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CHAPTER I 

 

INTRODUCTION 

 
Zinc oxide (ZnO) is widely used in many applications, such as piezoelectric 

transducers, varistors, phosphors, and transparent conducting films [1]. N-type 

transparent conducting oxide (TCO) film is used in various photo-electronic devices 

such as window layers of solar cells [2] and flat panel displays [3]. In addition, p-type 

TCO is required for fabrications of complicated devices using together with n-type 

TCO. Due to n-type properties of ZnO by nature [4] because its native defects such as 

oxygen vacancies (VO) and zinc interstitials (Zni) act as donor states, it is easy to 

fabricate excellent n-type semiconductors by doping with group-III elements such as 

Al, Ga, etc., and achieve high carrier concentration to the order of 1021 cm-3, and 

resistivity in the order of 10-4 Ω⋅cm [5]. On the other hand, it is difficult to make 

stable p-type ZnO with high carrier concentration because of the oxygen vacancies, 

zinc interstitials, and size mismatch between the dopants and oxygen sites. Oxygen 

vacancies and zinc interstitials contribute n-type carriers. Size mismatch leads to the 

low crystalline quality. Recently, many research groups competed for p-type ZnO 

fabrication with better electrical properties and stability. In principle, p-type ZnO may 

be doped using group-V elements such as N, P, As and Sb to occupy the oxygen sites. 

These group-V doped ZnO thin films can be fabricated by several techniques such as 

metal-organic vapor deposition (MOCVD) [6], molecular beam epitaxy (MBE) [7, 8], 

pulsed laser deposition (PLD) [9 - 12], spray pyrolysis [13], and sputtering [14 - 21]. 

Among these growth techniques, sputtering is a suitable technique which could be 

applied to larger area deposition.  

Future p-type ZnO material should be used in many applications such as an 

ultraviolet electroluminescence device [22] and a tandem solar cell. The tandem cell 

is suggested in order to improve solar cell efficiency. It consists of two or more units 

of stacking solar cells. In order to connect electrical circuit of the upper unit to the 

lower unit while keeping high optical transmittance, it requires p-type TCO thin films.  

Generally, heavily doped n-type ZnO thin film is used as a window layer of the cell. 
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Thus, if heavily doped p-type ZnO could be created, the tunneling junction would be 

made. The lattice would be matched because both layers are made of the same kind of 

material i.e. ZnO. The junction would act as a tunneling diode that leaves the carrier 

to move in one direction. In addition, the n-type and p-type ZnO junction from n and 

p TCO’s could be fabricated in the same system such as the sputtering. Thus, the 

production time and number of fabrication tools could be decreased. 

In this work, a sputtering technique is proposed to fabricate group-V doped 

ZnO thin films on soda-lime glass substrates which are commonly used in many 

industries. Objective of this work is to fabricate ZnO thin film with group-V dopants 

using the sputtering technique and investigate key parameters in the process leading to 

p-type TCO thin films. In order to achieve p-type ZnO films, many conditions or 

parameters such as types of elements, temperature and time of thermal treatment, and 

composition of reactive gas were investigated. To avoid lattice mismatch, group-V 

elements with small atomic radii such as nitrogen (period 1) and phosphorous (period 

2) should be considered. Firstly, phosphorus-doped ZnO (ZnO:P) was investigated for 

p-type ZnO because phosphorus oxide (P2O5) which is in a solid form can be easily 

doped directly into ZnO target. Secondly, nitrogen which is the smallest element of 

group-V and commonly appears as nitrogen (N2) gas was used in the research. 

Nitrogen-doped ZnO (ZnO:N) was investigated by sputtering with pure ZnO target 

under the mixture of N2 and Ar gases. Thirdly, in order to help nitrogen atom to 

occupy oxygen site easier, pure metallic Zn target was used instead of ZnO target in 

sputtering process under N2 gas. Various thermal treatments with oxygen filling were 

investigated. Then, apart from N2 gas, nitrous oxide (N2O) gas was used as sputtering 

gas. Chemical bond of N2O should be broken by dissociation collision under 

sputtering process easier than that of N2. Thus, the mixture of N2O and Ar gases were 

investigated. Finally, many failures of previous research procedures originated from 

the high electronegativity of oxygen leading to the difficulty of nitrogen in occupying 

oxygen site. To force nitrogen into the oxygen site, encapsulation of zinc-nitrogen 

(Zn:N) layer between two ZnO layers with suitable thermal treatment for phase 

formation and diffusion was investigated to achieve p-type ZnO:N.  

The as-deposited films and thermal treatment films can be verified to have p-

type conductivity by Hall effect measurement. Nitrogen related defect complexes 
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(NRDC) that incorporated in the nitrogen doped ZnO (ZnO:N) films could be verified 

by Raman spectroscopy [23].  

This dissertation consists of six chapters. In the following chapters, Chapter II, 

the literature reviews are given. Chapter III describes the theoretical background of 

sputtering and characterization. The experimental procedures are given in Chapter IV. 

Next, Chapter V describes the experimental results and the discussion. Finally, 

Chapter VI is the conclusions of the dissertation. 



CHAPTER II 

 

LITERATURE REVIEWS 

 
The chapter begins with literature reviews discussing about zinc oxide, phosphorus- 

doped ZnO, arsenic-doped ZnO, antimony-doped ZnO, and nitrogen-doped ZnO.  

2.1 Zinc oxide 

Zinc oxide (ZnO) or zincite is II-VI compound semiconductor with wide and direct 

band gap of about 3.3 eV. Its crystal structure commonly appears in a form of 

hexagonal wurtzite (space group P63mc with oxygen and zinc at site 2b) as shown in 

Fig. 2.1. Its values of a and c are 3.24982 Å and 5.20661 Å [24], respectively. Its 

density is 5.675 g/cm3 [24]. The energy band structure of bulk ZnO [25] is depicted in 

Fig. 2.2. 

 

Zn 

O 
c 

a 
 

Figure 2.1: Wurtzite structure of ZnO. 
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Figure 2.2: Calculated band structure of bulk ZnO using hybrid density function [25]. 

 

Refractive index (n) of ZnO can be calculated from the formula [26]: 

                                        
2

2 22
1 42 2

3

Cn C C
C
λ λ

λ
= + −

−
 ,                                               (2.1) 

where C1 = 2.81418, C2 = 0.87968, C3 = 0.3042 μm, C4 = 0.00711 μm-2, and λ  is the 

photon wavelength (μm) in visible region. The refractive index in the visible region 

(0.4 – 0.7 μm) of ZnO is depicted in Fig. 2.3. The medium value of refractive index is 

2.02 at the wavelength of 0.55 μm. 
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Figure 2.3: Refractive index of ZnO in the visible region. 
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Typical ZnO exhibits n-type conductivity by nature because of it native 

defects such as oxygen vacancy (VO) and zinc interstitial (Zni). Both defects act as 

shallow donors. Hall mobility and carrier concentration of bulk ZnO are shown in 

Figs. 2.4 and 2.5, respectively. 

 

Figure 2.4: Experimental (circle) and theoretical (solid line) Hall mobility as a 

function of temperature in bulk ZnO [4]. 

 

Figure 2.5: Experimental carrier concentration (triangles) and theoretical fit (solid 

line) as a function of inverse temperature in bulk ZnO [4]. 
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 Hall mobility of ZnO relies on scattering mechanisms including (1) optical-

mode lattice vibrations, polar potential; (2) acoustic-mode, deformation potential; (3) 

acoustic-mode, piezoelectric potential; and (4) coulomb scattering from ionized 

impurities or defects. In addition, these scattering mechanisms depend on (1) relative 

low-frequency dielectric constant ε0 = 8.12, relative-high frequency dielectric 

constant ε∞ = 3.72 and polar-optical (Debye) temperature, Tpo = 837 K; (2) acoustic-

mode deformation potential E1 = 15 eV [4]; (3) piezoelectric coupling P⊥ = 0.21 

(current is perpendicular to the c-axis); and acceptor concentration, NA = 2.0 × 1015 

cm-3 [4]. Look et al. [4] reported that the ratio of accepter concentration to donor 

concentration NA/ND or compensation ratio of bulk ZnO equals to 0.02. 

ZnO is easy to be doped by group-III elements such as Al, Ga, and In into its 

Zn site and obtain n-type ZnO. In contrast, doping group-V elements into its O site for 

p-type conductivity is difficult. In addition, the problem also includes non-

repeatability, instability, low crystallinity and low transmission of the p-type ZnO 

films. Thus, p-type ZnO fabrication is very interesting and challenging work done by 

many research groups and is reviewed in the next sections. The promising candidates 

group-V elements to achieve p-type ZnO are N, P, and As. 

 

2.2 Phosphorus-doped ZnO films 

Heo et al. [9] prepared phosphorus doped ZnO film on sapphire substrates by pulsed 

laser deposition (PLD) technique at 400oC in oxygen pressure of 20 mTorr. Solid 

phosphorus doped ZnO targets are fabricated using ZnO powder with P2O5 doping 

level of 0 – 5%. Figure 2.6 shows the degradation in ZnO crystallinity with the 

increment of phosphorus content.  
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Figure 2.6: X-ray diffraction patterns of the ZnO:P films with various phosphorus 

contents, indicating a shift of lattice spacing with increasing phosphorus content [9]. 

 

The films do not exhibited p-type conductivity. But the films show n-type 

conductivity with hall mobility of 18 – 20 cm2/V⋅s. From Fig. 2.7, the carrier 

concentration increases with the increment of phosphorus content. The result 

indicated that donor state could be introduced by substitution of P on the Zn site. P+5 

and P-3 oxidation states were identified by the splitting of binding energy of P 2s peak 

using x-ray photoelectron spectroscopy (XPS) as shown in Fig. 2.8. This refers to 

possible substitution of P on the O site, but not enough to compete against P 

substitution on Zn site. 
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Figure 2.7: Resistivity and carrier concentration for as-grown ZnO:P films with 

various phosphorus content [9]. 

 

Figure 2.8: X-ray photoelectron spectrum for as-grown ZnO:P0.01 film [9]. 
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Xiu et al. [7, 8] prepared phosphorus-doped ZnO films on sapphire substrates 

by molecular beam epitaxy (MBE) using Zn and GaP effusion cells with the oxygen 

flow rate of 6 SCCM (SCCM denotes cubic centimeter per minute at STP). After the 

growth, the as-grown films were annealed under vacuum at 800oC for 20 minutes to 

activate phosphorus dopants. Growth conditions and electrical properties at room 

temperature (RT) of the films are summarized in Table 2.1:  

 

Table 2.1: Growth conditions and RT electrical properties of phosphorus-doped ZnO 

films [8]. 

 

 

Figure 2.9: Phosphorus-doped ZnO growth rate as a function of Zn cell temperature. 

Three regions were identified: Region I, oxygen-extremely-rich region (n-type); 

region II, oxygen-rich region (p-type); and region III, stoichiometric and Zn rich 

region (n-type) [8]. 
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Figure 2.10: PL spectra at 8.5 K of phosphorus-doped ZnO films [8]. 
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The ideas to control p-type conductivity are the temperatures of Zn effusion 

cell and GaP effusion cell. Figure 2.9 shows a narrow window to obtain p-type ZnO:P 

at Zn cell temperature of 350oC. Low temperature (8.5 K) photoluminescence was 

used to identify states in band gaps of the films. Donor-bound excitons (D0X), 

acceptor-bound excitons (A0X), free electron to acceptor (FA), and donor-acceptor 

pair (DAP) transition are identified. From Fig. 2.10, dominant A0X peak was 

observed for sample g with high p-type conductivity. The PL spectra show the 

existence of competitions between D0X and A0X for the ZnO:P flms. 

Lim et al. [10] prepared phosphorus-doped ZnO multi-layer thin film as 

shown in Fig. 2.11 on sapphire substrates by pulse laser deposition (PLD). The 

phosphorus dop ed ZnO (ZnO:P) layer was encapsulated by ZnO top layer. In 

order to activate carriers, the as-grown films were annealed under 400oC for 40 

minutes. All of the films prepared at various oxygen partial pressures exhibited n-type 

conductivity. There electrical properties are illustrated as Fig. 2.12. Due to a large 

number of oxygen vacancies, the films exhibited n-type conductivity. The resistivity 

increases with the increment of oxygen partial pressure corresponding to the 

decrement of oxygen vacancies. 

 

Figure 2.11: A schematic of ZnO/ZnO:P/ZnO thin films [10]. 
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Figure 2.12: A plot of electron concentration and resistivity versus oxygen pressure 

as a result of Hall measurement of ZnO/ZnO:P/ZnO multi-layer thin films [10]. 

 

2.3 Arsenic-doped ZnO films 

Ryu et al. [12] prepared arsenic-doped ZnO (ZnO:As) films on (001) GaAs substrates 

by pulse laser deposition (PLD). GaAs substrates were selected as a p-type dopant 

source because As atoms could diffuse from the substrate into the ZnO film. ZnO:As 

films grown with substrate temperatures of 400oC and 450oC exhibited p-type 

conductivity with hole concentrations of 1018 – 1021 cm-3, mobilities of 0.1 – 50 

cm2/V⋅s, and resisitivity of 10 – 10-5 Ω⋅cm.  In contrast, ZnO:As films grown with 

substrate temperature of 300oC and 350oC exhibited n-type conductivity with electron 

concentrations of 1015 – 1016 cm-3, mobilities of 1 – 50 cm2/V⋅s, and resistivities of 10 

– 103 Ω⋅cm. Large uncertainties of these values may be a result of the contributions 

from the interference layers between the ZnO film and GaAs substrate which are still 

unclear.  
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Figure 2.13: Dynamic SIMS results for a p-type ZnO film doped with As, Zn, and O 

intensities, in secondary ion intensity, are plotted for reference [12]. 

