow plasma gap of around 1 

mm,2) which limits the conductivity and shape of the processing objects. On the other 

hand, remote plasma is able to apply for flexible substrate or metallic substrate, which 

allows a lot of process flexibility. The cleaning process of organic contaminant by 

remote plasma has partly put to the practical use in the manufacturing processes of 

liquid crystal display.3,4) Remote plasma is expected to reduce plasma damages to the 

substrates and films, which is often getting severe problem in the plasma deposition 

process of thin films. In case of He-based AP plasma, excited species expands and 

maintained far from the electrode owing to the benefit of quite long lifetime of 

metastable He.5) That of AP N2/O2-based plasma, however, the extraction of excited 

species to remote region should be the key issue due to the quite high collision 

frequency and short lifetime of excites species.6,7) 
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In chapter 5, we could obtain an important suggestion that the use of N2 plasma 

with small amount of O2 might be effective for the extraction of excited species to the 

remote region by the benefit of metastable N2 species. In this chapter, therefore, we 

investigate the effect of experimental conditions on the extraction efficiency of excited 

species to the remote region at first. Based on the results of optical emission 

spectroscopy (OES) at the remote region, chemical vapor deposition (CVD) of ZnO 

films is demonstrated using N2-based N2/O2 remote plasma generated near AP for the 

first time. 
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6-2 Difference in growth process: Direct and Remote regions 

First of all, the difference of growth processes between direct and remote 

region is investigated return to the experiment performed in chapter 2 (see Fig. 2-7 

again). The distribution of film thickness and morphology along gas flow direction are 

summarized in Fig. 6-1 (a) and (b), respectively. Based on these microscopic 

observations in Fig. 6-1 (a) and (b), growth model along the gas flow direction is 

developed and schematically illustrated in Fig. 6-1 (c). The regions are divided into five 

regions from upstream to downstream. 

At region 1, where the gases are introduced in the plasma edge, hexagonal 

large grains with the diameter of 100 – 200 nm are observed. Although the shape is not 

film but pillar, this region seems to provide highly-crystallized ZnO compared with 

other downstream regions from 2 to 5. In this region, relatively small precursors (low 

molecular weight) such as Zn or ZnO should suspend in the vapor-phase and be 

incorporated into the crystal according to the isotropic surface free energy density of the 

pillar.8) 

At region 2, where the gases are between the plasma edge and top electrode 

edge, the grain size is apparently smaller than that of region 1 and hexagonal structure is 

not confirmed. Similar phenomena have reported by Yasutake et al. during the 

AP-plasma enhanced CVD of Si films using horizontal reactor.9) According to their 

report, nucleation and condensation of precursors in the vapor phase, and subsequent 

formation of higher order particle result in the deterioration of crystal quality 

underneath the plasma edge. In our case, such higher order molecule [denoted as 

(ZnO)n] might be generated at the transition region 2. 
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Fig. 6-1. Film thickness distribution along the gas flow direction (a), surface and 
cross-sectional SEM images of ZnO films taken at various region (b) and growth 
model of ZnO films (c). 
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At regions 3 - 5, where the gases are after entering the direct plasma, the grain 

size is even smaller than that of region 1 and 2. Cross-sectional high magnification SEM 

images confirm small spherical nano-grains with the diameter of 20 – 30 nm in these 

regions, suggesting that the higher order molecule formed in the vapor phase is 

incorporated in the crystal. Note that we could successfully achieve epitaxial growth of 

ZnO films even in direct plasma as shown in chapter 4. [see Fig. 4-1 (b) again] 

Therefore, we conclude that although the precursor of the direct plasma might be higher 

order molecules, the size are not as large as that disturb the epitaxial growth of ZnO 

films. 

From this growth model, the author expects that the use of remote plasma 

might be effective for the enhancement of crystallinity, but the injection method of 

source materials should be carefully determined to avoid the formation of higher order 

molecules especially for the reactive source materials such as diethylzinc (DEZn). 
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6-3 Experimental setup for remote plasma CVD 

 According to the findings obtained in the last section, remote plasma CVD 

system was newly developed as shown in Fig. 6-2. N2 plasma with small amount of O2 

addition is generated between two parallel prate electrodes covered with silicon nitride 

dielectric and separated by uniform spacing of 1 mm by applying an AC voltage and 

frequency of 2.3 - 2.5 kV and 160 kHz, respectively. N2 flow rate (FN2) and total 

pressure of the reactor (p) are fixed at 6 slm and 5.3 kPa, respectively. O2 concentration 

in N2/O2 mixture is varied from 0 to 49% so as to access the expansion of plasma to the 

remote region. As for the deposition of ZnO films, diethyl zinc (DEZn) was selected as 

