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Abstract 

In the past decade, p-type ZnO material has been investigated extensively. Its 

properties offer the potential for broad applications including the development of 

ultraviolet light emitting devices. Although n-type ZnO material is well known and 

studied for decades, the fabrication method and properties of p-type ZnO material are still 

to date not clearly understood. 

In this report, reproducible p-type ZnO thin films sputtered on glass substrates are 

reported. On the same substrate, p-type ZnO film is local and surrounded by n-type ZnO 

regions. The thickness of the films is typically three microns after several hours of 

deposition by radio-frequency magnetron sputtering technique. Both p-type ZnO and n­

type thin films are characterized by optical and electrical measurements at room 

temperature. 

The crystal structure of p-type ZnO is examined by X-ray diffraction patterns. 

The X-ray diffraction patterns show that the material is polycrystalline and has (100) and 

(101) preferred orientation. Photoluminescence spectra of ZnO help to identify the energy 

levels in the material and spectra analysis reveals the presence of defects and dopants in 

the material. For p-type ZnO, the resistivity, the hole concentration and hole mobility are 

found to be 148.8 Q-cm, 4.34xl018/cm3 and 1.72xlO-2 cm2N-sec respectively. 
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Résumé 

Durant la décennie passée, le matériau ZnO de type p a été l'objet d'une 
recherche intense. Ses propriétés sont à l'origine de nombreuses applications dont le 
développement de dispositifs électroluminescents ultraviolets. Contrairement au matériau 
ZnO de type n qui a été étudié depuis longtemps et dont on connaît parfaitement ses 
propriétés, la méthode de fabrication du matériau ZnO de type p ainsi que ses propriétés 
ne sont pas encore clairement éludées. 

Durant ce stage, de minces couches ZnO de type p ont été déposées sur des 
substrats de verre. Sur chaque substrat, le film ZnO de type p reste dans une zone 
localisée et est entouré par le matériau ZnO de type n. L'épaisseur finale du film est 
typiquement de trois microns après plusieurs heures de dépôt élaboré par pulvérisation 
magnétron RadioFréquence. Les films ZnO de type p et de type n ont été ensuite étudiés 
en effectuant des mesures optiques et électriques à température ambiante. 

La structure en cristal de ZnO de type p a été étudiée en déterminant son 
diagramme de diffraction par rayon Z ainsi que son spectre de photoluminescence. Ainsi, 
la diffraction par rayon X a montré que le matériau est poly cristallin dont l'orientation 
est majoritairement (100) et (101). Son spectre de photoluminescence a permis 
d'identifier les différentes niveaux d'énergie du matériau; par ailleurs, l'analyse spectrale 
a indiqué la présence de dopants et de défauts. Les mesures expérimentales ont montré 
que pour le matériau ZnO de type p, la résistivité, la concentration et la mobilité des trous 
valent respectivement 148.8 n-cm, 4.34x1018/cm3 et 1.72x10-2 cm2/V-sec. 
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CHAPTER 1 INTRODUCTION 

An amazing technological breakthrough was marked by the invention of the light 

emitting diode (LED) a few decades ago. In 1907, Henry Joseph Round reported the first 

working LED of which the active material was SiC (silicon carbide) [1.1]. Since then, 

LEDs have been improved and lead to the invention of many other devices used vastly 

nowadays. A LED is basically a PN junction that can emit light under specific voltage 

biasing conditions. The evolution of the LED is being characterized by constant effort in 

making LED operate in shorter wavelength range. In the 1960's, GaAsP (gallium arsenic 

phosphorous) based devices were fabricated and emitted red light at around 655 nm [1.1]. 

The leap in technology has allowed the fabrication of various devices emitting orange, 

yellow, green, and even blue colours over the years. Figure 1.1 shows the visible light 

region of the electromagnetic spectrum. Nowadays, LEDs made of GaN (gallium nitride) 

or SiC (silicon carbide), that can emit light with wavelength below 400 nm, are 

commercially available. 

GaN is currently a very popular material for fabricating short wavelength LED 

devices because they can emit a strong blue light efficiently, (which is one of the primary 

col ours ). The primary colours are red, yellow and blue and the associated wavelengths 

are approximately 700, 585, and 470 nm respectively. The main advantage of short 

wavelength devices over long wavelength counterparts is their potential to effectively 

operate in small critical dimensions. The application of short wavelength devices is very 

broad. For example, sorne recent DVD/CD read head uses GaN based devices. Other 

applications may require advanced photolithography techniques at short wavelength light. 
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Finding alternative materials is also part of the evolution of LED devices. The 

LED industry has continuously been looking for alternative semiconductor materials for 

making efficient and yet cost effective devices. Zinc oxide (ZnO) is one of the 

extensively studied materials due to its potential applications in creating active devices 

such as laser diodes (LD's) and light emitting devices (LED's). ZnO has several 

advantages, for example, it is neither toxic nor expensive and it is a wide band gap energy 

semiconductor. ZnO is not only a candidate for laser systems, but can also offer a broad 

range of applications in other fields, namely ultraviolet (UV) resistive coatings, gas 

sensors, solar cells, and many more [1.2]. 

ZnO films have unique characteristics, which push scientists and researchers to 

study further its intriguing properties. First of all, ZnO is a direct band gap semiconductor 

and an excellent material for short wavelength light-emitting diodes and lasers due to its 

wide band gap energy of 3.37 eV at room temperature. Moreover, ZnO and GaN have 

similar properties at room temperature, which are shown in the Table 1.1. 

In Table 1.1, it is seen that the crystal structure, lattice parameters, and band gap 

energy of ZnO are very similar to the one's of GaN. Therefore, ZnO is believed to be an 

alternative material for GaN. Several research groups around the world are working 

intensively in the fabrication of ZnO LEDs. One of their intentions is to successfully 

make ZnO PN homojunctions. The deposition methods and conditions for n-type ZnO 

films are well known by scientists and engineers. However, the fabrication of p-type ZnO 
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films and PN homojunctions is still uncertain. The literature survey shows several groups 

claimed successfully making p-type ZnO films and PN homojunctions, but their work is 

often irreproducible by other researchers. 

The main objective of this the sis is to summarize past work and present findings 

for investigating the deposition conditions and dopants for p-type ZnO films. The 

structure of the thesis is described as follows. In chapter 2, the literature survey of the 

reported p-type ZnO films of the selected work will be presented. The chapter will also 

include a section devoted to material preparation and deposition conditions used in this 

work. In chapter 3, measurement techniques for the films and the equipment used will be 

described. The equipments used in this work are r.f. (radio frequency) sputtering, metal 

evaporation, and photoluminescence system. The techniques include Hall effect, hot­

point probe, four-point probe and photoluminescence spectra measurements. In chapter 4, 

the results and analysis of measurements will be described in details. Photoluminescence 

spectra analysis will identify the energy levels of excitons, dopants and defects of ZnO. 