 

The diffusion of As atoms for the ZnO:As film prepared at 400oC was examined by 

secondary ion mass spectroscopy (SIMS) as shown in Fig. 2.13. The depth profile of 

each element was measured from surface of the film and the As atom concentration 

was in the order of 1017 to 1018 cm-3. 

 

2.4 Antimony-doped ZnO films 

Wang et al. [18] prepared Sb-doped ZnO (ZnO:Sb) on (100) Si substrate by radio 

frequency (RF) magnetron sputtering technique. The as-grown films exhibited n-type 

conductivity with resistivities of 1 – 10 Ω⋅cm. The as-grown films were annealed at 

various temperatures in nitrogen pressure for one hour. After annealing at 400oC, the 

ZnO:Sb film exhibited higher resistance. Furthermore, the film annealed at 800oC 

became semi-insulating with a resistivity of 104 Ω⋅cm as shown in Fig. 2.14. 
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Figure 2.14: Annealing temperature dependence of (a) resistivity and (b) carrier 

concentration and mobility of Sb-doped and undoped ZnO thin films [18]. 

 

2.5 Nitrogen-doped ZnO films 

Li et al. [6] prepared nitrogen-doped ZnO (ZnO:N) thin films on Corning 1737 glass 

by low-pressure metal-organic chemical vapor deposition (MOCVD) technique using 

diethylzinc (DEZ) and nitric oxide (NO) precursors. The optical transmittances of 

undoped ZnO and ZnO:N films are illustrated as Fig. 2.15. The ZnO:N film exhibits 

yellow shading corresponding to the lower transmittance in the region of 400 – 600 

nm because of the increased absorption near the band edge. Nitrogen concentration as 

high as 2.60 × 1021 cm-3 were achieved. The p-type conductivity was achieved in the 

growth temperature of about 400oC. The electrical properties are shown in Table 2.2. 
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The best carrier concentration was 8.36 × 1017 cm-3 with mobility of 4.55 cm2/V⋅s. 

Carbon and hydrogen impurities from MOCVD process lead to several defect 

complexes such as CHx, NHx, and NCx which incorporate into the ZnO crystalline and 

passivate nitrogen acceptor. 

 

Figure 2.15: Optical transmittances of ZnO and ZnO:N films. Both films were 

deposited on glass substrate at 400oC [6]. 

 

Table 2.2: Electrical properties of ZnO films deposited on glass substrate at 

deposition temperature of 400oC [6]. 
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Kerr et al. [23] used Raman spectroscopy to analyze p-type ZnO:N films 

prepared at 400oC by MOCVD technique. Raman features are summarized in Table 

2.3. The formation of nitrogen related defect complex due to N incorporation in the 

ZnO film is detected from the Raman peak broadening at 570 cm-1 including the 

addition peaks at 280, 510 and 642 cm-1 as shown in Fig. 2.16. 

 

Table 2.3: Summary of Raman features [23]. 

 

 

 

Figure 2.16: The effect of NO gas flow rate on the Raman spectra of ZnO:N films 

fabricated at 400oC with (a) FNO = 0 sccm, (b) FNO = 20 sccm, (c) FNO = 30 sccm, (d) 

FNO = 36 sccm, and (e) FNO = 40 sccm [23]. 
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Tu et al. [14] prepared ZnO:N films on Corning glass by RF magnetron 

sputtering under the mixture of Ar and N2 gases at room temperature. The target was 

made of pure ZnO (99.99%) and the sputtering power was 200 W. Flow rate of Ar 

was kept constant at 20 SCCM and the flow rate of N2 was varied from 6 to 15 sccm. 

The electrical properties are shown in Table 2.4. The best p-type carrier concentration 

was 2.11 × 1019 cm-3 with low mobility of 0.092 cm2/V⋅cm. The Raman feature peaks 

appeared at 275, 436, 508, 581, 640, and 854 cm-1 as shown in Fig. 2.17. Zinc nitride 

(Zn3N2) phase also be observed in the XRD spectra as shown in Fig. 2.18 of their 

ZnO:N films. 

 

Table 2.4: Hall measurement of ZnO:N films prepared by RF magnetron sputtering 

with various ratios of N2/Ar sputtering gas [14]. 

 

 

 

Figure 2.17: The micro Raman spectrum of ZnO:N films produced by RF magnetron 

sputtering system with various N2 flow rates of sputtering gas [14]. 
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Figure 2.18: X-ray diffraction (XRD) pattern of ZnO:N films.  The inset is an XRD 

pattern of undoped ZnO film [14]. 

 

Figure 2.19: Typical x-ray diffraction pattern of the Zn3N2 film [28]. 

 

Table 2.5: Summary of electrical properties of samples annealed at different 

temperature in oxygen ambient [31]. 
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Zinc nitride (Zn3N2) is black or grey in color and has the anti-scandium oxide 

structure (Sc2O3) structure. This structure is also called anti-bixbyite structure (cubic) 

with the lattice parameter a of 9.77687 Å [27]. Polycrystalline zinc nitride film is an 

n-type semiconductor. Its band gap is quite varied such as direct band gap of 3.2 eV 

[28] and indirect band gap of 2.11 eV [29]. The space group of anti-bixbyite structure 

is Ia3. The atoms which occupy sites in anti-bixbyite structure [30] are nitrogen 

(anion) at sites 8d and 24d and zinc (cation) at site 48e. From the work of Kuriyama et 

al. [29], the Zn3N2 films were prepared by direct reaction between NH3 and zinc 

(99.999% pure). Zinc film on a quartz substrate was obtained from evaporation and 

Zn3N2 film was obtained by annealing the Zn film in NH3 flow for 4 hours. Typical x-

ray diffraction pattern of Zn3N2 film is shown as Fig. 2.19. 

 Li et al. [31] prepared p-type ZnO thin films by thermal oxidization of Zn3N2 

thin films. The Zn3N2 films were grown on fused silica substrates by using plasma-

enhanced chemical vapor deposition from a mixture of Zn(C2H5)2 and NH3 gases. The 

film was annealed at 500oC or higher temperature in O2 atmosphere for one hour, the 

Zn3N2 transform to be ZnO. The electrical properties of the films are summarized in 

Table 2.5. The best p-type carrier concentration of 4.16 × 1017 cm-3 with mobility of 

0.098 cm2/V⋅s was obtained at annealing temperature of 700oC. Due to thermal 

energy, oxygen atoms can diffuse into the film and N atoms are replaced by O atoms. 

As a result, the crystal structure of Zn3N2 changed to be ZnO structure leading to the 

ZnO:N films. 

 Yao et al. [15] prepared ZnO:N film on quartz at 237oC by RF magnetron 

sputtering of a ZnO target under N2 gas. The as-grown ZnO:N exhibited very high 

resistivity. After anneal at 587oC for one hour under 10-4 Pa, the resistivity was 456 

Ω⋅cm, mobility was 0.01 cm2/V⋅s.  Their p-type ZnO:N films are not stable in the dark 

and transform into n-type gradually. Furthermore, they can be reverted to meta-stable 

p-type by irradiation of sunlight for a few minutes.  

 Among group-V elements, the two smallest elements are N and P which have 

possibility in occupying O site of ZnO. For phosphorus doping, the p-type ZnO with 

p-type carrier concentration in the order of 1018 cm-3 achieved from MBE technique 
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with annealing up to 800oC [7, 8]. But, disadvantage of MBE system is the limit of 

substrate size that is not suitable for large area application. Occupying of P into Zn 

site of ZnO leads to the failure of fabrication of p-type ZnO:P [9].  P-type nitrogen 

doped ZnO can be obtained from MOCVD process [23] that can be applied to large 

scale fabrication. But the disadvantage of the process is the carbon and hydrogen 

impurities leading to the passivation of nitrogen acceptor or low p-type carrier 

concentration in the order of 1017 cm-3. Sputtering which can be applied to large area 

is also interested. Sputtering with ZnO ceramic target under the mixture of N2 and Ar 

gases provided the maximum p-type carrier concentration of 1019 cm-3 with low 

mobility of 0.092 cm2/V⋅s [14].  

 

 

 
 



CHAPTER III 

 

THEORETICAL BACKGROUND OF SPUTTERING AND 

CHARACTERIZATION 

 
The chapter begins with a brief description of sputtering and analysis techniques for 

physical properties of the films.  

3.1 Sputtering 

Sputtering is an ejection process of target atoms caused by a series of collisions 

between atoms of the target. An ionized atom of plasma impacts the target surface and 

implants into the target material leading to the series of collisions. Sputtering which is 

well known in many material industries or research laboratories is one of plasma 

processes.  

3.1.1 Basics of plasma 

In a simple picture, plasma is defined as an ionized gas with equal numbers of 

positive and negative charges. It consists of charged particles (electrons and positive 

ions) and neutral atoms or molecules of gas. The concentrations of negative and 

positive charges are the same, e in n= . The ratio of electron concentration to the total 

concentration is defined as the ionized rate [32].  

                                                Ionized rate e

e n

n
n n

=
+

,                                              (3.1) 

where, en  = electron concentration, in  = ion concentration, and nn  = neutral 

concentration. Ionization rate which relied on inelastic collision depends on electron 

energy and type of gas used in the system. The three most important mechanisms in 

plasma are the inelastic collisions between electron and neutral atom such as ionized 

collision (which generates and maintains plasma), excitation-relaxation, and 
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dissociation collision. The collision which impacting electron transfers enough energy 

to the orbital electron of the neutral atom to be free from its confinement is called 

ionization collision (as shown in Fig. 3.1): 

                                                   2e A A e− + −+ → +                                                  (3.2) 

If the orbital electron receives not enough energy, it is excited to the higher energy 

level. This leads to the excitation process (as shown in Fig. 3.2): 

                                                    *e A A e− −+ → +                                                    (3.3) 

Due to the instability of the high level, the orbital electron will return to the original 

state with the emission of electromagnetic wave with a frequency related to a type of 

gas. This is call relaxation process (as shown in Fig. 3.3): 

                                                       *A A hν→ +                                                       (3.4) 

Sometime, the chemical bonds of a molecule can be broken by high energy. This 

process is called dissociation (as shown in Fig. 3.4): 

                                                   e CD C D e− −+ → + + ,                                          (3.5) 

where, e−  is electron, A  is neutral atom, A+  is positive ion, *A  is excited state of A , 

hν  is the energy of a photon, h  is Plank’s constant, and ν  is the frequency of the 

electromagnetic wave, CD  is a molecule, and C  and D  are free radicals. 

The mean free path (MFP) or λ  is defined as the average distance for a 

particle that can travel before it collides with another particle. It can be expressed as 

[32]: 

                                                          1
2n

λ
σ

=   ,                                                    (3.6) 

where n  is the particle density, and σ  is the collision cross section. 
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Figure 3.1: Ionization collisions (a) before and (b) after electron impact [32]. 
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Figure 3.2: (a) Before and (b) after excitation collision [32]. 
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Figure 3.3: Relaxation process [32]. 
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Figure 3.4: Dissociation process [32]. 

 

Higher particle density (or higher pressure as shown in Fig. 3.5(a)) 

corresponds to high collision or short MFP. In contrast, lower particle density (or 

lower pressure as shown in Fig. 3.5(b)) corresponds to low collision or long MFP. 

MFP depends on pressure and a kind of gas (different cross section). The spiral 

motions of electrons obtained from the applied magnetic field as shown in Fig. 3.6 

also increase the probability of collisions. From Boltzmann distribution as shown in 

Fig. 3.7, most of electron has energy about 2 - 3 eV, but a small fraction of electron 

has enough energy of about 15 eV for ionization. 

 

 

Large  
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Large  
particle 
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Figure 3.5: (a) High pressure short MFP and (b) low pressure long MFP [32]. 
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Figure 3.6: Gyro-motion of a charged particle in a magnetic field [32]. 
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Figure 3.7: Electron energy distribution. 
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3.1.2 Sputtering process 

Figure 3.8 illustrates the simple diagram of direct current (DC) sputtering system. The 

system consists of a vacuum chamber, a vacuum pump, and electrodes with a target 

on the negative side. The sputtering gas such as Ar and N2 is injected into the 

chamber at suitable pressure i.e. 10-3 – 10-2 mbar. When the voltage is applied 

between the electrodes, the positive ions are obtained from ionization collision 

between the accelerated electrons and the sputtering gas. After that, the positive ions 

are accelerated by electric field and impact or collide to the target surface at the 

negative side. The incident ions implant into the target and transfer momentum to the 

target atoms leading to a series of collisions between atoms of the target and leading 

to the knock-out of sputtering atoms from the target surface. Finally, the film is 

deposited on a substrate commonly placing in the opposite position of the target. In 

addition, radio frequency (RF) sputtering can also be employed to deposit dielectric 

thin film by sputter the non-conducting target. In order to increase sputtering rate, the 

magnetic filed is also applied to the sputtering system. 

 

Figure 3.8: Simple diagram of DC sputtering system. 
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3.2 Electrical Property 

Electrical property of a semiconductor is considered as a carrier transport property. 

The current density J  passing through a specimen of conductor is defined as 

                                                  J nqv nq Eμ= = ,                                                    (3.7) 

where, n  is the carrier concentration, q  is the charge of carrier and v is the drift 

velocity of the carrier, μ  is the mobility of the carrier and E  is the electric field. 