Zn source material. DEZn was supplied by bubbling of N2 carrier gas and the saturated 

vapor was transported to underneath the substrates by stainless delivery tube at the 

constant flow rate of 0.23 mmol/min and subsequently mixed at the remote region, 

because DEZn have an explosive reactivity with oxidants.10,11) Separate injection of 

source materials should be effective for the suppression of higher order molecules.12) 

Additionally, the flow direction of the remote plasma is set perpendicular to the sample 

surface so as to deliver DEZn quickly after mixing with plasma. Such an idea has also 

been applied to the MOVPE growth of AlGaN films.13,14) As a substrate, atomically flat 

sapphire (0001) was used as in the chapter 4 [see Fig. 4-3 (a) again], which is fixed 5 

mm above the dielectric box and heated from 400 to 600 °C. After the deposition, the 

crystal structure was investigated by X-ray diffraction (XRD). The film thickness and 

the morphology were evaluated by field emission type scanning electron microscope 

(FE-SEM). 
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Fig. 6-2. A schematic illustration of CVD system using N2/O2 remote plasma generated 
near atmospheric pressure. 
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6-4 Results and discussions 

6-4-1 Extraction of excited species to remote region 

 As discussed in chapter 5, the use of N2 plasma with small amount of O2 seems 

to be a key point for the effective extraction of excited species to the remote region. 

Based on this finding, OES was performed for N2 plasma with small amount of O2. OE 

of remote plasma was corrected through quartz view port. Optical fiber was fixed 

perpendicular to the view port so as to correct the OE at 5 mm above the ceramic box, 

which corresponds to the mounted position of substrates. 

Fig. 6-3 (a) shows OE spectra of remote plasma generated at the O2% of 

0.017%. OE of NO-g system [NO-g: 𝐴2𝛴+⟶ 𝑋2𝛱𝛾
+], N2 second positive system [N2 

2ps: 𝐶3𝛱𝑢+⟶ 𝐵3𝛱𝑔
+], N2O [𝑂(1𝑆)𝑁2⟶ 𝑂(1𝐷)𝑁2] and N2 Herman’s infrared system 

[N2 HIR: 𝐶5𝛱𝑔⟶ 𝐴5𝛴𝑔
+] are simultaneously observed. N2O and N2 HIR were not 

observed in direct plasma, probably due to the long radiative lifetime of N2O and the 

intense background OE of N2 first positive system [N2 1ps: 𝐵3𝛱𝑢+⟶𝐴3𝛴𝑢
+ ], 

respectively. In case of remote region, plasma should be maintained by the mutual 

collision of excited species, because most of the excited states have very short radiative 

lifetimes [e.g. Lifetime of N2(𝐶3𝛱𝑢+) < 1ms]. As described in chapter 5 (see Fig. 5-9 

again), metastable N2(𝐴3𝛴𝑢+) play important role in the generation of NO from N2/O2 

mixture. According to the plasma analysis reported by Hayakawa et al. employed the 

same experimental setup, mutual collision of metastable N2(𝐴3𝛴𝑢+)s is the origin of N2 

HIR emission.15) Therefore, the density of metastable N2(𝐴3𝛴𝑢+) should play a key role 

in maintaining N2-based remote plasma. 
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Fig. 6-3. OE spectrum of N2/O2 remote plasma generated at the O2% of 0.17%. (a) 
Change of the OE intensity of NO-g (234 nm), N2 2ps (337 nm), N2 HIR (707 nm) and 
N2O (557 nm) against the change of the O2%. (b) Throughout this experiment, 
discharge pressure p, applied voltage Vpp and frequency f are 5.3 kPa, 2.5 kV and 160 
kHz, respectively. 
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Subsequently, the intensity of these four OE lines was plotted as a function of 

the O2%. [Fig. 6-3 (b)] OE intensity of N2 2ps and N2 HIR show monotonic decrease 

against the increase of O2% due to the decrease of metastable N2(𝐴3𝛴𝑢+) in the remote 

plasma as discussed in chapter 3 (3-3-2) and chapter 5 (5-3-1).16) On the other hand, that 

of NO-g and N2O reaches to the maximum around the O2% of 0.02% and then decrease 

at higher O2% also affected by the concentration of metastable N2(𝐴3𝛴𝑢+).16) At the O2% 