Furthermore, the electrical properties such as concentration, sheet resistance and Hall 

mobility will be given. X-ray diffraction patterns of ZnO samples will identify the 

preferred orientation of the crystal structure. In chapter 5, the conclusions of the thesis 

will summarize the current finding. A detailed listing about each section in a chapter is 

available in the table of contents. 
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Table 1.1 Properties of ZnO and GaN at room temperature 

Material Crystal Lattice Bandgap Exciton Melting 
structure parameters energy binding point 

a (A) c (A) (eV) energy (K) 
(meV) 

ZnO Wurtzite 3.250 5.207 3.37 60 2248 
[1.3] 
GaN Wurtzite 3.189 5.186 3.39 21 1073 
[1.4] 

Visible light region 
1 

Infrlll"ld ! Red Orange Y'ellow Green mue Violet! Ultr~\ft(llet 
1000~150nm~r150-\S10flm~~iio:.5j)nm ~5iO:.5j:onm510:5ijiji'lm ~afUll ~nm r4ao:.101'lm~ 

; 

1 

Figure 1.1 Visible light region of the electromagnetic spectrum 
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CHAPTER 2 A LITERA TURE SURVEY ON P-TYPE ZNO 
AND FILM DEPOSITION CONDITION USED IN THE 

LABORATORY 

2.1 Introduction to ZnO 

Zinc oxide is a direct bandgap II-VI semiconductor. The band gap is 3.3 7 eV and 

the electron affinity is 4.35 eV [2.1]. The crystal structure of ZnO is wurtzite and shown 

in Figure 2.1 with the following lattice parameters: a = 3.250 A and c = 5.207 A. Intrinsic 

ZnO is naturally n-type due to high concentration of native defects, which inc1ude zinc 

interstitial and oxygen vacancy. Zinc interstitial and oxygen vacancies could also act as 

compensating centers, and the concentration could be as high as 2xlO-16cm-3 and 3xl0-

17cm-3 respectively [2.2]. The defect levels of ZnO are shown in Figure 2.4. Among all 

the defects in ZnO, zinc interstitial is considered the most mobile defects in ZnO. In other 

words, the current flow in n-type ZnO is mostly due to this defect [2.32]. Assuming all 

electrons with energy higher than the bandgap can generate photons, the conservation of 

energy states (Eg = hC/À) that light emission in the neighborhood of368 nm is possible. 

2.1.1 Difficulty in fabrication of p-type ZnO 

The difficulties in making p-type ZnO films are due to native defects in the 

material. The fabrication of p-type ZnO films has always been a challenge due to low 

solubility ofthe dopant and high self-compensating process on doping [2.3]. As described 

before, ZnO is naturally n-type because of its high concentration of zinc interstitial and 

oxygen vacancy that could prevent the incorporation of group V element dopants in the 

material. N evertheless, theoreticians have tried to predict the electrical properties of 
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various dopants and their roles in ZnO material. They come to agreement that group-V 

nitrogen (N) is the best-suited dopant element for replacing oxygen (0) due to their small 

difference in ionic radii [2.8]. Typical dopants for p-type ZnO films are nitrogen (N), 

arsenic (As) and phosphorous (P) elements as the primary dopant. The differences in 

empirical ionic radii are listed in Table 2.1. The notation No means that 0 is substituted 

by Nin ZnO material. 

2.1.2 Literature survey on p-type ZnO 

Various ZnO fabrication methods are used for the deposition of p-type ZnO films. 

The methods are direct CUITent (DC) and radio frequency (RF) sputtering, pyrolysis, 

molecular beam epitaxy, electron cyclotron resonance, pulsed laser deposition, ion 

implantation, and chemical vapour deposition. The reported p-type ZnO films often have 

low carrier concentration, low mobility, and high resistivity. Moreover, reproducibility is 

a recurring issue in the fabrication of p-type ZnO [2.10, 2.11]. 

Results of a literature survey have shown that most p-type ZnO films is based on 

DC/RF sputtering and pyrolysis deposition techniques. Table 2.4 lists the deposition 

techniques, choice of dopants, dopant sources and substrate types of selected reports. 

Tables 2.5 and 2.6 contain the experimental conditions and electrical properties of ZnO 

of the selected reports. Table 2.7 gives photoluminescence peaks of p-type ZnO of the 

selected reviews whenever available. 
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2.1.3 Theoretical predictions of p-type ZnO doping 

2.1.3.1 N-doped ZnO 

Theoreticians predicted that group-V elements such as N, P and As can substitute 

for 0 in ZnO films. Substitutional group-V elements such as P and As are deep acceptors 

compared to N [2.27]. Furthermore, it was suggested earlier that nitrogen element are 

good substitute for oxygen element due to their similarity in ionic radius shown in Table 

2.1. Therefore, N is a better candidate as dopant in obtaining p-type ZnO. Figure 2.2 is a 

stick model of the chemical bonds showing the intended impurity incorporation in the 

hexagonal wurtzite structure. 

Typical dopant sources reported in literature are N2, NH3, N20, CH3COONH4 and 

(Zn(CH3COO)2·2H20). It is noted that several reports listed in Table 2.4 used two 

dopants for making p-type films. Theoreticians also predicted that co-doping could have 

beneficial effects on the fabrication of good quality p-type ZnO [2.29, 2.30]. In particular, 

Yamamoto' seo-doping the ory on N -In co-dopant pair is going to be discussed in the next 

section. Figure 2.3 shows a model of the hexagonal wurtzite structure ofN-In co-doped 

ZnO. 

2.1.3.2 Co-doping method 

The creation of Zn-O bonds is easier than Zn-N bonds because the formation 

enthalpy of -348.28KJ/mol for ZnO is much larger than -20KJ/mol for Zn3N2 [2.30]. As a 

result, N has a low-solubility in ZnO due to low tendency of Zn3N2 creation. 
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Yamamoto [2.29, 2.30] suggests that co-doping of donor (D) with acceptor (A) 

can enhance the incorporation of acceptor in ZnO films due to a decrease in lattice energy 

and decrease in binding energy of acceptor impurities. The donor is a reactive co-dopant 

because it can activate acceptors. 