From Ohm’s law, the current density is directly proportional to the electric field 

( 1J E
ρ

= ). Then, the resistivity ρ  can be written as 

                                                       1 1
nq

ρ
σ μ

= =                                                      (3.8) 

 

3.2.1 The linear four-point probe 

Due to its convenience, the linear four-point probe is widely used in semiconductor 

industries for measuring resistivity of materials [33]. Consider Fig. 3.9, the probes are 

placed in line with current I passing through the outer two probes. The potential 

V developed across the inner two probes is measured. For probes placing on a semi-

infinite specimen, the resistivity ρ  is [33]: 

                                
1 3 1 2 2 3

2 ( / )
[1/ 1/ 1/( ) 1/( )]

V I
S S S S S S

πρ =
+ − + − +

,                            (3.9) 

where 1S , 2S , and 3S are the probe spacing. If the probe spacings are all equals, then 

Eq. 3.9 reduces to [33]: 

                                                          2 VS
I

ρ π=                                                     (3.10) 



 29

In the case of a sample cannot be considered as infinite, the corrections summarized 

in Table 3.1 are required. 

 

 

I 

I 

S1 
S2 

S3 

V

 

Figure 3.9: Linear four-point probe. 

 

Table 3.1: Linear four-point probe corrections [33]. 

Configuration Corrections 

Thick sample, boundaries > 10S  from 

probe 

No correction required, 2 ( / )S V Iρ π=  

Thick sample, near edge For non-conducting boundaries the meter 

read as much as 100% high 

Thin sample, with thickness d  < 0.1S , 

and boundaries > 20S  from probes 

4.53 ( / )d V Iρ = , 4.53( / )sR V I=  
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3.2.2 The van de Pauw method 

Van de Pauw method is also four-point probe measurement. The contacting points are 

placed on the periphery of the sample as shown in Fig. 3.10. Its resistivity is 

calculated from [33]: 

                                   ,
, ,

,

( )
2 ln 2

AB CD
AB CD BC DA

BC DA

Rd R R f
R

πρ
⎛ ⎞

= + ⎜ ⎟⎜ ⎟
⎝ ⎠

,                               (3.11) 

where ,

,

AB CD

BC DA

R
f

R
⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

 is correction factor as shown in Fig. 3.11, and d  is the thickness of 

the sample. ,AB CDR  is the potential difference between the contacts C and D per unit 

current through the contacts A and B, and ,BC DAR  is the potential difference between 

the contacts D and A per unit current through the contacts B and C. This method 

requires contacts on the periphery with very small contacts. A sample must be 

uniform with no isolated holes in the interior of the sample. 

 

 

D 

C 

A B 

I I 

RAB,CD 

V 

 

Figure 3.10: A sample of arbitrary shape used with the van der Pauw method. 
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Figure 3.11: Correction factor as a function of ,
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Figure 3.12: Configuration for Hall effect measurement on a rectangular-shaped n-

type sample. 

 

3.2.3 The Hall effect 

Consider an experimental configuration for a rectangular shaped sample shown in Fig. 

3.12. The magnetic force F  acting on a carrier with charge q  is defined by        

                                          F qv B= × ,                                                     (3.12) 
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where v  is the velocity of the carriers and B  is the applied magnetic field. Carriers 

(or electrons) are accumulated on the lower side of the sample. The magnetic force in 

the y-direction driving a carrier is 

                                              y x z n x zF qv B q E Bμ= = ,                                             (3.13) 

where nμ  is the mobility of the electron. The electric field yE  in the y-direction is 

created by the effect of accumulated electrons. The Hall field HE  is defined as: 

                                                    H
y H

VE E
d

= = ,                                                    (3.14) 

where d  is the film thickness and HV  is the Hall voltage which is measured at 

equilibrium such that the force resulting from the Hall field cancels the effect of the 

magnetic force. 

                                                     y n x zqE q E Bμ=                                                   (3.15) 

Then, the mobility can be calculated from the measured Hall field, 

                                                       y
n

x z

E
E B

μ =                                                        (3.16) 

In experiments, external controlled parameters are xJ  and zB . The Hall coefficient 

HR  is defined as 

                                                      1y
H

x z

E
R

J B nq
= =                                                (3.17) 

When a sample which is in arbitrary shape as discussed in van der Pauw measurement 

are placed under a magnetic field, mobility measurement can be obtained by feeding a 

current from the contact A to C. The voltage is measured across the contact B and D. 

The voltage is usually measured both with forward magnetic field ( B+ ) and reverse 

magnetic field ( B− ). Van der Pauw shows that the Hall coefficient is given by [34] 
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                                                   ,2H AC BD
dR R
B

= Δ ,                                                (3.18) 

where ,AC BDRΔ  specifies the change in resistance with the forward and reverse 

magnetic fields. Therefore, the Hall mobility can be calculated from 

                                               ,2
H

AC BD
R d R

B
μ

ρ ρ
= = Δ .                                          (3.19) 

Then, carrier concentration can be calculated from Eq. 3.8. 

  

3.3 Optical Properties 

3.3.1 Interference and film thickness calculation 

When light transmits through a film as shown in Fig. 3.13, the path difference of two 

beams is the cause of interference pattern which relates to refractive index and the 

film thickness [35].  The film thickness can be calculated from the interference fringes 

of the optical transmission as shown in Fig. 3.14 of the thin film. The interference 

fringes correspond to the condition: 

                                                        2nd mλ= ,                                                      (3.20) 

where 0,1,2,...m =  for constructive interferences and 1 3, ,...
2 2

m =  for destructive 

interferences. Consider two maxima ( maxT ) or two minima ( minT ) of the transmission 

patterns according to wavelengths 1λ  and 2λ , the number of oscillations ( M ) 

between the two extrema is 

                                                          1 2M m m= − .                                                 (3.21) 

where m1 and m2 are the numbers of maxima or minima. 

Or 
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                                          2 1
1 2 1 2

1 1 22 ndM nd λ λ
λ λ λ λ

= − = − .                                 (3.22) 

Therefore, the film thickness ( d ) can be calculated from 

                                                        1 2

2 12
Md
n

λ λ
λ λ

=
−

                                                (3.23) 

 

 

Figure 3.13: Interference in light beam transmitted from a thin film is due to a 

combination of beam 1 and beam 2. 
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Figure 3.14: Optical transmittant spectrum of the ZnO thin film as a function of 

wavelength and the result shows the oscillations due to interference in thin film. 
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3.3.2 Optical absorption properties 

When light travels in the media (or films), its intensity will decrease as: 

                                                            0
xI I e α−=                                                     (3.24) 

where 0I is the initial intensity of light, x  is the distance from surface, and α is the 

absorption coefficient. In addition, absorption coefficient is related to the imaginary 

part κ  of the refractive index:  

                                                            4πκα
λ

= ,                                                    (3.25) 

where λ  is the wavelength of light. Absorption property relates to the dynamic 

behaviors of the electrons and ions in media under the influence of electromagnetic 

radiation. The electron absorbs energy of radiation equal to or higher than band gap of 

semiconductors for inter-band (band-to-band) transition from the maximum point of 

valence band to the minimum point of conduction band. So, the absorption edge is 

defined by the minimum energy of radiation for inter-band transition of the electrons. 

The inter-band transition can be divided into the following: 

allowed direct transition [36] 

                                                          
1
2( )g

A h E
h

α ν
ν

= − ,                                        (3.26) 

forbidden direct transition [36] 

                                                            
3
2( )g

B h E
h

α ν
ν

= − ,                                      (3.27) 

and, indirect transition [36] 

                                                            2( )g
C h E
h

α ν
ν

= − ,                                      (3.28) 
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where A , B , C  are constants, hν  is the photon energy and gE is the energy gap of 

the semiconductor.  

Consider normal incidence, as shown in Fig. 3.15, the absorption coefficient 

can be calculated directly from the transmission of the films. The transmission (T) and 

the reflection (R) can be expressed in terms of the intensity of incident wave 0I , 

intensity of transmitted wave tI  and intensity of reflected wave rI  as the following 

[36]; 

                                                  
2

2 2
0

(1 )
1

d
t

d

I R eT
I R e

α

α

−

−

−
= =

+
                                           (3.29) 

                                                   
2 2

2 2
0

( 1)
( 1)

rI n kR
I n k

− +
= =

+ +
                                          (3.30) 

If the film has a large thickness (d), then 2 2 1dR e α− <<  and Eq. 3.29 reduces to 

                                            2(1 ) dT R e α−= − .                                           (3.31) 

 

 

Figure 3.15: Transmission and reflection of the film. 
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Generally, the change of photon energy of incident wave affects the reflection 

(R) slightly. Then, the term 2(1 )R−  can be approximated to a constant. Then, the 

optical absorption coefficient is 

                                                          01 ln
t

I C
d I

α
⎛ ⎞

= +⎜ ⎟
⎝ ⎠

,                                        (3.32) 

where C  is a constant. Since the reflection is approximated by a constant, the 

absorption coefficient is higher than the real value. In experiments, the background 

absorption coefficient ( 0α ) caused by the imperfection of thin film is subtracted for 

the correct absorption coefficient determination. 

 

3.4 Structural Properties by X-ray diffraction (XRD) 

The crystal structure of any material can be identified from its x-ray diffraction 

(XRD) pattern.  X-ray is an electromagnetic wave that has high transmission through 

the medium because of its short wavelength of 0.5 Å to 3 Å which is shorter than the 

inter-planar spacing (d) in crystal. A sample in a form of powder or in a form of 

polycrystalline film can be seen that it is composed of the arranged parallel planes of 

atoms. Then, the incident beams of X-ray are reflected from these planes in crystal, 

with each plane reflecting only a small fraction of the radiation. The angle of 

incidence is equal to the angle of reflection. The diffracted beams are found when the 

reflections from parallel planes interfere constructively and destructively, as shown in 

Fig. 3.16. The path difference for X-ray diffracted from adjacent planes is 2 sind θ , 

where θ  called Bragg angle is measured from the plane. Constructive interference of 

the radiation occurs when the path difference is an integer number n of wavelengths 

( λ ) of X-ray, corresponding to Bragg’s law [37] 

                                                       2 sind nθ λ=                                                    (3.33) 
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Figure 3.16: Diffraction of X-ray from parallel planes in the crystal followed by 

Bragg’s law. 

 

The interference pattern can be observed by measuring intensities of 

diffracted X-ray at varied diffraction angles ( 2θ ), which are the angles between 

reflected beams and incident beams. For the same element or material, the XRD 

pattern looks like the same. The inter-planar spacing of (hkl) plane or dhkl can be 

defined by Miller indicies: h,k,l. For Zn and ZnO of which crystal structure is wurzite 

or hexagonal can be expressed as [37] 

                                                
2 2 2

2 2 2

1 4
3hkl

h hk k l
d a c

⎛ ⎞+ +
= +⎜ ⎟

⎝ ⎠
                                   (3.34) 

For Zn3N2 of which crystal structure is cubic can be expresses as [37] 

                                                        
2 2 2

2 2

1

hkl

h k l
d a

+ +
=                                            (3.35) 
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3.5 Raman effect 

Raman effect is a phenomena which a photon is scattered inelastically by a crystal, 

with creation or annihilation of a phonon with frequency Ω [38]: 

                                                 ω ω′= ± Ω ;          k k K′= ± ,                               (3.36) 

where ω , k  refer to the incident photon; ω′ , k′  refer to the scattered photon; and 

Ω , K  refer to phonon created or destroyed in the scattering event. Photons at 

frequency ω + Ω , which is called anti-Stoke line and ω − Ω  which is called Stoke 

line, can be emitted, corresponding to the absorption or emission of a phonon of 

frequency Ω . A simple diagram of Raman scattering is depicted as in Fig. 3.19. In the 

thermal equilibrium at temperature T, the intensity ratio of the two lines is 

                                                             ( )
( )

Bk TI e
I

ω
ω

− Ω
+ Ω

=
− Ω

.                                        (3.37) 

The intensity of Stoke line is higher than that of anti-Stoke line. 

 

 
Figure 3.17: Raman scattering of a photon with emission or absorption of a phonon 

[38]. 
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CHAPTER IV 
 

EXPERIMENTAL PROCEDURES 

 
This chapter describes the experimental procedures including fabrication of ZnO 

ceramic targets, ZnO thin film fabrication, characterizations. 

 

4.1 Fabrication of ZnO Target 

Ceramic ZnO target can be fabricated from raw material, i.e. 99.99% ZnO powder 

including the required dopants such as Al2O3 and P2O5. Then follow these procedures: 

1. The compositions of raw materials of a target are calculated for the diameter of 50 

mm and the thickness of 6 mm., and then calcined at 500oC for 5 hours in a furnace 

shown in Fig 4.1 with a temperature profile shown in Fig. 4.2. 

2. The compositions are mixed together and grinded using a ball milling in a plastic 

container to obtain smaller grain as shown in Fig 4.3. Moisten the mixture with de-

ionized water, and stir in a container. Then put the mixture in the mold (diameter = 50 

mm). 

3. Press and heat the target in the mold with the pressure up to 4,000 psi as shown in 

Fig 4.4, and the temperature up to 150oC using the profile illustrated in Fig 4.5. The 

total time of the target pressing is seven hours. After that, remove the target from the 

iron mold. Figure 4.6 is an example of the target just removed from the mold. 

4. Sinter the target at 1,200oC for one hour under atmospheric pressure as illustrate in 

Fig. 4.7 and used the profile depicted in Fig. 4.8. The total sintering time is 12 hours. 

Then, remove the target from the furnace, and measure the dimension of the target. 