> 1% the OE of plasma was hardly confirmed, suggesting that most of the radiative 

excited species are deactivated immediately after taking off from direct region. These 

results indicates that the metastable N2(𝐴3𝛴𝑢+) with long radiative lifetime plays the key 

role in the generation and maintenance of remote plasma. 
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6-4-2 Characterization of ZnO films 

 After the remote plasma CVD of ZnO films, the crystal structure and the 

crystallinity of the obtained films were investigated by XRD. Fig. 6-4 (a) shows 2- 

scanned XRD profile of ZnO films deposited on sapphire (0001) substrate at the Tg of 

400 °C. ZnO film shows (0001) preferred orientation. In order to get information on 

the epitaxial relationship between ZnO and underneath sapphire substrate, -scan was 

performed following the 2- scan. As an inclined plane, ZnO 101̅1 and Sapphire 

101̅4 was selected as shown in Fig. 6-4 (b). Six folded peaks of ZnO indicate the 

epitaxial growth of ZnO films. The out-of-plane and in-plane epitaxial relationship are 

summarized as follows. (0001) ZnO // (0001) sapphire and [101̅0] ZnO // [101̅0] 

sapphire. 
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Fig. 6-4. 2- scanned (a) and  scanned (b) XRD profiles for epitaxially grown ZnO 
films on sapphire (0001)  substrate at 400 °C. Epitaxial relationships along 
out-of-plane and in-plane directions are (0001)  ZnO // (0001)  sapphire and 
[101̅0] ZnO // [101̅0] sapphire, respectively. 
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Fig. 6-5 shows cross-sectional SEM image of this sample. The picture of 

cross-section is taken after cleaving the sample. ZnO films are composed of dense 

columnar grain with the diameter of approximately 100 nm. Small spherical nano grains 

possibly originate from the formation of higher order molecule as observed region 3 and 

4 in Fig. 6-1 is not confirmed, suggesting that the growth mode is similar to that of 

region 1 in Fig. 6-1 even for the use of DEZn with explosive reactivity with oxidant. 

Although the film is as thick as 2.3 mm, the surface flatness seems to be maintained. 
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Fig. 6-5. Cross sectional SEM image of ZnO films. This picture was taken after 
cleaving the sample. 
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In order to access the macroscopic growth mechanism, growth rate was 

evaluated at various growth conditions (O2%, Tg). The results are summarized in Fig. 

6-6. At first, note that the difference of the growth rates by plasma CVD and thermal 

CVD (without plasma ignition) for ZnO films grown at the O2% and Tg of 1.6% and 400 

oC, respectively. The growth rate of ZnO films grown by plasma CVD becomes nearly 5 

times higher than that by thermal CVD, indicating that the growth is undoubtedly 

accelerated by the excited species in the remote plasma. Next, O2% is changed from 

0.16 to 49% to investigate the contribution of radiative species to the formation of ZnO 

films refer to the result of OES shown in Fig. 6-3 (b). The growth rate of ZnO gradually 

increases against the increase of O2%. According to the OES shown in Fig. 6-3 (b), All 

the OEs monotonically decrease with increasing the O2% from 0.16%. Therefore, 

non-radiative excited species should be a source of oxygen in ZnO films. The most 

possible candidate of non-radiative excited species are O3 and O(3P2) from the 

discussion in chapter 5 (see Fig. 5-9 again). Finally, Tg is increased from 400 to 600 oC 

for both of plasma and thermal CVD. The growth rate is rapidly increase to as high as 

400 nm/min and apparently affected by the Tg for both cases, indicating that the growth 

is limited by the surface reaction of DEZn. Note that the yield is as high as 35%. This 

result also suggests that the remote plasma CVD with the flow direction of the remote 

plasma perpendicular to the sample surface as in our system has pussing effects of Zn 

source materials, which result in the high yield while avoiding the source material loss. 

Provided the growth mode can be changed to supply limited mode, the yield should be 

enhanced more. 
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6-5 Conclusions 

According to the position dependence of the growth morphology, remote 

plasma region is useful for the deposition of highly crystalline ZnO films. Thus, N2 

plasma with small amount of O2 was proposed for the realization of remote plasma 

CVD near AP. OES at the remote region indicates that the radiative excited species is 

effectively generated at the O2% below 1%. Nonequilibrium N2/O2 remote plasma near 

AP was employed to the CVD of ZnO films for the first time using diethyl zinc (DEZn) 

as Zn source material. ZnO films were epitaxially grown on sapphire (0001) substrate 

with the epitaxial relationship of (0001) [101̅0] ZnO // (0001) [101̅0] sapphire. 