Yamamoto's model is based on A-D-A configuration, which can stabilize ionic 

charges, reduce the repulsive interactions between the acceptors, and enhance strong 

attractions between the donor and acceptor. Furthermore, the acceptor binding energy of 

the acceptors can be reduced and the binding energy of the donors can be raised. As a 

result, shallower acceptor energy levels can be obtained and ameliorate the electrical 

characteristics of co-doped p-type ZnO films. Figure 2.4 shows the energy band levels for 

Yamamoto's A-D-A model. 

Yamamoto expected that N-In to be one of the best co-dopants for making p-type 

ZnO. The atomic radii dimension comparison shown in Table 2.3 illustrates that the N 

and In are good candidates in replacing 0 and Zn respectively. In summary, co-doping 

method would enhance the introduction of group V dopants in ZnO and reduce its 

bandgap energy. The energy band diagram of co-doped ZnO is shown in Figure 2.7. 
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Table 2.1 Empirieal ionie radii of 0, No, Po, and Aso [2.9] 

Element Ionie radii (pm) 
Oxygen 60 

Nitrogen 65 
Phosphorous 100 

Arsenic 115 

Table 2.2 Empirieal ionie radii of Zn, Lizn' N azn, and KZn [2.9] 

Element Ionie radii (pm) 
Zinc 135 

Lithium 145 
Sodium 180 

Potassium 220 

Table 2.3 Co-dopants: empirieal ionie radii of 0, No, Zn, Alzn' Inz", and Gazn [2.9] 

Element Ionie radii (pm) 
Oxygen 60 
Nitrogen 65 

Zinc 135 
Gallium 130 

Aluminum 143 
Indium 155 
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Table 2.4 Deposition techniques, dopants, dopant sources and substrate types reported in selected reports 

Ref. Technique(s) Dopant(s) Dopant source(s) Substrate(s) 

DC1 [2.12] DC magnetron N N2 Amorphous quartz 
sputtering 

DC2 [2.13] DC magnetron N NH3 a-Ah03 (0001) 
sputtering 

DC3 [2.14] DC magnetron N NH3 a-Ah03 (0001) 
sputtering 

DC4 [2.15] DC magnetron - - Si (100) and Si (111) 
sputtering 

DC5 [2.16] DC magnetron N NH3 Si (100) and Sapphire 
sputtering 

RF1 f2.17], [2.18] RF sputtering P P20 S Sapphire c plane 
RF2 [2.19] RF magnetron P Zn3P2 p-InP 

sputtering 
RF3 [2.20] RF magnetron As GaAs GaAs 

sputtering 
RF4 [2.211 RF diode sputtering Ga-N GaN (4N) -

PLD1 [2.22] Pulsed laser Ga-N Ga203 and N20 Sapphire 
deposition 

PLD2 [2.23] Pulsed laser Ga-N Ga203 and N20 Corning #7059 glass 1 

deposition 1 

1 

PLD3 [2.24] Pulsed laser Ga-N Ga203and N2 Sapphire 1 

deposition 
ION1 [2.251 Ion implantation N N ShN4 

Pyrolysis1 [2.26] Pyrolysis N-In CH3COONH4 and n-type Si(100) 
In(N03h 

Pyrolysis2 [2.27] Pyrolysis N-In CH3COONH4 and n-type Si(100) 
In(N03)3 

Pyrolysis3 [2.28] Pyrolysis N (Zn(CH3COO)2·2H20 ) Glass slide 

10 
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Table 2.5 Experimental conditions and electrical properties of p-type ZnO reported in selected reports 

Ex f}erimental Conditions Electrical properties 

Ref. Substrate Target Working x to y ratio Total Substrate Power Annealing Resistivity Mobility Hole 
gas (x:y) pressure temperature and (Q-cm) (cm2N-s) concentration 

(chamber) time (cm-3
) 

DC1 Amorphous Pure zinc Ar-N2 3:1 7.0xlO- l pa 150±0.5·C 70W In air, 350- 83.2 1.34 1.22x10
17 

[2.12] quartz for 550·C for 
3mins 3h 

DC2 a-A120 3 (0001) Zinc (4N) NH3-02 1:3,1:1,3:1 --SPa 500·C 32W - 31 1.3 7.3x1017 

[2.13] for 
30 mins 

DC3 a-A120 3 (0001) Zinc (4N) NH3-02 0:1,1:4, 1:2, --SPa 400-550·C 32W - 35 1.8 3.2x1017 

[2.14] 1:1,2:1 for 
30 mins 

DC4 Si (100) and Zinc (4N) Ar-0 2 0.17:0.83 3x10-2Torr 350·C 20W 750·C for 30 130 2x1015 

[2.15] (111) for 30 mins 
3mins (_10-6 torr) 

DC5 Si (100) and Zinc (4N) NH3-02 0:1,3:2 --SPa 300-550·C 32W - ~35 ~2.47 ~1017 
[2.16] Sapphire for 

30 mins 
RF1 Sap ph ire c Zinc mixed - - - 350-750·C - 1-3 mins at 0.59-2.4 2.5 1.75x101

'J 

[2.17], plane coated 1 wt% P20 5 600-950·C 
[2.18] with undoped inN2 

ZnO (lum) 
RF2 p-InP (initial Zinc (5N) + Ar - - 400·C 150W 60 mins at - - 1016 

[2.19] doping presputtering 495·C in 
concentration: Zn3N2 

3x1018cm-3) 
RF3 GaAs (001) Zinc (5N) + Ar-0 2 1:1 - 400·C 150W 60 mins at - - 10I 'J 

[2.20] presputtering 600·C in 
vacuum 
ampoule 

RF4 - GaN (4N) + N2-02 1:0 to 1:3 - - - - 11.7 64 9x1016 

[2.21] presputtering 
PLDI Sapphire ZnO mixed N20 - - 400·C 10 12 h at 5.8x10-3 0.96 1.lx1021 

[2.22] 0.1 wt% (ECR on) A/min 1000·C 
Ga203 (Ga 

doping) 
PLD2 Corning #7059 ZnO mixed N20 - - 400·C - 12 h at 2.0 0.07 4x1019 

[2.23] glass 0.1 wt% (ECR on) 1000·C 
Ga203 (Ga 

doping) 
PLD3 Sapphire ZnO mixed Ar-N2 4:6 0.2 Pa 550·C - 30 mins at Ali n-type Ali n-type Ali n-type 
[2.24] 5.0wt% (ECRon) 850·C in ZnO films ZnO films ZnO films 

Ga203 N2 
ION1 Si3N4 ZnO Nwith Dose: - - - 20 mins at ~12 ~4.0 ~1017 
[2.25] (80kev) 5x1012

- 850·C in 
5x1015 cm-2 N2 
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Table 2.6 Experimental conditions and electrical properties of p-type ZnO reported in selected reports 
--~ --