Polish the surface of the ZnO target for the desired thickness of 6.0 mm. Then, install 

the ZnO target in the sputtering system as shown in Fig. 4.9. 
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Figure 4.1: Preparation of raw materials for fabrication of ZnO target. 
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Figure 4.2: Profile of calcination of ZnO powder. 

 

      

Figure 4.3: Ball milling of the raw material in a plastic container. 
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Figure 4.4: Pressing a target by hydrolic press with warming.  
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Figure 4.5: Profile of target pressing. 

 

Figure 4.6: A ZnO ceramic target just removed from the mold. 
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Figure 4.7: Sintering a target in a furnace. 

0

400

800

1200

1600

0 2 4 6 8 10 12
Time (Hours)

Se
tti

ng
 T

em
pe

ra
tu

re
 (o C

)

 

Figure 4.8: Profile of target sintering. 

 

 

Figure 4.9: Installation of ZnO target in sputtering system. 
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4.2 ZnO thin film fabrications 

The films in this work were deposited on 4.85 × 5.85 cm2 soda-lime glass (SLG) 

substrates by RF/DC magnetron sputtering. To avoid any contaminations on the 

surface of SLG substrates, the substrates were cleaned as the following procedure.  

Firstly, the soda-lime glass substrates were washed with soft sponge and detergent. 

Secondly, they were cleaned with the mixture of detergent and de-ionized water in an 

ultrasonic bath at 60oC for one hour. Thirdly, they were cleaned in de-ionized water in 

the ultrasonic bath at 60oC for one hour again and then dried with nitrogen 

compressed air. Finally, they were kept in a humidity-controlled cabinet. 

The typical starting material for fabrication of ZnO thin films is the ZnO 

ceramic target which is easy to be doped during its fabrication process such as 

phosphorus. In addition, any gas dopant can be used as the mixture of working gas 

during sputtering process such as N2, N2O, and O2. The targets which were made and 

used in this research are summarized in Table 4.1. Since nitrogen may not compete 

against oxygen to occupy oxygen site in ZnO, alternative idea that one should change 

the starting material to be a pure metallic Zn (99.99%) target as shown in Fig. 4.10 

and use N2, N2O, O2, or the mixture of them with Ar as the working gas. The 

probability of nitrogen to occupy the oxygen size should be increased. The diagram of 

the sputtering used in this research is shown as Fig. 4.11. 

 

Table 4.1 Summary of fabricated ZnO targets. 

Target Code Compositions 

LHK02 2.5% Al2O3 + 97.5% ZnO 

LHK06 2.5% P2O5 + 97.5% ZnO 

LHK07 99.99% ZnO 

LHK09 99.99% ZnO 
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Figure 4.10: Pure metallic Zn target. 
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Figure 4.11: Diagram of sputtering system. 
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4.3 Characterizations 

Characterization of the films consists of optical transmittance, x-ray diffraction 

(XRD), linear four-point probe, Hall effects, atomic force microscopy (AFM), and 

Raman spectroscopy. 

4.3.1 Optical transmittance 

As discussed in section 3.3, the optical transmittance is employed to investigate 

optical band gaps and thicknesses of the films. UV/VIS/NIR spectrometer 

(PerkinElmer Lambda900) is an instrument for measuring optical transmission, 

optical absorption and optical reflection between the wavelength of 200 nm and 2600 

nm.  

 Optical transmittance is shown as Fig. 3.14 and the thickness can be calculated 

from Eq. 3.23. For a ZnO thin film which has direct band gap according to Eq. 3.26, a 

graph ( )2( )o hα α ν−  versus hν  or photon energy was plotted as shown in Fig. 4.12.  
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Figure 4.12: Graphical method to find optical band gap of a thin film. 
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The 0α  is an absorption background due to an environment. In order to find an 

absorption coefficient, Eq. 3.32 can be written as: 

                                                            1 1ln( )
d T

α = ,                                                 (3.1) 

where d is the film thickness and 
0

tIT
I

= . Then a linear region in the graph is selected 

and plotted as a straight line. The required optical gap is the intercept on energy axis. 

 

4.3.2 X-ray diffraction (XRD) 

As a brief discussion in section 3.4, x-ray diffraction spectrometer is an effective tool 

to identify the crystal structure of the film. An example of XRD spectrum of a ZnO 

film scanning from 2θ of 15o to 80o with XRD wavelength of 1.5405 Å ( 1Kα ) is 

shown in Fig. 4.13. 
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Figure 4.13: An XRD spectrum of a ZnO thin film. 

 

The XRD spectra should be compared to the powder diffraction file of Joint 

Committee on Powder Diffraction Standards (JCPDS file). The standard ZnO is the 
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card no. 36-1451. From Fig. 4.12, the positions of the peaks were compared and 

identified for the crystal planes such as (100), (002), and (004). The positions of the 

peaks can be fitted yielding important parameters such as peak center (position), full 

width at half maximum (FWHM). Inter-planar spacing can be calculated form Eq. 

3.33. Then the lattice parameters (a and c) can be calculated from Eq. 3.34 (hexagonal 

structure of ZnO and Zn) or Eq. 3.35 (cubic structure of Zn3N2). Next, the average 

grain size t can be calculated from the Scherrer’s formula: 

                                                                 0.9
cos

t
B

λ
θ

= ,                                              (4.2) 

where λ  is the wavelength of measured x-ray (1.5405 Å), B is the full width at half 

maximum, and θ  is the half diffraction angle of crystal orientation peak. 

 In order to observe the change of crystal structure of the film under high 

temperature, high temperature configuration of XRD as shown in Fig. 4.14 is 

required. It consists of a platinum heater on which a sample is placed within the 

measuring chamber with the vacuum pressure of 10-5 mbar.  

 

Figure 4.14: X-ray diffraction spectrometer with high temperature configuration, 

Phillips X’Pert, at Metallurgy and Material Science Research Institute, 

Chulalongkorn University. 
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The temperature of the platinum heater is monitored by a thermocouple (type-S). In 

addition, precise surface temperature of the sample surface could be monitored by a 

pyrometer. 

 

4.3.3 Hot probe measurement 

A hot probe is a qualitative technique to identify type of carrier (n-type or p-type) in a 

semiconductor. The setup consists of a heat reservoir such as a soldering gun and a 

micro-voltmeter with two probes in contact to the sample surface. The distance 

between the two probes is about 1 cm. One probe is made to be hotter than another. 

Consider Fig. 4.15, high temperature probe contacted the sample surface would drive 

carriers in the sample away from the probe making the probe being negative 

comparing to another. In a case of n-type semiconductors, electrons are driven away. 

Holes are also driven away by thermal energy in a case of p-type semiconductors. 

 

 

Figure 4.15: Illustration of carriers driven by hot probe. 
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4.3.4 The linear four-point probe 

From section 3.2.1, the linear four point probe is a non-destructive method to find 

resistance or resistivity of a sample. The ends of the four probes are in contact with 

the center of a sample (or film) shown in Fig. 3.9. A current source (Keithley 237) 

supplies the current passing to the outer pair probes. A high impedance electrometer 

(Keithley 617) is used to measure the voltage developed between the inner pair 

probes. For a uniform flat sample as thin film, the resistivity could be calculated from: 

                                                          4.53V w
I

ρ = ,                                                  (4.3) 

where, ρ  is resistivity, V is voltage between the inner-pair probes, I is current applied 

between the outer probes, and w is the film thickness, and 4.53 is the correction factor 

of the thin sample. To avoid errors, the probes must be far from the edge of sample at 

least 20S, where S is probe spacing. 

 

4.3.5 Hall effect measurement 

In order to find the carrier concentration of a sample, the Hall effect measurement 

setup is required. Figure 4.16 is a film sample with the size of 8 x 8 mm2 in van de 

Pauw configuration is attached on a holder.  

 

Figure 4.16: Sample with a size of 8 × 8 mm2 prepared for Hall effect measurement. 
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The holder is then placed under a magnetic field.  As discussed in section 

3.2.2 and 3.2.3, the current is applied to one pair, and the developed voltage across the 

other pair is measured. Then the resistivity, mobility and carrier concentration can be 

calculated from Eqs. 3.11, 3.19, and 3.8, respectively. 

4.3.6 The atomic force microscopy 

Surface morphology of the film could be made to be a picture by the atomic force 

microscope (AFM).  An AFM consists of a cantilever with sharp tip or probe as 

shown in Fig. 4.17. The end of its tip is used to scan the surface. The force between 

the sample and the surface leads to a defection of the cantilever according to Hook’s 

law. There are many kinds of force used for AFM such as mechanical force, van de 

Waal force, electrostatic force, and etc. Then, the deflection of cantilever was 

measured by using a laser spot reflected from the top surface of the cantilever into an 

array of photodiodes. Finally, the picture of surface morphology was created. 
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Figure 4.17: Diagram of scanning probe microscope. 
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4.3.7 Raman spectroscopy 

From section 3.5, Raman spectroscopy is a spectroscopic technique used to study 

vibration modes in a system. It relies on an inelastic scattering of monochromatic light 

(such as laser) which interacts with phonons or other excitations in the system. As a 

result, the scattering light will exhibit lower or higher frequency. Finally, it is 

collected with a lens and sent through a monochromator and a detector. The Raman 

spectroscopy can be configured with excitation laser with different wavelength such 

as 514, 633, and 785 nm. 
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4.4 Research procedures 

The research procedures of p-type ZnO were conducted using two kinds of starting 

materials: a fabrication from ZnO ceramic target, and a fabrication from Zn metallic 

target. The procedures are illustrated in a diagram shown in Fig. 4.18. In addition, the 

diagram of research strategy is depicted in Fig 4.19. 

 

 

 

 

 

Figure 4.18: A diagram of research procedure. 
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Figure 4.18: A diagram of research strategy. 

 

Figure 4.19: A diagram of research strategy. 

 

 

 

Fabrication of ZnO:P target.  
And fabrication of ZnO:P films by sputtering under the pure Ar gas. 

Fabrication of pure ZnO target. 
And fabrication of ZnO:N films by sputtering under the mixture of N2 and Ar. 

Employment of pure Zn metallic target. 
Fabrication of Zn:N films by sputtering under the N2 gas. 
And thermal treatment with oxygen filling to be ZnO:N film.  
 

Employment of pure Zn metallic target. 
Fabrication of ZnO:N films by sputtering under the N2O gas. 
 

Employment of pure Zn metallic target. 
Employment of multi-structure: Encapsulation of Zn:N ultra-thin layer. 
And thermal treatment for transformation/diffusion into ZnO:N.  
 



CHAPTER V 

 

RESULTS AND DISCUSSIONS 

 
This chapter begins with a reference n-type ZnO thin film. Then, a phosphorus doped 

ZnO thin fim is discussed. Finally, nitrogen doped ZnO thin films, our main themes, 

are discussed. 

 

    

5.1 Aluminum-doped ZnO films: a reference of n-type ZnO 
Aluminum doped ZnO (ZnO:Al) thin film, a kind of transparent conducting oxide 

(TCO) thin film, is used as window layer of thin film solar cells. If the target 

fabrication procedure discussed in section 4.1 is applicable, the high quality ZnO:Al 

thin film (good transmission, structure and electrical properties) can be obtained. The 

common conditions used for fabrication of ZnO:Al are summarized in Table 5.1. 

After fabrication, the as-grown films were characterized for their optical, structural, 

and electrical properties and summarized in Table 5.2. From Fig. 5.1, the high quality 

optical transmittance is about 90% at the wavelength of 450 - 800 nm (close to visible 

region of 400 - 700 nm). The lower transmittance at the wavelength greater than 800 

nm corresponds to free carrier absorption. From Table 5.2, the optical gap is 3.54 eV, 

greater than that of 3.3 eV of the intrinsic ZnO, corresponding to the heavily doped 

mechanism of ZnO:Al that lower conducting states are filled up by conducting 

electrons and another electron will fill up the higher and higher states. 

 

 

 

 

 



 56

Table 5.1: Common conditions for fabrication of ZnO:Al films. 

Target ZnO (2.5wt% Al2O3) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate 60o relative to target surface 

Distance of substrate to target 6.5 cm (center to center) 

Substrate temperature Ambient temperature 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 6.0 × 10-3 mbar 

Sputtering gas 99.999% Ar 

Sputtering power RF 80 Watt 

Sputtering time 75 minutes 
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Figure 5.1: Optical transmittance of the as-grown ZnO:Al film. 

 
 

From Fig. 5.2, the XRD spectrum can be identified for the (100), (002), and (004) 

planes. After fitting the preferred orientation peak (002), the c  parameter as shown in 

Table 5.2 is 5.2072 Å, 0.01% (low tensile strain) greater than that of the standard ZnO 

[24]. Due to the narrow width of peak (002), the average grain size is 52 nm. Low 

tensile strain and large grain size refers to high structural quality. 
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Figure 5.2: X-ray diffraction pattern of the as-grown ZnO:Al film. 

 
 

Table 5.2: Physical properties of the as-grown ZnO:Al film. 

Film thickness 1.40 μm (at center) 

Deposition rate 18.7 nm/minute 

Optical gap 3.54 eV 

Lattice parameter: c 5.2072 Å , 0.01% larger than normal [24] 

Average grain size 52 nm 

Resistivity 2.42 × 10-3 Ω⋅cm 

Mobility 7.31 cm2/V⋅s 

Type of carrier n-type 

Carrier concentration 3.55 × 1020 cm-3 

 

The films exhibit low resistivity, high mobility, and high carrier concentration of 2.42 

× 10-3 Ω⋅cm, 7.31 cm2/V⋅s, and 3.55 × 1020 cm-3, respectively. These are the good 

electrical properties for application. It can be concluded that ZnO target fabrication 

procedure is applicable. 
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5.2 Phosphorus-doped ZnO films 
Theoretical prediction was that p-type ZnO can be obtained by occupying of group-V 

elements into the oxygen site in ZnO crystal structure. Phosphorus, one of group-V 

element, can be easily used in a form of phosphorus oxide (P2O5) as a dopant in target 

fabrication process. Then, a P-doped ZnO (ZnO:P) thin film was obtained by rf 

sputtering. The common conditions used for fabrication ZnO:P film are summarized 

in Table 5.3. In order to enhance its optical, structural and electrical properties, the 

film was annealed at 200oC in vacuum for 50 minutes. 