Although the growth of ZnO was limited by the surface reaction of DEZn, the growth 

rate and material yield of DEZn was as high as 400 nm/min and 35%, respectively. 

These values are rather high compared with the other reports regarding the CVD of ZnO 

films.17) This result also suggests that the remote plasma CVD with the gas flow is 

perpendicular to the sample surface as in our system has pussing effects of Zn source 

gases result in the high material yield while avoiding the source material loss and 

unintentional vapor phase reaction even when we use metal organic (MO) compound 

with explosive reactivity with oxidant near AP. 
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Chapter 7: General conclusions 

 

 This thesis has been devoted to the experimental verification of the advantages 

of N2-based nonequilibrium N2/O2 plasma generated near atmospheric pressure (AP) to 

the reduction of residual electron and nitrogen doping to ZnO films for the application 

to next generation CVD process of ZnO based semiconductors. On the basis of various 

plasma analysis and film characterization techniques, reaction processes in the plasma 

and resulting electronic state of ZnO films are elucidated in detail. The result of this 

thesis is comprehensively summarized as follows. 

 In chapter 2, the author developed a chemical vapor deposition (CVD) system 

using O2-based N2/O2 direct plasma generated near atmospheric pressure (AP), which is 

expected to be the most effective use of the reactivity of excited species in the plasma. 

As a Zn source material, -diketonate complexes: Bis-2,4octanedionato zinc 

[Zn(C8H13O2)2 denoted as Zn(OD)2] was selected, which is free from spontaneous 

combustibility and liquid at ambient conditions. In the plasma, optical emission (OE) 

lines corresponding to the atomic oxygen (Atomic O*) were predominantly observed, 

which often plays important roles in low pressure plasma processes such as sputtering 

of oxide films. The growth of thin films was carried out using this plasma. X-ray 

diffraction for deposited films indicated the successful formation of ZnO films with 

(0001) preferred orientation at the growth temperature of as low as 200 ºC. ZnO film 

showed high optical transmittance in the visible light region with no noticeable in-gap 

light absorption and sharp basic absorption edge corresponding to the bandgap of ZnO. 

The film thickness distribution was measured along the gas flow direction in the 
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horizontal reactor. Growth of ZnO films was not confirmed at the most upstream region 

where no plasma was generated (thermal CVD), whereas the growth started as soon as 

the mixed gases were introduced into the remote plasma, indicating that the excited 

species in the plasma are responsible for the decomposition and oxidation reaction of 

Zn(OD)2. Furthermore, change of the growth rate of ZnO films in direct plasma was 

investigated against the change of Zn(OD)2 flow rate [FZn(OD)2], O2 flow rate [FO2] and 

growth temperature [Tg] to evaluate the growth process from macroscopic viewpoint 

based on the chemical reaction formula. As a result, the growth rate of ZnO films was 

susceptible to the FZn(OD)2, and independent on the FO2 and Tg. From these results, the 

growth process of ZnO films was in a supply limited state even at the Tg of as low as 

200 ºC, indicating the advantage of nonequilibrium plasma generated near AP toward 

the low temperature growth of ZnO films. 

 In chapter 3, the author accessed the effects of radiative activated species in the 

plasma on crystallinity and electrical property of ZnO films. The O2 concentration in the 

N2/O2 mixture gases was systematically varied from 0 to 100%. Optical emission (OE) 

of the N2 second positive system (N2 2ps) was observed over a wide range of O2% other 

than 100%. In addition, OE lines of nitric monoxide molecule (NO) corresponding to 

NO-g system (NO-g) were recognized only at the O2% of below or 1%. Meanwhile, OE 

lines of atomic oxygen (Atomic O*) which should take part in the formation of ZnO 

film in chapter 2 were observed at the O2% ranging from 20 to 100%. These results 

enabled the selection and control of the type and density of each active species by 

adjusting the O2%. Based on the finding, CVD was performed at various O2% to 

investigate the relationship between active species and properties ZnO films. ZnO films 
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showed (0001) preferred orientation as shown in chapter 2 at wide range of O2% from 

0.1 to 90%, however, the magnitude of (0001) preferred orientation on the basis of 

texture coefficient increased at specific O2%s of 0.2 and 20%, indicating the possibility 

of texture control by active species without increasing Tg. Subsequently, the specific 

resistivity of ZnO films was evaluated. Although that is affected by O2%, ZnO films 

showed high resistivity of 103 - 106 cm, which had been difficult to obtain by 

conventional vacuum processes. Moreover, the gas flow velocity was increased from 

0.7 to 3.8 m/s to reduce unintentional parasitic reactions. As a result, the texture 

coefficient was increased while keeping quite high resistivity of 106 -107 cm. This 

result indicates that ZnO films with low residual electron concentration are able to form 

even at a small O2 concentration, which is very important for the nitrogen doping to 

ZnO films. 