1 
Ex~erimental Conditions Il Electrical ~ro~erties 

Ref. Substrate Zinc Nitrogen Indium N-In Substrate Resistivity Mobility Hole 
codoped temperature (fi-cm) (cm2N- concentration 

film s) (cm-3
) 

Pyrolysisl [15] n-type Si(100) Zn(CH3COOh·2H2O CH3COONH4 In(N03h ZnlNlln 450·C 1.7x10-2 155 2.44x1018 

[2.26] wafers (AR, 0.5 mollI) (AR, (AR, is 1:2:0.15 
(p=0.0015 fi ·cm) 2.5 moUI) 0.5mol/l) 

Pyrolysis2 [16] n-type Si(100) Zn(CH3COOh·2H2O CH3COONH4 In(N03h ZnlNlln 450·C 5.04xl0-3 33.5 3.69xl019 

[2.27] wafers (AR, 0.5 mollI) (AR, (AR, is 1:3:0.05 
(p=0.0015 fi ·cm) 2.5 moUI) 0.5mol/l) 

Pyrolysis3 Microscope 99% AR grade Ammonia - - - 1.11xl02 0.22 2.5xl017 

[2.28] glass slide (Zn(CH3COOh·2H2O) 
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Table 2.7 Photoluminescence of reported p-type ZnO films 

Photoluminescence 
Ref. Excitation Peak response Peak response Dominant color 

wavelength (nm) (nm) (eV) 
DC1 [2.12] - - - -
DC2 [2.13] - - - -
DC3 [2.14] - - - -
DC4 [2.15] 273 379 3.27 Ultraviolet 
DC5 [2.16] - - - -

RF1 [2.17], [2.18] 325 370 3.35 Ultraviolet 
RF2 [2.19] - - - -
RF3 [2.20] - 382 3.24 Ultraviolet 
RF4 [2.21] - - - -

PLD1 [2.22] - 375 3.30 Ultraviolet 
PLD2 [2.23] - - - -
PLD3 [2.24] - 382 3.24 Ultraviolet 
ION1 [2.25] - 375 3.30 Ultraviolet 

Pyrolysis1 [2.26] - - - -
Pyrolysis2 [2.27] - - - -
PXrolysis3 [2.28L - - - -

- ------ -------
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Figure 2.1 Hexagonal wurtzite structure Figure 2.2 Hexagonal wurtzite structure (N 
replacing 0) 

Figure 2.3 Hexagonal wurtzite structure (N-In co-dopants) 
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Figure 2.5 Energy band levels of a p-type semiconductor using A-D-A model [2.29] 
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Figure 2.7 Energy band diagrams of ZnO adapted to A-D-A concept 
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2.2 ZnO film deposition condition used in the laboratory 

2.2.1 Strategy for p-type ZnO fabrication 

The objective is to minimize fabrication cost as much as possible. As a result, 

ZnO films are sputtered by RF magnetron on transparent glass substrate. The dopants are 

nitrogen and indium and are introduced in two ways. The nitrogen dopant is introduced 

as a working gas making the total pressure in the chamber a combination of the partial 

pressure from N2 and Ar. The indium dopant cornes from In203 powder, which is mixed 

in the ZnO powder target. For achieving better crystal structure, the thickness should be 

large and in the order of micrometer, thus there is a need to increase the deposition time. 

A thick intrinsic ZnO buffer layer shaH be deposited first for minimizing the 

compensation effect. On the thick buffer layer, co-doped ZnO films shaH be deposited. 

2.2.2 Substrate preparation 

The literature survey reveals that one of the most popular substrates used for p­

type ZnO fabrication is (0001) orientated sapphire a-Ab03 due to lattice matching near 

the interface. One way to work around the need for sapphire substrate is to increase the 

deposition time of the films deposited on glass substrate. 

The glass substrates are pre-cleaned microscope slides from Fisher Scientific 

(Catalog No. 12-550A). The dimensions of a glass slide are 75 mm long, 25 mm wide, 

and 1mm thick. The glass slides are immersed in tap water containing SparkKleen (Fisher 

Scientific Catalog No. 04-320-4) and thoroughly washed with cotton clotho Afterwards, 
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the glass si ides are thoroughly rinsed with de-ionized (DI) water, spin-dry at 3000rpm for 

20 seconds and then baked in oyen at 90°C for 10 mins. 

For studying photoluminescence spectra of ZnO films, two inches (111) n-type 

silicon wafers with phosphorous doping concentration about 1015 cm3 are selected as the 

substrates. The silicon substrates are first immersed in acetone and introduced in 

ultrasonic bath for about 3 mins. Afterwards, they are immersed in buffered HF solution 

for 30 seconds and then thoroughly rinsed under DI water. Finally they are spin-dried at 

3000 rpm for 20 seconds and then baked in oyen at 90°C for 10 mins. 

2.2.3 Targets preparation 

High purity white ZnO powder (99.999%) is used for preparing two ZnO targets. 

One of the targets contains undoped ZnO powder and the other contains impurities. 

Undoped ZnO powder is spread evenly on a circular aluminum disk with 7.0 cm diameter 

and its groove is about 0.3 mm deep able to contain ZnO powder. Once ZnO powder is 

spread evenly on the disk, the powder is pressed for achieving visible uniformity. 

The doped target is prepared as follows. The amount of In203 must be small 

enough to be just a by-player for enhancing the incorporation of nitrogen in ZnO films 

due to the donor nature of In203 in ZnO. Initially, 99.8 wt% ZnO and 0.2 wt% of In203 

are prepared, which corresponds to 7.05 g ofhigh purity white ZnO powder and 0.01383 

g of high purity In203. The powders are mixed thoroughly for at least 10 mins in a clean 
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beaker before putting the mixture on an aluminum disk with the same dimensions 

described earlier. 

After a few depositions, the In203 weight percentage is increased to 0.5 and the 

weight percentage of ZnO is reduced to 99.5. The additional amount needed is calculated 

as follows: 

Total weight of ZnO and In;P3 after 3 depositions: 6.9395 g 

99.8 wt% of Zn 0: 6.926 g 

0.2 wf!1o of In:P3: 0.0135 g 

0.0135+X 6.926 
-------

0.5 99.5 
X= 0.0213 g 

Therefore, 0.0213 g ofIn203 is then added to the original target and thoroughly mixed for 

at least 10 mins. Notice that the remixed target is used for p-type ZnO deposition. 

The targets of undoped and doped ZnO powder after several depositions are 

shown in Figures 2.8 and 2.9, respectively. The targets are not remixed before the next 

deposition. Notice that the color of the doped target becomes more and more dark 

brownish with each deposition. The undoped white ZnO target becomes yellowish with 

additional depositions. 