 
Table 5.3: Common conditions for fabrication of ZnO:P films. 

Target ZnO (2.5wt% P2O5) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate 60o relative to target surface 

Distant of substrate to target 6.5 cm (center to center) 

Substrate temperature Room temperature 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 6.0 × 10-3 mbar 

Sputtering gas 99.999% Ar 

Sputtering power RF 80 Watt 

Sputtering time 75 minutes 

 

Consider Figure 5.3, the optical transmittance of the as-grown film is about 90% in 

the wavelengths between 450 – 1,000 nm and decreasing toward about 40% at 2,600 

nm. Annealing process in vacuum leads to slightly increasing of transmittance near 

the band edge. The strong decreasing of transmittance in the long wavelength regions 

is typically due to the increasing of free carrier absorption. One can also see the shift 

of the cut-off wavelength which corresponds to the increase of optical gap as the 

physical properties of the ZnO:P are summarized in Table 5.3. 
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Figure 5.3: Optical transmittance of the ZnO:P films. 
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Figure 5.4: X-ray diffraction patterns of the ZnO:P films. 

 

 

Consider Figure 5.4, the XRD patterns of the as-grown and vacuum annealed ZnO:P 

films exhibit low crystalline quality. Only preferred orientation (002) peaks are 

observed with low intensities.  
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Table 5.4: Physical properties of the ZnO:P films. 

Film thickness 1.34 μm 

Deposition rate 17.8 nm/minutes 

Optical gap 
3.44 eV (as-grown) 

3.56 eV (vacuum annealed) 

Lattice parameter: c  
5.2528 Å (as-grown), 0.89% larger than normal [24] 

5.2439 Å (vacuum annealed), 0.72% larger than normal [24] 

Average grain size 
18 nm (as-grown) 

24 nm (vacuum annealed) 

Resistivity 
1.03 × 10-1 Ω⋅cm (as-grown) 

6.22 × 10-3 Ω⋅cm (vacuum-annealed) 

Mobility 
4.21 cm2/V⋅cm (as-grown) 

6.59 cm2/V⋅cm (vacuum-annealed) 

Type of carrier n-type 

Carrier concentration 
3.17 × 1019 cm-3 (as-grown) 

1.55 × 1020 cm-3 (vacuum-annealed) 

 

From Table 5.4, the lattice parameter c obtained from the XRD measurement 

of the as-grown and vacuum annealed ZnO:P film are 5.2528 Å (0.89% larger than 

normal at 5.2066 Å) and 5.2439 Å (0.72% larger than normal), respectively, which are 

caused by the tensile stain. The average grain size was 18 nm and 24 nm, respectively. 

The result suggests that the large atomic size of phosphorus leads to the low 

crystalline quality of the sputtered ZnO:P films. Thus, other group V elements with 

larger atomic size than that of phosphorus also lead to worst results due to higher 

tensile strain. The electrical properties obtained from the Hall effect measurement 

based on the van der Pauw configuration are shown in Table 5.4. We find the all the 

ZnO:P film exhibited n-type carrier. This suggests that the randomly incoming 

phosphorus atoms in the sputtering process do not occupy oxygen sites, but rather the 

zinc sites with more stability. As a result, accepter states from P cannot be obtained. 

Moreover, thermal energy from annealing process leads to the distribution of more 

donor states or more n-type carriers. 
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5.3 Nitrogen-doped ZnO films using ZnO target 
With the ZnO:P obtained as strong n-type carriers as discussed in section 5.2, another 

choice of group-V element whose atomic size is smaller than phosphorus is nitrogen 

(N). The target for used in the sputtering process is a pure ZnO target (99.99% purity). 

The nitrogen dopants with unknown content are expected from the mixture of 

nitrogen (N2) and argon (Ar) gases used during the sputtering. The ratios of the 

mixture are varied. The sputtering conditions used for fabrication nitrogen-doped ZnO 

are summarized in Table 5.5. Intrinsic ZnO (i-ZnO) films are fabricated under pure Ar 

or under the mixture of O2 and Ar gases for a reference. The films are annealed at 500 

oC in vacuum for 20 minutes for comparison. The thickness of the samples are about 

400 - 500 nm. 

 

Table 5.5: Common conditions for fabrication of ZnO:N films. 

Target ZnO (99.99%) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate Planar 

Distant of substrate to target 4.5 cm (center to center) 

Substrate temperature Room temperature 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 6.0 × 10-3 mbar 

Sputtering gas 

N2 and Ar with the ratios of 

10:90, 25:75, 50:50, 100:0, and 

0:100 for intrinsic ZnO (i-ZnO) 

(Including 2%O2 + 98%Ar)  

Sputtering power RF 100 Watt 

Sputtering time 10 minutes 

 

The average optical transmission spectra of all the ZnO films are about of 

90% with high transmission in the infrared region, as shown in Fig. 5.5, due to 

extremely low free charge carrier and thus resulting in high sheet resistance.  In the 

narrower wavelength regions between 350 – 500 nm, the optical transmission spectra 
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are different depending on the content of nitrogen gas during the sputtering, i.e. the 

transmittance spectra decrease with the increase of nitrogen partial pressure. Due to 

the decrease of the optical transmission spectra in the UV, violet, blue, and green 

regions (370 – 500 nm), only yellow, orange, red, and NIR waves can transmit 

through the films, thus most films show yellow shading. Consider Figure 4.6, when 

the films are annealed in vacuum at 500oC for 20 minutes, all the optical transmission 

spectra in the region of 350 – 500 nm increased a little resulting in slightly yellow 

shading. We note that the optical transmission spectra of the intrinsic ZnO films 

before and after annealing remain the same. This suggests that nitrogen gas during 

sputtering is added to the films and contributes to defects in the ZnO films and it can 

be removed or redistributed during vacuum annealing. The optical gaps of the as-

grown ZnO:N films increase from 3.25 eV to 3.28 eV with the increasing of N2 partial 

pressure from 0% to 100% as shown in Fig. 5.7, while the optical gaps of annealed 

ZnO:N films are mostly constant at 3.26 eV except at 100% N2 partial pressure, the 

optical gap decreases to 3.22 eV. These suggest that the vacuum annealed ZnO films 

are more stable, except the ZnO:N film with 100% N2 film which perhaps contains 

excess amount of N2. The stability of the crystal structure of the ZnO:N films are 

verified by the XRD spectra of all the as-grown and vacuum annealed ZnO:N as 

shown in Fig. 5.8. 
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Figure 5.5: Optical transmittances of the as-grown ZnO:N films. 
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Figure 5.6: Optical transmittances of the vacuum annealed ZnO:N films. 
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Figure 5.7: Comparison of calculated optical gaps of the as-grown ZnO films and 

vacuum annealed films with increasing nitrogen pressure from 0% to 100%. 

 

It can be noticed that the only peak of (002) plane of the annealed films shift 

toward larger values of 2θ corresponding to smaller lattice spacing c as shown in 

Table 5.6. 
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Figure 5.8: X-ray diffraction patterns of the vacuum annealed ZnO:N films 

comparing to intrinsic ZnO films. 
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The peak positions of vacuum annealed ZnO:N films are stable at about 34.42o 

which is the plane (002) of ZnO. The lattice parameter c of the as-grown ZnO:N films 

are larger than that of vacuum annealed ZnO:N films which is the result of tensile 

strain along c-axis. In addition, the grain sizes become larger after annealing. This 

indicates that the crystalline of as-grown ZnO films are naturally disorder and contain 

many defects leading to larger lattice size than normal and small grain size, but it can 

be improved under vacuum annealing. Thermal energy stabilizes the crystal structure 

and minimizes defects leading to normal lattice size and larger grain size. We note 

that the ZnO film fabricated with 2% O2 partial pressure has highest crystalline 

quality than the others. The lattice parameter c increases and the average grain size 

decreases with the increment of nitrogen partial pressure corresponding to the 

incorporation of nitrogen into the ZnO films.  

The resistivity of the as-grown and vacuum annealed ZnO:N films are all high 

in the order of 105 Ω⋅cm as summarized in Table 5.7, thus, cannot be characterized for 

type and concentration of carriers by the existing  Hall effect measurement set up. We 

not that the ZnO film grown with 100% Ar has its resistivity decreased dramatically 

when annealed in vacuum because the oxygen atoms could be driven out to create 

oxygen vacancies contributed to the increase of n-type carriers.  

The surfaces morphologies over the area of 5 × 5 μm2 of all the as-grown and 

vacuum annealed ZnO and ZnO:N films obtained from AFM are shown in Fig. 5.9 

and the graph of roughness versus nitrogen partial pressure are shown in Fig. 5.10. 

The surfaces of both the as-grown and vacuum annealed ZnO films showing 

protrusions remain the same, Figs. 5.9 (a) – (d). It can be notice that the surfaces of 

the as-grown and vacuum annealed ZnO:N film with 10% N2 partial pressure 

dramatically change showing a sponge-like surface shown in Figs. 5.9 (e) and (f) 

consistent with lower crystalline quality. The surfaces with rounded shape of the as-

grown and vacuum annealed ZnO:N are observed with 25% - 50% N2 partial pressure 

as illustrated in Figs. 5.9 (e) – (j). However, the surface morphology of the as-grown 

film fabricated with 100% N2 partial pressure significantly change after annealing in 

vacuum, as can be seen in Figs. 5.9 (k) and (l).  
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Table 5.6: Lattice parameter c and average grain size of the as-grown and vacuum 

anneal ZnO:N films including i-ZnO films. 

Sample 

Lattice 

parameter (c) 

(Å) 

% difference from 

normal  

(5.2066 Å) [24] 

Average grain 

size (nm) 

2% O2 as-grown 5.2738 + 1.29 25 

2% O2 vacuum annealed 5.2121 + 0.10 47 

100%Ar as-grown 5.2701 + 1.22 20 

100% Ar vacuum annealed 5.2040 - 0.05 44 

10% N2 as-grown 5.2633 + 1.09 22 

10% N2 vacuum annealed 5.2135 + 0.13 44 

25% N2 as-grown 5.3026 + 1.84 21 

25% N2 vacuum annealed 5.2150 + 0.16 40 

50% N2 as-grown 5.2973 + 1.74 24 

50% N2 vacuum annealed 5.2209 + 0.27 37 

100% N2 as-grown 5.3195 + 2.17 17 

100% N2 vacuum annealed 5.2290 + 0.43 29 

 

Table 5.7: Thickness and resistivity of the ZnO:N films. 

Sample 

Calculated thickness 

of the as-grown film 

(nm) 

Resistivity of the as-

grown film (Ω⋅cm) 

Resistivity of the 

vacuum annealed 

film (Ω⋅cm) 

2% O2 494 1.14 × 105 1.89 × 105 

100%Ar 419 3.25 × 105 81.7 

10% N2 567 6.18 × 105 5.20 × 105  

25% N2 394 4.05 × 105 3.40 × 105 

50% N2 418 5.67 × 105 5.54 × 105 

100% N2 490 8.06 × 105 3.76 × 105 
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Figure 5.9: Comparison of 5 × 5 μm2 images from AFM of the as-grown ZnO films 

and vacuum annealed films with various partial pressure of reactive gas: (a), (b) 2% 

O2; (c), (d) Pure Ar; and (e), (f) 10% N2. 
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Figure 5.9 (continued): Comparison of 5 × 5 μm2 images from AFM of the as-grown 

ZnO films and vacuum annealed films with various partial pressure of reactive gas: 

(g), (h) 25% N2; (i), (j) 50% N2; and (k), (l) 100% N2. 
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Figure 5.10: Comparison of calculated roughnesses of the as-grown ZnO films and 

vacuum annealed films with increasing nitrogen pressure from 0% to 100%. 

 

 

Figure 5.11: Microscope picture over the area of 150 × 150 μm2 of exploded surface 

of vacuum annealed ZnO with 100% N2 film. 

 

In addition, when observed the vacuum annealed film 100% N2 partial 

pressure using optical microscope over the area of 150 × 150 μm2 (Fig. 5.11),  the 

bursting of the film including bubbles created inside the film is observed with the 

average diameter and density of about 10 μm and 3,200 mm-2, respectively. 

It can be inferred from the experimental results that nitrogen can be 

incorporated into the ZnO film in the form of diatomic molecules (as N2) and merely 

substitute Zn or O sites resulting in high resistivity which will be further discussed. In 

other words, N2 molecules mixed with Ar gas barely break up in the sputtering 



 70

process in order to give N as dopants, neither n-type nor p-type. The exact locations 

of N2 molecules cannot be verified with existing apparatus. The results lead us to 

believe that the excess N2 molecules are trapped in the gaseous form in the ZnO since 

it can be driven out of the the film when given the thermal energy during vacuum 

annealing causing the bursting of the ZnO film. Note that the bursting is only 

observed in vacuum annealing films. 