 In chapter 4, the author intended to clarify the origin of high resistivity. ZnO 

films were grown by epitaxial growth technique using N2-based nonequilibrium N2/O2 

plasma generated near AP in order to approach a more intrinsic origin of high resistivity. 

As a result, ZnO epitaxial films without noticeable incorporation of 30º rotational 

domain were obtained. Photoluminescence measurement was carried out to evaluate the 

in-gap states of highly resistive epitaxial films. Control samples (PLD-grown ZnO 

epitaxial film and ZnO single crystal) showed broad green luminescence around 2.3 eV 

possibly originate from oxygen vacancy (VO) donor, whereas our highly resistive ZnO 

films showed dominant red emission around 1.8 eV, suggesting the existence of zinc 

vacancy (VZn) acceptor. In order to approach the origin of high resistivity directly, 

temperature-dependent Hall-effect (TDH) measurement was carried out using Hall-bar 
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structure and found that the residual electron concentration was on the order of 1013 - 

1015 cm-3 even at 400 K, indicating that the high resistivity is due to the extremely low 

electron concentration. Secondary ion mass spectrometry (SIMS) measurement and 

Raman spectroscopy in conjunction with the analysis of TDH measurement suggested 

that the density of shallow donor is rather lower than that of deep donor, and electron 

from the deep donor is partially compensated by acceptors such as VZn. This result 

suggests the advantage of nonequilibrium plasma generated near AP for the reduction of 

not only residual electron but also shallow donor, which had been the biggest issue for 

the practical application of ZnO. 

 In chapter 5, the author discovered a new CVD process for ZnO films using N2 

plasma with a small O2 concentration (O2%) generated near AP. In the OES of the 

plasma, OE lines corresponding to electron transitions of the N2 2ps and the NO-g were 

dominant at O2% ranging from 0 to 1%. Despite a low O2%, the growth rate of ZnO 

films was comparable to that of ZnO films grown by atomic O* which plays an 

important role in forming oxide films at low pressure plasma processes. Our plasma 

analysis using OES, Q-mass, and gas sensor suggested that ZnO films with excellent 

crystallinity, optical transparency and low residual electron concentration were 

produced at the specific O2% of 0.2% by the coexistence state of NO-g and O3. 

Moreover, the trap level and capture cross section, both of which are inherent physical 

quantity of a specific defect, were evaluated by thermally stimulated current (TSC) 

measurements. As a result, VZn acceptor was identified again as in epitaxial films shown 

at chapter 4, but VO donor was not observed in the TSC curve. From the above, the 
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author proposed the advantage N2 plasma with a small O2% as a novel oxidative growth 

method of ZnO films. 

 In chapter 6, the author focused on the use of remote plasma for the deposition 

of ZnO films. In addition to the film thickness distribution along gas flow direction 

discussed in chapter 2, the distribution of growth morphology was evaluated. As a result, 

highly crystallized hexagonal pillars were grown at the remote region where the source 

gases were soon after entering the discharging region. Therefore, the plasma generation 

condition was investigated by OES from the viewpoint of extraction efficiency of 

excited species to remote region. In OE spectra, the extraction of radiative species was 

confirmed only at the O2% of 1.6% or less. CVD of ZnO films was performed on 

sapphire substrate located at 5 mm above the plasma outlet by mixing diethylzinc 

(DEZn) separately in the vicinity of the substrate. As a result, epitaxial growth of ZnO 

thin films was confirmed at the growth temperature of 400 ºC. Cross-sectional 

observation by scanning electron microscope (SEM) found highly crystallized and 

dense columnar grains with the diameter of approximately 100 nm, suggesting that the 

unintentional vapor phase reaction was suppressed by the use of remote plasma. 

Although the growth was limited by the surface reaction, very high growth rate of 400 

nm/min and material utilization efficiency of 35% were achieved. From above, remote 

plasma is effective for the suppression of vapor phase reactions, which enabled the use 

of highly reactive source materials such as metal organic compounds. 

These results show the advantages of N2-based nonequilibrium N2/O2 plasma 

generated near AP for overcoming the problems of residual electron, shallow donor and 

oxygen deficiency in ZnO films, which will open up a new window not only for the 
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reduction of oxygen deficiency in oxides but for the nitrogen doping to oxides and for 

the formation of oxinitrides.  
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