2.2.4 ZnO deposition conditions 

The total thickness of ZnO films is expected to be in the order of micrometer. 

There are a total of eight depositions needed for making p-type ZnO. The first four 
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depositions are intended to create a buffer layer, thus undoped ZnO target is used and the 

working gases are argon and oxygen. The following four depositions are planned for 

doping ZnO films. Therefore, doped ZnO target is needed and the working gases are 

argon and nitrogen. No substrate heating is required for all depositions. Following each 

deposition, the samples are cooled in vacuum for about 30 mins and stored in vacuum 

before the next deposition. In the case of doped ZnO deposition condition, the chamber 

pressure is initially 10 mtOIT for 30 mins and then reduced to 5 mtOIT for 7:30 hrs. Table 

2.8 summarizes the deposition conditions. 

Figure 2.10 shows a Scanning Electron Microscope (SEM) picture of the cross­

section of a typical multi-Iayer ZnO film. The thickness of ZnO differs at different 

location of substrate with respect to the target, which will be discussed in Chapter 4. The 

picture is taken at an angle of 8 degrees with respect to the horizontal plane. The total 

thickness of the ZnO sample after the eighth deposition is approximately 5 um. 
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Table 2.8 Deposition conditions for p-type ZnO 

Deposition Target Working Power Total Time 
count gas (x:y) chamber 

pressure 
1 Undoped Ar:02 50W 10 mTorr 8 hrs 

ZnO 0.75:0.25 

2 Undoped Ar:02 50W 10 mTorr 8 hrs 
ZnO 0.75:0.25 

3 Undoped Ar:02 50W 10 mTorr 8 hrs 
ZnO 0.75:0.25 

4 Undoped Ar:02 50W 10 mTorr 8 hrs 
ZnO 0.75:0.25 

5 Doped Ar:N2 50W 10 mTorr 30 mins 
ZnO 0.75:0.25 5 mTorr 7:30 hrs 

6 Doped Ar:N2 50W 10 mTorr 30 mins 
ZnO 0.75:0.25 5 mTorr 7:30 hrs 

7 Doped Ar:N2 50W 10 mTorr 30 mins 
ZnO 0.75:0.25 5 mTorr 7:30 hrs 

8 Doped Ar:N2 50W 10 mTorr 30 mins 
ZnO 0.75:0.25 5 mTorr 7:30 hrs 
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Figure 2.8 Undoped ZnO target 
after several depositions 

Figure 2.9 Doped ZnO target 
after several depositions 

Figure 2.10 Cross-section of ZnO films after the eighth deposition 
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CHAPTER 3 EQUIPMENT AND MEASUREMENT 
METHODS 

3.1 Introduction 

Vacuum system is nowadays widely used in laboratories and industries for thin 

film deposition. Different deposition methods are used in the laboratories for obtaining 

thin films. In our laboratories, ZnO films are primarily deposited using RF magnetron 

sputtering and metal film depositions are done using evaporation. In this chapter, the 

principle of vacuum system will be explained. Furthermore, three deposition methods 

namely, De sputtering, RF sputtering and evaporation will be discussed. 

Electrical characterization methods such as four-point-probe and Hall effect 

measurements are used for characterizing thin films. In addition, optical transmission and 

photoluminescence measurements are also discussed. The principle of the measurement 

methods is first explained, followed by the descriptions of equipments and setups used in 

the labo 

3.2 Vacuum System 

A vacuum system is a chamber interconnected to a pumping system through pipes 

and can withstand a wide range of pressure depending on its application. A typical 

pumping system consists of two pumps and several valves as shown in Figure 3.1. In the 

laboratories, high vacuum is the preferred category for thin film deposition and its 

operating pressure is between 10-3_10-8 torr. Other possible pressure ranges are shown in 

Table 3.1. The standard international (SI) unit of pressure is Pascal (Pa); however, most 
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gauges III a vacuum system use other units such as bar and torr and the existing 

relationship between the units is 100 Pa is equivalent to 1 mbar or 0.76 torr. 

3.2.1 The Need for Vacuum in Thin Film Depositions 

Film depositions are done in vacuum because as the pressure decreases, the 

unwanted impurities contained in chamber diminish. Thus, depositions done in vacuum 

will allow the deposited films to be as pure as possible. Moreover, the mean-free-path 

increases dramatically at low pressure. The mean free path is defined as the average 

distance traveled by a mole cule or atom before colliding with another one. Therefore, it 

would require that mean-free-path to be much greater than the dimensions of the vacuum 

chamber in order to achieve films with high uniformity. The expression, mean-free-path 

= 0.007/p, relates the mean-free-path in cm to pressure in mbar [3.4]. If a chamber were 

pumped down to 10-7 torr, the mean-free-path would be about 100 m. 

3.2.2 High Vacuum Evacuation Procedure 

The pumping system for high vacuum evacuation is complex because there are 

pumps interconnected and opened/closed valves to control the gas flow path. The 

pumping system of a high vacuum chamber is shown in Figure 3.1. The mechanical 

pump, also called rotary pump, and the diffusion pump permit the chamber to be 

evacuated in different pressure ranges. Typical operation for evacuating is described as 

follows. The evacuation process starts with the mechanical pump "ON" and aIl valves 

closed except for the roughing valve. Depending on the type and size of the mechanical 

pump, it could evacuate to an ultimate pressure of 5 x 10-3 torr in about 20 minutes [3.2]. 
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The diffusion pump needs to warm up for about 20 minutes and is tumed "ON" while the 

mechanical pump is functioning. The next step would be to close the roughing valve and 

open the backing valve in order to let the diffusion pump evacuate the system. Notice that 

in this case the mechanical pump is pumping out the gas evacuated by the diffusion 

pump. Due to the initial high viscosity of the air at atmospheric pressure, it is preferable 

to start the evacuation using the mechanical pump rather than the diffusion pump. 

Depending on the size and type of diffusion pump, it could reach the ultimate pressure of 

10-8 torr after 30 minutes of evacuation [3.3]. The main valve is then gradually opened 

and adjusted to the desired pressure for thin film deposition. The vent valve can be 

opened when all the valves are closed because it allows air to flow into the chamber so 

that the pressure inside the chamber could retum to 1 atm. Notice that improper 

evacuation procedure could lead to breakdown of vacuum system. 