 

5.4 Nitrogen-doped ZnO using pure Zn metallic target 

5.4.1 N2 sputtering gas with O2 filling in post-annealing process 

With the difficulty of nitrogen atoms in occupying oxygen sites in ZnO structure as 

discussed in section 5.3, another idea to help N to compete with O in forming ZnO:N 

is using a pure Zn metallic target. Firstly, the Zn:N compound is forming as thin film 

when sputter Zn metallic target using nitrogen as sputtering gas. The oxygen atoms 

are later introduced into the crystal structure by post-annealing under the mixture of 

O2 and Ar gases. The growth conditions used in the fabrication Zn:N films are 

summarized in Table 5.8, and the post annealing  conditions and their electrical 

resistivities are summarized in table 5.9. 

 

Table 5.8: Common conditions for fabrication of Zn:N films. 

Target Zn (99.99%) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate Planar 

Distant of substrate to target 4.5 cm (center to center) 

Substrate temperature Ambient temperature 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 6.0 × 10-3 mbar 

Sputtering gas 99.999% N2 

Sputtering power RF 100 Watt 

Sputtering time 10 minutes 
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Table 5.9: Post-annealing conditions and resistivities of the Zn:N films. 

Annealing conditions Resistivity (Ω⋅cm) 

As-grown (468 nm) 6.52 × 103 

Vacuum annealing at 500oC for 20 min. 3.62 × 105 

10% O2 + 90% Ar (6.0 × 10-3 mbar) at 500o for 20 min. 1.08 × 106 

2-stage annealing:  

(a) Vacuum annealing, 500oC for 20 minutes and then  

(b) 10% O2 + 90% Ar (6.0 × 10-3 mbar), 500oC for 20 minutes 

3.62 × 103 
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Figure 5.12: Optical transmittances of the Zn:N films. 

 

The as-grown Zn:N compound thin films have brown shading and changed to 

lighter brown shading after annealing under various procedure as can be seen from the 

change in optical transmission spectra in Fig. 5.12. All the spectra show the average 

optical transmittance of about 90% above the cut-off. The high transmission spectra in 

the near infrared region (>700 nm) corresponds to the nature of extremely low free 

charge carrier resulting in high resistivities as summarized in Table 5.9. The films 

exhibit brown shading because of the low optical transmittances in the visible (VIS) 
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region of 400 to 700 nm as shown in Fig. 5.12. With the various annealing conditions 

described in Table 5.9, the optical transmission spectra in the VIS region of the 

oxygen annealed film (OA film) and two-stage annealed film (2SA film) increased to 

be about 70 to 90%. The optical transmittance of vacuum annealed films (VA film) 

increases about 40 to 70%. Both optical spectra of OA film and 2SA film look like 

qualitatively similar to that of intrinsic ZnO thin film which was obtained by 

sputtering pure ZnO target under pure Ar gas, discussed previously. This suggests that 

annealing process can redistribute and/or reduce defect states in the Zn:N compound 

thin films, and leads to the formation of ZnO. 

XRD spectra of the as-grown film (AG film) and various annealed films are 

shown in Fig 5.13(a) – (c) showing peaks Zn, Zn3N2, and ZnO based on the JCPDS 

files, summarized in Table 5.12. The XRD spectrum of the AG film exhibits the low 

intensity of (102) peak due to the amorphous like and low crystallinity of the Zn film 

with excess N2. The XRD pattern of the VA film reveals both Zn peaks and Zn3N2 

peaks. This result suggests that the crystalline Zn3N2 can be improved by the thermal 

energy in annealing process in vacuum where the excess N2 is repelled out of the VA 

film. The peaks corresponding to Zn, Zn3N2, and ZnO in the OA film are obsverved, 

while only the sharp peaks of ZnO are observed in the 2SA film. These indicate that 

the thermal energy can activate oxygen to replace the nitrogen in the compound and 

then covert to ZnO. However, the residual Zn and Zn3N2 are observed in the OA film. 

The OA process is not effective to form ZnO because the remained unstable nitrogen 

atoms of which ionic size of 1.46 Å in the AG films will hinder the incoming oxygen 

atoms of which ionic size of 1.38 Å. In contrast, two-stage annealing has two 

mechanisms: (1) removing of unstable nitrogen defects off the film in first stage and 

(2) filling oxygen to the films in the second stage. The calculated grain sizes via 

Scherrer’ formula are ~ 4 nm for OA film and ~10 nm for 2SA film. The XRD result 

indicates that the VA film is likely to be Zn3N2 of which energy gap is indirect [29]. 

Then we used the relation of indirect band-gap from the Eq. 3.28. Then we plotted 

(αhv)1/2 versus photon energy (hv) as shown in Fig. 5.14 and yielded the energy gap 

of 1.74 eV. 
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Figure 5.13: Identification of phase in the as-grown and annealed Zn:N films by 

comparing the XRD spectra to the standard ZnO, Zn, and Zn3N2 from JCPDS files. 
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Table 5.10: Observed peaks of Zn:N films under various annealed conditions 

(comparing to JCPDS files). 

Observed peaks 

Zn:N2 Sample Zn 

(JCPDS: 4-831) 

Zn3N2 

(JCPDS: 35-762) 

ZnO 

(JCPDS: 36-1451) 

(As-grown) 

AG film 
(102) - - 

(Vacuum 

annealed) 

VA film 

(002) 

(102) 

(222) 

(321) 

(600) 

- 

(Oxygen 

annealed) 

OA film 

(002) 
(222) 

(600) 

(100) 

(101) 

(112) 

(Two-step 

annealed) 2SA film 
- - 

(100), (002) 

(101), (102) 

(112) 
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Figure 5.14: Optical transmittance of the vacuum anneal Zn:N film and determination 

of the optical gap as indirect gap of Zn3N2. 
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Figure 5.15: Comparison surface images from AFM in the area of 2.5×2.5 μm2 of (a) 

AG film, (b) VA film, (c) OA film, and (d) 2SA film. 

 
 

 
Figure 5.16: Microscope pictures in the area of 100×100 μm2 of (a) AG film and (b) 

exploded surface of VA film. 

 

The AFM image over the 2.5 × 2.5 μm2 of all the Zn:N compound thin films 

are shown in Fig. 5.15. The surfaces AG and VA films in Fig. 5.15(a) and (b) are 

somewhat similar with the average roughness of about 5.5 nm. The surface of the OA, 

Fig. 5.15(c) film looks more dense with about the same roughness. Oxygen atoms 

during annealing may likely to form ZnO from the outside while the inside of the film 

contains the remained unstable nitrogen atoms. Figure 5.15 (d) show the surface of 

2SA film with the average roughness of about 6 nm. This is the result of the reaction 



 76

between oxygen atoms and zinc atoms forming ZnO throughout the film of which the 

unstable nitrogen atoms were already removed. In addition to what previously 

described in section 5.3, the bursting of the films is also observed in vacuum 

annealing, oxygen annealing, and two-stage annealing with approximately the same 

density about about 500 mm-2. This indicates that annealing removes unstable 

nitrogen and slightly changes the microscopic surfaces of annealed films and 

dramatically changes the macroscopic surfaces. 

From the obtained results, in order to obtain ZnO films, annealing under 

oxygen is inadequate because it will give residual Zn and Zn3N2. We suggest that to 

obtain pure crystalline ZnO film, the films should be annealed under vacuum to firstly 

remove unstable nitrogen and then they should be annealed under oxygen pressure. 

Due to the low intensity of XRD spectra with high resistivity in the order of 103 - 105 

Ω⋅cm, the procedure described here could not provide high crystalline ZnO:N films 

with p-type conductivity. It suggests that an extremely small fraction of single N 

atoms can be obtained from dissociation collision process of N2 molecule that will be 

described in the next section. 

 

5.4.2 N2O sputtering gas with Zn3N2 phase in the films 

It is expected that the chemical bond of N2O molecule can be broken easier in the 

dissociation collision of the sputtering process than that of N2 molecule. That will 

help N atom to occupy the O sites of ZnO easier giving rise to the p-type carriers. In 

this part of the work, pure Zn target was used as the sputtering target and the N2O : Ar 

ratios of are varied in order to obtain p-type ZnO. The sputtering parameters are 

summarized in Table 5.11. The substrates are pre-heated to 100oC before sputtering in 

order to improve the crystalline quality of the films. The samples are fabricated using 

dc sputtering on the Zn metallic target, and the working pressure decrease to 4 × 10-3 

mbar in order to obtain high energy electrons. All films are annealed at 500oC for 20 

minutes in vacuum. Due to the yellow shading of the as-grown ZnO:N films and the 

superposition peak in the XRD results as Fig. 5.20, it can make an assumption that the 

films contain Zn3N2 phase and ZnO phase. 
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Table 5.11: Common conditions for fabrication of ZnO:N film. 

Target Zn (99.99%) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate Planar 

Distance of substrate to target 4.5 cm (center to center) 

Substrate temperature 100oC 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 4.0 × 10-3 mbar 

Sputtering gas 
N2O and Ar with the ratio of 

15:85, 20:80, 25:75, and 30:70 

Sputtering power DC 50 Watt 

Sputtering time 15 minutes 

 

The spectra can be identified as the superposition of two different peaks 

consisting of ZnO (002) peak and Zn3N2 (321) peak on the lower angle. Due to the 

defect of the crystalline leading to the large tensile strains, their inter-planar spacings 

are greater than normal, leading to the left shift of the peak positions (2θ for standard 

ZnO (002) at 34.422o [24] and 2θ standard for Zn3N2 (321) at 34.280o [27]). The 

fitted spectra are also shown in Fig 5.20. It indicates that Zn3N2 has low formation 

energy at quasi-stable phase in Zn-O-N system, after annealing Zn3N2 transform to be 

the more stable ZnO phase. So, zinc nitride (321) peak decreases for the vacuum 

annealed films and disappear for the annealed ZnO:N films that prepared under 20% 

N2O partial pressure or more. 
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Figure 5.17: Fitting of the as-grown and vacuum annealed films of 15% N2O partial 

pressure. 
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Figure 5.18: Fitting of the as-grown and vacuum annealed films of 20% N2O partial 

pressure. 
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Figure 5.19: Fitting of the as-grown and vacuum annealed films of 25% N2O partial 

pressure. 
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Figure 5.20: Fitting of the as-grown and vacuum annealed films of 30% N2O partial 

pressure. 
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Table 5.12: Fitted peak parameters of XRD spectra of the as-grown (AG) and vacuum 

annealed (VA) ZnO:N films. (Note that lattice parameter c = 2× 002d ) 

Sample 
Peak 

identification 

Peak 

position 

(degree) 

Inter-planar 

spacing d002 

(Å) 

Peak 

Area 

(%) 

Average 

crystallize 

size (nm) 

Zn3N2 (321) 33.650 2.6611 68 38 
15% N2O AG 

ZnO (002) 34.080 2.6285 32 18 

Zn3N2 (321) 33.675 2.6592 49 40 
15% N2O VA 

ZnO (002) 34.150 2.6233 51 24 

Zn3N2 (321) 33.730 2.6550 62 33 
20% N2O AG 

ZnO (002) 34.170 2.6218 38 17 

20% N2O VA ZnO (002) 34.325 2.6103 100 42 

Zn3N2 (321) 33.710 2.6565 62 25 
25% N2O AG 

ZnO (002) 34.370 2.6070 38 16 

25% N2O VA ZnO (002) 34.320 2.6107 100 40 

Zn3N2 (321) 33.750 2.6534 67 20 
30% N2O AG 

ZnO (002) 34.420 2.6033 33 16 

30% N2O VA ZnO (002) 34.375 2.6066 100 44 

Standard Zn3N2 Zn3N2 (321) 34.280 2.6136 - - 

Standard ZnO ZnO (002) 34.422 2.6032 - - 

 

We summarize the peak parameters for various N2O partial pressures in 

Table 5.12 with average crystallite size obtained by Scherrer’s formula.  From the 

fitted XRD result, Zn3N2 phase along with ZnO phase in the as-grown ZnO:N films 

preferred to form low temperature (100oC). The ratios of peak area of Zn3N2 (321) to 

that of ZnO (002) are about the same value of 2 because the ratio of N to O obtaining 

from N2O sputtering gas is fixed. Average crystallite sites of ZnO are about the same 

of lower 20 nm. This should be the temperature limit of the ZnO formation with larger 

crystallite site. In contrast, average crystallite site of Zn3N2 is reduced from 38 nm to 

20 nm with the increase of N2O partial pressure from 15% to 30%. This should be the 

effect of oxygen to Zn3N2 crystalline. After annealing the as-grown ZnO:N films at 

500oC in vacuum, ZnO phase is more stable, so the quasi-stable zinc nitride phase 
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decrease or re-crystallize to be more stable ZnO phase. The average crystallite sizes of 

ZnO phase of all vacuum annealed films increase to be about 40 nm which are larger 

than that of the as-grown films. This refers to the oxygen sufficiency which leads to 

the improvement of ZnO crystallinity by the thermal energy. Most of the films, except 

for 15% N2O partial pressure or oxygen deficient case, show the absence of Zn3N2 

phase after annealing. For the film grown at 15% N2O partial pressure, the remainder 

of ZnO (321) peak of vacuum annealed film refers to the remainder of Zn3N2 phase 

after annealing. The Zn3N2 phase of this vacuum annealed film shows the average 

crystallite of 40 nm which is about the same value of its as-grown film referring to 

that the heat treatment does not increase Zn3N2 crystalline quality. Due to keeping the 

working pressure constant, the lower N2O partial pressure corresponds to the higher 

Ar quantity leading to higher Zn sputtered atoms. Because of low N2O quantity, O is 

deficient to catch Zn to form whole ZnO, the reminder of Zn atoms catch N atom to 

form Zn3N2 with high crystallite size referring to high crystallinity which still remains 

after annealing. For higher N2O partial pressure or lower Ar pressure, Zn sputtered 

atoms is lower leading to oxygen sufficient causing that the system prefers forming 

only ZnO after annealing instead of the mix of ZnO and Zn3N2. The Zn3N3 could be 

formed in the as-grown film, but it should be quasi-stable state that was destroyed by 

the thermal energy.     