3.2.3 Operation of diffusion pump 

Diffusion pumps can be used for achieving lower pressure than mechanical 

pumps. The principle behind diffusion pump is that high energetic fluid (often 

hydrocarbon oil, also known as diffusion oil) pushes down unwanted gas molecules to the 

bottom and then to the exhaust. The heater on the bottom boils diffusion oil and vapour is 

created. The pump is surrounded with flowing water-cooling system. In order to recollect 

high energetic oil, the exhaust pipe is made in "U" shape and surrounded with cooling 

water so that the oil would be cooled down and retum in liquid phase after an evacuation 

cycle. Figure 3.2 shows the schematic of a diffusion pump. The deviation plates inside 
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the diffusion pump force the energetic oil molecules to travel downwards, which in turn 

push the unwanted gas molecules to the exhaust. 

3.2.4 Pressure Gauges 

Pressure, measured in force per unit area, in a pumping system is measured using 

two different kinds of gauge, namely Pirani and Penning gauges. Depending of the gas in 

the Pirani and the Penning gauges, they could detect pressure down to 10-3 torr and 10-3
_ 

10-6 torr respectively. 

3.2.4.1 Principle of a Pirani gauge 

Pirani gauge is thermal conductive meaning that the gauge is able to sense an 

increase in thermal resistivity of a heated wire as the pressure is reduced. As the wire 

heats up, the electrical resistance increases. This type of gauge is composed of a hot wire 

centrally placed in a vessel in which the surrounding, i.e cover, remains at room 

temperature. At high pressure, gas molecules could hit the cover and then hit the wire 

filament to cool it down because the temperature of the molecules hitting the wire would 

be approximately the same as of the cover [3.5]. At low pressure, the number of 

molecules would be dramatically reduced and they will not be able to cool the heated 

wire as efficiently as in the high pressure case. The heat loss from the current-carrying 

wire is related to the pressure. Furthermore, the temperature change of the wire is 

proportional to the resistance change of the wire. 
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3.2.4.2 Principle of a Penning Gauge 

The Penning gauge is a cold cathode gauge. One advantage of cold cathode gauge 

over hot cathode gauge counterpart is that the filament could not be burnout. The Penning 

gauge is composed of a cylindrical anode at high voltage about +2 kV and on the two 

extremities there are two flat-di sc cathodes connected to ground. Furthermore, there is a 

permanent magnet providing 'lS kilogauss placed in between the two poles [3.6]. 

As the pressure decreases, a discharge happens at about 10-2 tOIT. The CUITent 

would decrease because it is composed of positive ions that have reached the cathodes. 

The electrical discharge is enhanced by the presence of an external magnet, since the 

electrons are constrained by the magnetic field to move in spiral paths between the two 

cathodes. 
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Table 3.1 Pressure range [3.1] 

Category Bar Pascal 
Lowvacuum Atmospheric Atmospheric 

pressure to 1 mbar pressure to 100 Pa 
Medium vacuum 1 mbar to 100 Pa to 

10-3 mbar 0.1 Pa 
High vacuum 10-3 mbar to 

10-8 mbar 
0.1 Pa to 10-0 Pa 

Ultra-high vacuum 10-15 mbar to 
10-12 mbar 

1o-() Pa to 1O-lu Pa 

Extreme high < 1O- 1L mbar < 10-1u Pa 
vacuum 

hamber 

Main valve 

Vent valve!.------

Mechanical 

Torr 
Atmospheric 

pressure to 0.76 torr 
0.76 torr to 

0.76x1O-3 torr 
O. 76x 1 0-3 torr to 

0.76x10-8 torr 
0.76x10-!S torr to 
0.76x10-12 torr 

< 0.76x10- 1L torr 

Diffusion 
pump 

Figure 3.1 A schematic diagram of a vacuum system 
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Figure 3.2 A schematic diagram of diffusion pump 
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3.3 Deposition Techniques 

Three deposition techniques, namely direct CUITent (DC) sputtering, radio 

frequency (RF) sputtering and evaporation, operating at low pressure are used in the 

laboratory. DC sputtering technique is primarily used for depositing metallic films. RF 

sputtering method can be used for depositing both metallic and non-metallic films. Metal 

evaporation is principally for contact or thick layer deposition. The main advantages of 

sputtering over evaporation are the capability to control the thickness of the deposited 

films and the uniformity of the films is better. Varying the deposition time while other 

deposition conditions are kept constant can control film thickness. Uniformity is better 

because sputtering consists of mono layer deposition. The following section will discuss 

about the principle of the deposition techniques. 

3.3.1 Principle of sputtering 

Sputtering deposition technique is based on a mechanism where particles having 

high momentum and energy collide with atoms on a surface. The atoms from the surface 

are ejected and will travel until reaching a surface. This process is destructive because the 

ions bombardment will disintegrate the target surface. The principle of sputtering 

deposition is illustrated in Figure 3.4. 

Inert gases are preferred in sputtering deposition because they are most unlikely to 

react with the sputtered atoms at the target surface. One of the most popular inert gases is 

argon (Ar). Not only is it considered as a heavy gas but also because it has low ionization 

energy. In order to form an Ar ion, an energetic electron collides with an Ar atom, which 
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ejects another electron (secondary electron) and itself. The Ar atom becomes ionized and 

positively charged because it loses an electron; as a result, this ion can be attracted to the 

negatively charged surface (target). Notice that the glow discharge, which is the 

formation of plasma in Ar gas due to high voltage applied, can be observed at 10-1 
- 10-2 

tOIT. 

In order for sputter deposition to occur, the accelerated ions must exceed 

threshold energy. The ions exceeding the threshold energy are subject to sputtering yield, 

which is defined as the number of atoms ejected per ion. As the energy of ions increases, 

the sputtering yield increases as shown in Figure 3.3 [3.6]. 

3.3.2 Magnetron Sputtering 

Magnetron sputtering increases the deposition rate and could be used in both De 

and RF sputtering. A magnetic field is present to gather electrons near the target by 

forcing them to move responding to the magnetic field lines. Therefore, if electrons were 

concentrated near the target, the inert gas entering that region would have a greater 

probability to be ionized. Therefore, the sputtering rate would increase dramatically than 

the one for diode sputtering. 

3.3.3 De Sputtering 

Direct CUITent (De) sputtering is also called cathode sputtering and it is primarily 

used for metal deposition. It is composed of an anode and cathode in which the negative 

potential is increased up to a few hundred volts. In De sputtering, the De source acts as 
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an electrical energy source because when an ion hits the target, the ion gains an electron, 

thus it becomes neutralized and turns into an atom. DC sputtering can be used to sputter 

conductive materials, but it cannot be used for nonconductive material due to charging 

effect. 