     In addition, with increasing the N2O partial pressure, this ZnO (002) peak shifts to 

the right hand side corresponding to the decrement of inter-planar spacing of plane 

ZnO (002) or d002. Their inter-planar spacing decrease and close to 2.6032 Å of 

standard ZnO. Comparing to inter-planar spacing of JCPDS file, all the as-grown 

films exhibit tensile strains in c-axis for ZnO phase (hexagonal) and a-axis for Zn3N2 

(cubic). These should be the result of defects in film crystalline. It suggests that the 

defects could be all possible atoms or molecules yielding from the decomposition of 

N2O gas such as NO, N2, N and O during sputtering process, and occupying in 

possible locations such as oxygen site and interstitial. The defects or possible nitrogen 

defects should be reduced by vacuum annealing corresponding to the decrement of 

tensile strains. 
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Figure 5.21: Optical transmittances of the as-grown ZnO:N films. 
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Figure 5.22: Optical transmittances of the vacuum annealed ZnO:N films. 
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Table 5.13: The Calculated thicknesses and the optical gaps of the as-grown (AG) 

films and vacuum annealed (VA) ZnO:N films. 

Film 
Thickness 

(nm) 

Heat Treatment Optical gap 

(eV) 

As-grown 3.18 
15% N2O 839 

Vacuum annealed 3.23 

As-grown 3.25 
20% N2O 738 

Vacuum annealed 3.27 

As-grown 3.26 
25% N2O 531 

Vacuum annealed 3.27 

As-grown 3.27 
30% N2O 428 

Vacuum annealed 3.27 

 

Table 5.14: Resistivity, Mobility and Carrier concentration for as-grown (AG) films 

and vacuum annealed (VA) ZnO:N films. (Note that * refers to slightly p-type by hot 

probe measurement and ** refers to ambiguous type.) 

Film Heat Treatment 
Resistivity 

(Ω⋅cm) 

Mobility 

(cm2/V⋅s) 
Type 

Carrier 

concentration

(cm-3) 

As-grown 1.3 5.9 n 1.4 × 1018 

15% N2O Vacuum 

annealed 
4.9 × 103 1.3 n 1.6 × 1015 

As-grown 1.2 × 105 - * - 

20% N2O Vacuum 

annealed 
1.6 × 103 0.67 n 9.6 × 1015 

As-grown 3.3 × 105 - ** - 

25% N2O Vacuum 

annealed 
2.7 × 105 - ** - 

As-grown 2.6 × 105 - ** - 

30% N2O Vacuum 

annealed 
2.0 × 105 - ** - 
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Figure 5.23: Resistivity versus N2O partial pressure of the as-grown and vacuum 

annealed ZnO:N films. 

 

The optical transmittance of the as-grown 15% N2O partial pressure ZnO:N 

film exhibits lower transmittance in the region of 370 – 600 nm, corresponding to its 

yellow shading while all other films with 20% - 30% N2O partial pressure have 

relatively higher transmission in the same region of wavelength corresponding to 

clearer color as the spectra are shown in Fig. 5.21. After annealing, the film with 15% 

N2O partial pressure shows slightly increase of the optical transmittance as seen in 

Fig. 5.22. The as-grown ZnO:N films grown under low N2O partial pressure generally 

exhibit yellow shading corresponding to the mixture of crystalline of Zn3N2 and ZnO. 

The increase of optical transmittance, when the N2O partial pressure is increased 

corresponds to the decrement of the unstable Zn3N2 phase is driven out after obtaining 

addition thermal energy. The transmittances of 20% to 30% N2O partial pressure 

films are close to the same cutoff wavelength. The calculated thicknesses and optical 

gaps are illustrated in Table 5.13. The optical gaps of the as-grown and vacuum 

annealed film for 15%N2O exhibit lower value than the other. It suggests that the 

optical gap may be the mixed value of the optical gap of i-ZnO (3.27 eV) and that of 

Zn3N2 (2.12 eV [29]). That should be the result of the distribution of ZnO grain and 

Zn3N2 grain throughout the as-grown ZnO:N film surface. For 20% N2O partial 
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pressure or more, the calculated optical gaps of vacuum annealed ZnO:N films are 

close to the optical gap of i-ZnO or 3.27 eV. This result is significant difference from 

the work of Fusuhara et al. [39], sputtering ZnO target under the mixture of N2 + Ar 

gases, leaded to the decrement of optical gap down to 2.30 eV [39] and cannot be 

observed the superposition peaks of their zinc oxynitride (ZnxOyNz) films. It suggests 

that ZnxOyNz films should contain more unwanted nitrogen defects that should 

possibly be nitrogen interstitial (N2)i than our ZnO:N films that contain Zn3N2 phase. 

In order to obtain nitrogen doped ZnO, sputtering Zn target under N2O should reduce 

the unwanted nitrogen defects in ZnO:N film comparing to sputtering ZnO target 

under N2, however, Zn3N2 phase in ZnO:N film is obtained. By using linear four-

point-probe and Hall effect measurement, the some electrical properties e.g. 

resistivity, mobility, carrier concentration and type of carrier are obtained and 

summarized in Fig. 5.23 and Table 5.16. 

     The increase of N2O partial pressure leads to the increase of resistivity of the as-

grown films indicated as the circle up to 105 Ω⋅cm. For 25% and 30% N2O, their 

resistivities exceed 105 Ω⋅cm. This indicates the compensation of p-type carrier to the 

native n-type carrier. Thus, their types of carrier cannot be exactly identified or 

slightly p-type detected by hot probe measurement. In addition, their resistivities of 

vacuum annealed ZnO:N films indicated as the triangle slightly decreases. After 

annealing, the resistivity of 15%N2O increase to the order of 103 Ω⋅cm corresponding 

to the formation of ZnO phase. For the as-grown and vacuum annealed films for 25% 

or more N2O ratio, their resistivities are too high to measure for correct carrier 

concentrations. It suggest that, for more amount of N2O or enough oxygen quantity 

leads to a small amount of nitrogen occupying oxygen site (NO) and thermal energy 

leads to the formation of unwanted stable defects that exhibit n-type conductivity. 

These could be substitutional diatomic molecules (SDM) such as (N2)O [40, 41]. In 

addition, possible defects which provide p-type carriers among SDM’s is (NO)O, but 

it is unstable because of higher formation energy than (N2)O [40]. As a result, 

annealing process leads to the decrease of p-type carrier. The thermal energy reduces 

the quasi-stable stage of acceptor in ZnO. From the results of high resisivities with no 

distinct p-type conductivity in the as-grown films and the ratios of peak area of ZnO 

phase to that of Zn3N2 were about 2:1 in the as-grown films, this is due to the higher 
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chemical activity (electronegativity) of the oxygen than that of nitrogen leaving a very 

small fraction of nitrogen to occupy oxygen sites.  

In order to increase p-type carrier, nitrogen or its compounds should be 

trapped in the i-ZnO films and then be chemically distributed by suitable thermal 

treatment which will discussed in the next section. 

5.4.3 Encapsulation of ultra-thin Zn:N layer 

In this part of the work a method to trap nitrogen in the structure ZnO is designed. A 

3-layer encapsulation of ultra-thin Zn:N layer between the ZnO films is used to trap 

and redistribute nitrogen and filnally substitute oxygen in the films in order to obtain 

p-type conduction. The schematic diagram of encapsulation including thermal 

treatment used in the fabrication of ZnO:N are summarized in Table 5.15 and Table 

5.16, respectively. 

 

Table 5.15: Common conditions for fabrication of ZnO:N films. 

Target Zn (99.99%) 

Substrate 5 × 6 cm2, soda-lime glass 

Orientation of Substrate Planar 

Distance of substrate to target 4.5 cm (center to center) 

Substrate temperature Room Temperature 

Base pressure < 6.0 × 10-6 mbar 

Sputtering pressure 1.0 × 10-2 mbar 

3-layer structure Consider table 4.18 

Sputtering power RF 200 Watt 

 

 

Bottom layer (BL) (250 nm)

Top layer (TL) (250 nm)

Ultra-thin Zn:N (UTZN) 
middle layer (5 nm)

SLG Substrate

Bottom layer (BL) (250 nm)

Top layer (TL) (250 nm)

Ultra-thin Zn:N (UTZN) 
middle layer (5 nm)

SLG Substrate
 

Figure 5.24: Schematic of the ZnO/Zn:N/ZnO film coated on SLG substrate. 
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Fig. 5.25: Optical transmittances of the films. 
 

 

Table 5.16: Samples and their growth conditions. 

Sample Sputtering condition Treatment condition 

A 85%Ar + 15%O2, 4 min. 

(No middle layer or UTZN) 

Up to 400oC in 3 min. or short time 

vacuum (STV) annealing 

B BL: 85% Ar + 15% O2, 2 min. 

UTZN: 50% Ar + 50% N2, 2 sec. 

TL: 85% Ar + 15% O2, 2 min. 

As-grown 

C Same as B STV 

D Same as B Up to 500oC in 20 min. and 

dwelling for 20 min. or long time 

vacuum (LTV) annealing 

 

Table 5.17: Thicknesses, optical gaps, inter-planar spacings, and average grain sizes 

of the films. 

Sample Calculated 

thickness (nm) 

Optical gap 

(eV) 

Inter-planar 

spacing (Å) 

Average grain 

size (nm) 

A 505 3.27 2.6262 20 

B 510 3.26 2.6458 15 

C 487 3.27 2.6103 32 

D 497 3.27 2.6011 48 
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Fig. 5.26: XRD spectra of the films. 

 

Table 5.18: Electrical properties of the films. 

Sample 
Resistivity 

(Ω⋅cm) 

Type of 

carrier 

Carrier concentration 

(cm-3) 

Mobility 

(V⋅s/cm2) 

A 3.6 × 105 Ambiguous - - 

B 7.8 × 105 Ambiguous - - 

C 2.3 × 10-2 p 5.2 × 1019 8.6 

D 5.6 × 10-1 n 3.1 × 1017 57 
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Fig. 5.27: Raman spectra of the films. 
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The optical transmission spectra of the samples summarized in Table 5.16 are 

illustrated in Fig 5.25. The optical transmittance of sample A is relatively high about 

85% in the VIS region. Sample B exhibits very low transmittance with dark gray 

shading due to the property of the ultra-thin Zn:N compound (UTZN ) layer. Sample 

C exhibits intermediate transmittance of about 60% in the VIS region with the 

appearance of gray shading, while sample D exhibits higher optical transmittance 

close to that of sample A. The results indicate that the thermal energy in both 

annealing processes increases the optical transmittance by the re-crystallization of the 

UTZN layer and the ZnO layers. The gray shading of sample C comes from the 

distribution of nitrogen related defect complex (NRDC) in the film. The calculated 

thicknesses from the interference patterns are about 500 nm  and their optical gaps are 

about 3.27 eV closing to that of sample A or intrinsic ZnO.  Due to the initial UTZN 

layer being considered as defects, the optical gap of the as-grown film (sample B, 

3.26 eV) is slightly less than the others as summarized in Table 5.17. 

The crystal structures of the films obtained from the XRD are shown in Fig. 

5.26. Sample B exhibits lowest crystalline quality with wider peak of the (002) plane 

of ZnO. After the STV annealing, so called sample C, its crystalline quality was 

improved in terms of the decrement of inter-planar spacing and increment of grain 

size as summarized in Table 5.17. For the LTV annealing, namely sample D, the film 

exhibits the highest crystalline quality with average grain size of 48 nm. The 

stabilized inter-planar spacing of 2.6011 Å is close to that of 2.6032 Å [24] of 

standard ZnO powder. The shift of (002) peaks in both sample C and D (compared 

with sample B) corresponds to the decrease of inter-planar spacing by re-

crystallization with the decrement of any interstitial atoms leading to the quasi-stable 

positions of N substituted in O sites (NO) or stable positions of Zn and O.   

The electrical properties of the sample A - D are summarized in Table 5.18. 

The results show that the ZnO:N film using UTZN middle layer followed by STV 

annealing, namely sample C, exhibits low resistivity in the order of 10-2 Ω⋅cm with 

the p-type carrier concentration in the order of 1019 cm-3. However, this nitrogen-

doped ZnO (ZnO:N) film should still contain Zn3N2 phase obtaining from UTZN 

layer with STV annealing. The annealing temperature up to 400oC should provide a 

chemical reaction of Zn and N2 to be more stoichiometric Zn3N2 [20]. In other words, 
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Zn3N2 is the key substance to obtain ZnO:N with substitution of O into N site of 

Zn3N2 and the conversion of oxygen-doped Zn3N2 to be ZnO:N [21].  During the STV 

annealing, Zn3N2 phase forms simultaneously with the occupying of O into its N sites, 

and continuously with the formation of ZnO:N. As a result, there is no explicit Zn3N2 

structure observed from XRD spectra.  In contrast, the films without UTZN layer 

(sample A) and/or without any post annealing (sample B) exhibit extremely high 

resistivity in the order of 105 Ω⋅cm with ambiguous type of carrier. Due to the non-

distribution of film crystalline structure, the top layer of sample B (with UTZN layer) 

still exhibits high resistivity. Furthermore, the LTV annealed film (sample D) leads to 

the n-type conductivity with carrier concentration of 1017 cm-3 and higher mobility. 