3.3.4 RF Sputtering 

Radio frequency (RF) sputtering is preferred over DC sputtering because the 

target could be an insulator or a metal. As more and more ions hit the target, the 

accumulated charge may increase to a point where they will repel each other. Therefore, 

in order for neutralization to occur, the polarity of the target must be reversed so that 

there would be sufficient discharge to eliminate the surface charge. In doing so, there is a 

need for AC source at high frequency and the International Communication Authorities 

have set the standard frequency at 13.56 MHz so that it does not interfere with other radio 

frequency signaIs. 

3.3.5 Metal Evaporation 

Metal evaporation is mainly used for contact deposition or thick film deposition. 

A piece of metal is put on another metal boat where a high CUITent of about 100 A passes 

through and melts the piece of metal. The boat must have a melting point much higher 

than the melting point of the metal to be evaporated. In our laboratory, gold is melted in a 

molybdenum boat. 
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A neat trick to estimate the mass of the metal required for evaporation will be 

discussed. Knowing the density of a metal in mass/volume, the thickness (t) of the film 

required and the distance (d) between the metal and the target, it is possible to find 

approximately the mass of the metal needed using the equations shown Figure 3.5. 

3.4 Vacuum Equipments Used 

In our laboratories, RF magnetron sputtering is used for depositing ZnO films. A 

schematic diagram of the chamber is shown in Figure 3.6. The distance between the 

target and substrate is about 3.5 cm. 

The entire system is composed of Varian vacuum unit and a RF unit. The Varian 

vacuum unit has a glass chamber with a diameter of 12 inches, a diffusion pump with a 

diameter about 4 inches and a rotary mechanical pump. The pressure in the pumping 

system is measured using Pirani and Penning gauges. MKS PDR-D-1 Readout digital 

meter measures the pressure inside the chamber. The substrate holder is connected to 

Type K thermocouple, which translates the reading in voltage for monitoring the 

substrate temperature. Flowing tap water cools the system at three locations: the target, 

diffusion pump and sputtering gun. Two working gases can be introduced in the chamber 

at a time and they could be oxygen, nitrogen or argon. Figure 3.7 shows how the gas 

cylinders are connected to the vacuum system. 
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The RF unit is composed of a sputtering gun, a matching network for matching 

the load (sputtering gun) and 500 W power supply. The matching network is basically 

composed of a variable capacitor and inductor connected in parallel. These components 

are auto adjusted until it matches the sputtering gun, which has an impedance of 50 Q. 

In roughing position, the rotary purnp can purnp the chamber pressure from 1 atm 

to ~ 10 mtorr. By following the evacuation procedure described in Section 3.2.2, the 

diffusion pump can reach ~ 10-6 torr after an over-night pumping. Three hours evacuation 

using the diffusion pump could reach about ~ 10-5 tOIT. 
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Figure 3.3 Sputtering yield versus ion energy [3.6] 
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3.5 Measurement Techniques 

3.5.1 Electrical measurements 

3.5.1.1 Hot-point probe measurement 

Hot-point probe measurement is a fast and easy way to determine the conduction 

type of a semiconductor. The equipment required for this measurement is a hot-point 

probe, a cold-probe and a voltmeter. The measurement procedure is simple. Letting the 

hot-point probe to heat up and bringing it in close proximity to the co Id-point probe 

would allow the reading of the voltmeter to be either positive or negative. The hot-point 

probe in contact with the semiconductor will increase the energy of the majority carrier; 

as a result' the energized carriers will diffuse in the material creating a deficiency of the 

majority carrier at the contact as shown in Figure 3.8. The deficiency of the majority 

carrier at the contact will create a net charge of the opposite conduction, thus allowing 

reading on the voltmeter. In other words, a p-type material under hot-point probe test 

would give a negative reading and n-type material would give a positive reading. The 

spacing between the probes is not critical, meaning that the absolute value given by the 

voltmeter could change in respect to the spacing between the probes. 

In the laboratory, a soldering iron surrounded with copper wire represents the hot­

point probe. In order to avoid unwanted junctions created at the contact points, the cold­

point probe is connected to a piece of unheated cupper wire. Readings are coUected using 

a HP 3478A Multimeter on voltage mode. The setup of hot-point probe is shown in 

Figure 3.9. 
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3.5.1.2 Four-point probe measurement 

Resistivity (p) is an important parameter, which is defined as the resistance of the 

material to CUITent flow. Four-point probe measurement can be used for determining the 

resistivity. In the four-point probe setup, there are four probes equally distanced and all 

contacts make are pressed against the film during measurement. As a result, it causes 

slight damage to the film where the contacts are made. A De voltage is applied to the two 

outer probes and a resistor in series. By measuring the voltage across the resistor and 

knowing its resistance value, it is possible to find the CUITent passing through the probes. 

The inner probes are connected to a voltmeter. The setup of four-point probe at the 

proximity of the contacts is shown in Figure 3.10 and the setup used in the lab is shown 

in Figure 3.11. The resistivity of the films is calculated using the following 

approximations [3.6]. Two approximations can be used, (S) is the spacing between two 

adjacent probes and (t) is the thickness of the sample. 

For t » S, 

p=21fS j (ohm-cm) 

For S » t, 

p= 1ft V (ohm-cm) 
In21 

Equation 4.1 Equations for resistivity approximation 
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3.5.1.3 Hall effect measurement 

Hall effect measurement is an accurate method for determining the conduction 

type of semiconductor. Not only it could be used to find the majority carrier type in the 

semiconductor, but also it can give accurate results of the majority carrier concentration 

and majority carrier mobility. A schematic diagram showing the Hall effect principle is 

presented in Figure 3.12. 

A voltage Vs is applied with the polarity shown above and the magnetic field B is 

perpendicular to the vertical surface. Assuming the majority carriers are holes (p-type 

semiconductor) in the figure above, the force created on a charged particle with velocity v 

due to magnetic field is given in ft = qv x Ê .As a result, there would be positive charge 

build-up on the bottom surface and that potential is called the Hall voltage (V H). The 

formulas shown in Table 3.2 can be used for determining the majority carrier 

concentration and mobility [3.7]. The magnitude of the electronic charge is represented 

bye. 

In practical application, different equipotential lines at the contacts are present 

and there is a need to correct the geometry. The accurate Hall voltage is half of the 

difference of the collected readings with the same magnetic in and out of the sample at an 

applied current. 

The Hall effect measurement setup used in the laboratory is shown in Figure 3.13. 

It consists of two type E electromagnets from Newport instrument. The magnetic field is 
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adjusted through a variac and can be increased up to 0.9 Tesla. The magnitude of the 

magnetic field is read using a Walker Scientific Gauss meter MG-4D. Flowing tap water 

cools the system. The apparatus holding the sample is mounted in between the magnets 

and the surface of the sample is parallel to the flat surface of the magnets. Keithley 

Programmable CUITent source is carrier injection and data are collected via HP 3147 

multimeter. 