When the films are annealed at too high temperature as 500oC for a long time, the 

quasi-stable nitrogen defects such as NO which provide p-type carrier should be 

redistributed by the excess thermal energy. In addition, substitutional diatomic 

molecules (SDM) [40, 41] which provide n-type carriers such as (N2)O are expected to 

form with more stability and compensate the remained p-type carriers. Finally, the 

film exhibits n-type conductivity with higher mobility corresponding to the high 

crystalline quality in the XRD result. 

The ZnO:N film using UTZN middle layer followed by STV annealing 

would have N or NRDC occupying in the O site. Then, NRDC would exist and could 

be detected by Raman spectroscopy as illustrated by Stoke Raman lines in Fig. 5.27. 

The positions of Raman shift are identified based on our best fitted peaks (not shown 

in the figure). Comparing to the works of L.L. Kerr et al. [23] and M.L. Tu et al. [14], 

their most dominant peaks in Raman shift of their p-type ZnO:N are of 570 and 581 

cm-1, respectively, which were interpreted as LO phonon mode [14]. The as-grown 

film with UTZN layer without annealing (sample B) exhibits the highest intensity at 

574 cm-1. It may be inferred as a result of NRDC containing in the film. With the STV 

annealing, sample C shows the main peak at 572 cm-1 corresponding to the existence 

of NRDC. In contrast, sample A (no UTZN) exhibits only small peak at 439 cm-1. The 

Raman shifts at 433 - 439 cm-1 correspond to the intrinsic ZnO film [23]. Finally, 

sample D which contains UTZN layer with the LTV annealing exhibits similar Raman 

shift result similar to the intrinsic ZnO.  It implied that excess thermal energy from the 

LTV annealing would cause the redistribution of NRDC in quasi-stable state to the 
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more stable state leading to the compensation from the p-type carrier to the n-type 

carrier. The low intensity of Raman shift at 578 cm-1 of sample D reveals the small 

NRDC residue but not enough contribution to the p-type conductivity. Annealing in a 

high temperature and/or for a long time should remove unstable nitrogen related 

defect complexes and form more stable defects which exhibit n-type conductivity. 

Finally, post annealing is the mechanism to improve more optical transmittance and 

higher crystalline quality of the ZnO:N thin films but more thermal energy would 

destroy nitrogen related defect complexes leading to the n-type conductivity. 

 

5.4.4 Evolution of crystal structure of Zn:N films in vacuum under high 

temperature 

From section 5.4.3, in order to describe the mechanism of the middle layer, we 

demonstrate a systematic study of the temperature effect on the structural properties 

of the Zn:N thin film under vacuum that would transform to be Zn3N2 thin film. The 

sputtering conditions discussed in Table 5.15 were used, but this Zn:N film was 

fabricated for 4 minutes and the thickness of the as-grown films was about 0.5 μm. 

XRD measurement was used to examine and compare both lattice parameters and 

grain size of crystalline structure of pure Zn and Zn:N films. High temperature x-ray 

diffraction (HTXRD) measurement using Philips X’pert from ambient temperature 

(25oC) to 554oC, and scanning from 2θ of 30o to 60o, was used to examine the 

evolution of structural properties of the Zn:N film under vacuum. The Zn:N film was 

heated by platinum heater under vacuum of 10-5 mbar. The temperatures of platinum 

heater and Zn:N film were measured by an in-contact thermocouple (type-S) and non-

contact pyrometer at 1.55 μm, respectively. The observed peaks in XRD patterns were 

fitted using Gaussian distribution for the calculation of structural parameters of the 

films.  

  The room temperature XRD spectra of the pure Zn and Zn:N films are shown 

in Fig. 5.28. The planes (002), (100), and (101) of Zn structure were similar observed 

similary in both spectra. Because the peak positions are close to Zn standard [42], the 

films are identified as zinc films. The larger peak width of Zn:N corresponds to the 

smaller average grain size calculated from Scherrer’s formula as shown in Table 5.19.  
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Figure 5.28: XRD spectra of pure Zn film and Zn:N film at ambient temperature. 

 

Table 5.19: Lattice parameters (a & c of hexagonal structure) of pure Zn film and 

Zn:N film at ambient temperature, and average grain size. 

Films a (Å) 

Difference 

from normal 

(2.6650 Å) 

c (Å) 

Difference 

from normal 

(4.9470 Å) 

Average 

grain size 

(nm) 

Pure Zn 2.6634 - 0.06% 4.9346 -0.25% 58 

Zn:N 2.6686 + 0.13% 4.9459 -0.02% 28 

 

  

The lattice parameters a and c calculated from Zn peaks (100), (002) and (101) 

of Zn:N film also larger than those of pure Zn film. It suggests that nitrogen could 

incorporate into the Zn film in the form of defects without explicit Zn3N2 phase 

observed from the XRD spectrum. These defects could be in the forms of interstitials 

of nitrogen or Zn-N related compounds. The XRD patterns of the Zn:N film under 

vacuum at various temperatures are illustrate in Fig. 5.29.  The lattice parameters of 

hexagonal structure of Zn from various XRD patterns or different temperatures were 

fitted, where the calculated lattice parameters a and c base on the least square fitting 

were depicted as Fig. 5.30(a) and (b), respectively. Average grain sizes of the Zn:N 

film from the transformation of Zn phase to Zn3N2 phase were also shown as Fig. 

2θ (degree) 
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5.31. At the higher temperature from 124oC to 269oC, the left shifts corresponding to 

the increment of lattice constants of Zn were observed. The lattice parameter a from 

all temperatures is about 0.15% – 0.25% greater than 2.6650 Å of standard Zn [42].  

In addition, at 269oC, the lattice parameter c increases rapidly to 0.7% greater than 

4.9470 Å of standard Zn [42]. This corresponds to the large increase of tensile strain 

along c-axis of the Zn structure of the Zn:N thin film with the increase of temperature. 

The average grain size of the Zn phase is approximately 29 nm from ambient 

temperature to 203oC, then increase to about 33 nm from 269oC to 320oC followed by 

the change from Zn to Zn3N2 phase with the average grain size about 15 nm as shown 

in Fig 5.31. At temperature of 320oC, the decrement in amplitude of Zn (002), (100), 

and (101) peaks also was observed. In contrast, small peaks, e.g. (222) and (321) of 

Zn3N2 were also observed. This should be typical phase of Zn3N2 or ZnxNy created by 

the chemical reaction between Zn and N at high temperature under vacuum.  
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Figure 5.29: XRD spectra of the Zn:N film under various temperatures. 
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Figure 5.30: Lattice parameters (a) a and (b) c of the Zn:N film (Zn phase) under 

various temperatures. 
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Figure 5.31: Average grain sizes of the Zn:N film under various temperatures. 
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Table 5.20: Lattice parameter a of Zn3N2 phase and average grain size of the Zn:N 

film at 481oC and 554oC. 

Temperature (oC) a (Å) 
Difference from 

normal (9.7769 Å) 

Average grain size 

(nm) 

481 9.7503 -0.27% 14 

554 9.7532 -0.24% 16 

 

At temperature of 481oC and 554oC, the planes (222), (321), and (400) 

(overlaps with the peak (002) of Zn) of Zn3N2 structure were observed with the 

decrement of Zn peaks. This can be identified as the formation of Zn3N2 phase 

leading to incomplete phase transition from Zn:N to Zn3N2.  

The calculated lattice parameter a of a cubic structure of Zn3N2 phase and its 

average grain size is summarized in Table 5.20. The lattice parameter a is less than 

standard Zn3N2 [27] by approximately 0.3%. The residual Zn phase is due to the 

nitrogen deficient of the Zn3N2 film at high temperature. The result revealed that some 

of nitrogen could be removed under vacuum by thermal energy during the formation 

of Zn3N2 phase. Thus, the phase transition from Zn:N to Zn3N2 is not a completely 

chemical reaction. 

From the results, from ambient temperature to approximately of 270oC, the 

Zn:N film exhibits Zn phase in hexagonal structure. The lattice parameters a and c of 

in Zn:N film are greater than those of of pure Zn film due to the nitrogen distribution. 

At higher temperature than 320oC, the film should rather be in the Zn3N2 or ZnxNy 

phases because of the large increment of lattice parameters a and c of Zn phase and 

the observation of the (222), (321), and (400) planes of Zn3N2 phases. The result 

suggests that the Zn:N film exhibits the phase transition from Zn:N to Zn3N2 at 

temperature higher than 320oC. At temperature above 500oC, the film exhibits Zn3N2 

phase with the residual phase of Zn due to the nitrogen deficiency in the system.         

 



CHAPTER VI 

 

CONCLUSIONS 
 

In order to obtain p-type ZnO, it requires the effort to dope group-V element into the 

O sites in ZnO structure. Due to large atomic size of P, the as-grown ZnO:P film 

exhibits low crystalline quality with tensile strain which cannot be improved by post-

annealing. With the random incoming atoms in sputtering process, the incoming P 

atoms prefer to occupy Zn sites with more stability instead of the expected O sites. 

Thermal annealing should drive additional P into its stable sites, thus the n-type 

carriers increase. The n-type carrier concentrations of the as-grown and vacuum 

annealed ZnO:P films are of 3.17 × 1019 and 1.55 × 1020 cm-3, respectively. 

Nitrogen which has atomic site smaller than that of P is suitable in occupying 

the Zn site. Starting from ZnO target with N2 sputtering gas (mixed with Ar) leads to 

the N2 interstitials in the film which can be removed by annealing in vacuum. The 

films also exhibit very high resistance corresponding to the low carrier concentration. 

The problem is that nitrogen cannot compete against oxygen in occupying oxygen 

sites. In order to help nitrogen, other material or Zn metallic target was selected. Fill 

N to the film firstly in the form of Zn:N film and then anneal under oxygen. Then, the 

ZnO:N films were obtained. The complete ZnO structure without Zn or Zn3N2 was 

obtained by two-step annealing; firstly with vacuum annealing and secondly with 

oxygen annealing. The problems are that the structural properties were low and their 

resistivities were high without p-type conductivity. The problem of this method is that 

the nitrogen bond cannot be broken. Other gas used instead of N2 is N2O. Sputtering 

Zn target under N2O partial pressure exhibits interested results of XRD spectra. The 

XRD spectra exhibit a superposition of Zn3N2 (321) peak and ZnO (002) peak. The 

ratios of peak area are the same for various N2O partial pressures. Some of the as-

grown film exhibit very low p-type conductivity by hot probe measurement. Most of 

them including the vacuum annealing, exhibit very high resistivities in the order of 

105 Ω⋅cm with ambiguous type of carrier. The problem is that oxygen is more active 

than nitrogen. Another idea is that mechanically trap N or its compound in i-ZnO and 
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chemically distributes by suitable thermal annealing. Nitrogen doped zinc oxide 

(ZnO:N) could be obtained from the insertion of ultra-thin Zn:N (UTZN) middle layer 

with the thickness of 5 nm into the ZnO film with the short time vacuum (STV) 

annealing (up to 400oC in 3 minutes). The key process to enhance hole carriers in 

ZnO:N film is to distribute the crystalline structure into quasi-stable states acting as 

acceptors. The use of STV annealing, in the mean time, creates Zn3N2 from the UTZN 

layer, contributes O into N sites of Zn3N2, and creates ZnO:N with p-type 

conductivity. Resistivity, mobility, and carrier concentration of the STV annealed film 

are of 2.3 × 10-2 Ω⋅cm, 8.6 V⋅s/m2, and 5.2 × 1019 cm-3, respectively. Due to quasi-

stable state of p-type conductivity, they can be redistributed by the long time vacuum 

(LTV) annealing (up to 500oC in 20 minutes and dwelling for 20 minutes) to stable 

states with n-type conductivity. It can be concluded that the key parameters to obtain 

p-type ZnO film are temperature and time of post-annealing. 

The suggestion for further investigation of p-type ZnO thin film is to use 

different methods such as co-doping, group-I doping, and annealing at the satisfied 

pressure. Co-doping could be use to tune accepter and donor levels of ZnO. Group-I 

doping leads to the occupied group-I element at the Zn site. As a result, group-I doped 

p-type ZnO could be possibly obtained. Annealing pressure effects the formation of 

Zn:N to Zn3N2. So, the p-type ZnO:N films which employ Zn3N2 formation should be 

tuned by the optimizing of annealing pressure. 
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APPENDIX A 

LIST OF ABBREVIATIONS 

 
2SA  Two-stage anneal 

AG  As-grown 

AFM  Atomic force microscopy 

DC  Direct current 

FWHM Full width at half maximum 

i-ZnO  Intrinsic ZnO 

JCPDS  Joint Committee on Powder Diffraction Standards 

LTV  Long time vacuum 

MBE  Molecular beam epitaxy 

MFP  Mean free path 

MOCVD Metal-organic chemical vapor deposition 

NIR  Near infrared 

NO  Nitrogen which occupies oxygen site 

(N2)O  Nitrogen molecule which occupies oxygen site 

NRDC  Nitrogen related defect complex 

OA  Oxygen anneal 

PLD  Pulse laser deposition 

RF  Radio frequency 

SCCM  Cubic centimeter per minute at STP 

STV  Short time vacuum 

TCO  Transparent conductive oxide 

UTZN  Ultra-thin Zn:N 

UV  Ultraviolet 

VA  Vacuum anneal 

VIS  Visible 

VO  Oxygen vacancy 

XRD  X-ray diffraction 

Zni  Zinc interstitial 
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