Table 3.2 Equations for carrier concentration and mobility 

p-type material n-type mate rial 

Carrier concentration ---+---+ ---+---+ 

lB lB 
P= edV n= 

edVH H 

Mobility (independent of Il = IVHI J.-l = IVHI 
p R·l·B n R.l.B 

dimension) s s 
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3.5.2 Optical measurement 

3.5.2.1 Optical transmission measurement 

Optical transmission measurement determines the amount of light at different 

wavelengths passing through a semi-transparent sample. The setup used in the lab is 

shown in Figure 3.14. Different wavelengths of the tungsten lamp are selected through 

Beckman Spectrophometer Model 2400. The sample on glass is mounted between the 

monochromator and the Si detector. The detector is connected in series with a resistor and 

biased at -1.5 V during the measurement. The amount of light captured by the detector is 

converted to voltage drop across the resistor. In this case, ZnO films are deposited on 

transparent glass substrates; as a result, the transmittance is the ratio of voltage readings 

of ZnO samples and glass substrate itself. 

3.5.2.2 Photoluminescence measurement 

Photoluminescence is the light emission at different wavelengths in the 

electromagnetic spectra by a material through the absorption of a photon. The high­

energetic photon excites an electron in the material to a higher energy level, which then 

retums to a lower energy level and radiates a photon. In the case of a semiconductor, the 

energy of the radiated photon is associated with the bandgap and other compensating 

energy levels of the material. 

Photon System International (PT!) system lS used for obtaining 

photoluminescence spectra of samples. The schematic diagram of PT! system is shown in 

Figure 3.15. From an arc lamp, a single wavelength oflight is selected by the excitation 
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monochromator and Xcorr adjusts the horizontal corrected stress. Afterwards, the 

excitation light travels in the cuvette where the sample under measurement is located. 

The emitted photons pass through emission monochromator and are captured by 

photomultiplexer detector (PMT). Finally, the data collected is stored in the device. 

In order to reduce direct light reflection from the excitation source to the detectors, 

a homemade jig shown in Figure 3.17 is used for holding the sample under measurement. 

The plate in the middle holds the sample and the screws on the side are used for 

tightening the jig to the platform inside the cuvette. Figure 3.16 shows that if the sample 

is mounted at an angle, direct reflection from the incident light is at an oblique angle not 

detectable by digital PMT. During measurement, the jig is adjusted at 8° with respect to 

the incident light. Nevertheless, the emission due to the background, namely the substrate, 

still needs to be taken into consideration. The difference in intensity of the emission 

spectra from the sample and the ones due to the background itself is the spectra of the 

material. 
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Figure 3.16 Sample holder for photoluminescence measurement 
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CHAPTER 4 RESUL TS AND DISCUSSION 

4.1 Introduction 

During persistent effort in making Metal Insulator Semiconductor (MIS) LED, 

confined p-type regions of ZnO films on a glass substrate were observed. The MIS device 

is a "sandwich structure" of Au/i-ZnO/n-Si. The glass substrate served as a shadow mask 

during sputtering of ZnO material and was subject to several depositions. The 

performance of the MIS diodes was unstable and randomly showed bright blue, orange 

and white sparks with high voltage sweeps from 0 to about 100 V. Nevertheless, limited 

areas showing p-type conduction on the shadow mask were obtained during the 

experiment. Therefore, two additional runs devoted for reproducing p-type ZnO were 

carried out and the properties of the films were studied. 

The studies of properties of the ZnO films to be described in this chapter are as 

follows. First of aIl, results of photoluminescence (PL) of ZnO films deposited on n-type 

Si and glass substrates will be presented. Analysis of the spectra will help identifying the 

bandgap energy, the defects levels and the ones due to dopants in ZnO. Once the film has 

been deposited, hot point probe measurement will be used for identifying the areas with 

p-type conduction. Afterwards, the optical transmission measurements will be performed 

at different regions with different conduction types. Hall effect measurements will be 

done for obtaining the mobility, concentration and sheet resistance at different location on 

the substrate. Lastly, x-ray diffraction peaks will help the identification of preferred 

orientation of ZnO crystal at different position. The cross-sections of the ZnO films are 

examined in SEM for determining the thickness of the samples. 
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4.2 Photoluminescence spectra of ZnO films 

Thin films of ZnO sputtered on either glass or silicon substrates could create a 

large density of interface states and may have an impact on the crystallinity of ZnO films. 

Ghosh studied ZnO films grown on Si and glass by x-ray diffractograms and revealed 

that there are many peaks corresponding to the hexagonal structure [4.9]. Therefore, it is 

interesting to study photoluminescence spectra at room temperature of ZnO films 

deposited on glass and Si substrates. 

In the present experiments, microscope slides (sodalime glass) and n-type (111) 

Ofientated silicon substrates are used. The n-type Si substrates are doped with 

phosphorous at a nominal concentration of about 1015 cm3
. More details about the 

substrates are available in chapter 2. The main reason to choose silicon substrates is the 

high melting point, allowing high temperature annealing of the ZnO films. In addition, 

the bandgap energy of 1.12 eV for Si, which is smaller than ZnO, will allow the 

photoluminescence spectra of ZnO films to be measured in the short wavelength region 

without interference from the Si substrate. 

The deposition of polycrystalline ZnO films on a low cost substrate such as glass 

is interesting. However, thin films of good quality can be achieved by increasing the 

thickness. The first deposited layer often has poOf crystallinity and it serves as a buffer 

layer for subsequent layers. The improvement of crystallinity by increasing the thickness 

could reduce the recombination centers in the films; therefore, non-radiative 
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recombination is decreased and radiative recombination is increased [4.1 0]. It should be 

pointed out that the PL analysis of ZnO films on transparent glass slides is more difficult 

because the glass substrate contain various elements, which are photo sensitive and even 

emissive to UV light. Therefore, PL response of ZnO samples must not contain the 

background contribution due to substrate. Figure 4.1 shows the PL spectra of c1ean and 

uncoated glass substrate. 

4.2.1 Photoluminescence spectra of ZnO films (Single deposition) 

4.2.1.1 Deposition conditions of ZnO films on silicon 

The conditions for the deposition of intrinsic ZnO films are given in Table 4-1. 

The adoption of sputtering gas containing oxygen makes the deposited ZnO films highly 

resistive [4.11]. In the present experiments, a two-stage deposition scheme has been 

adopted: tirst at 10 mtorr for 30 mins and then at 5 mtorr for another 8.5 hrs without 

breaking the vacuum. The Si wafers are two inches wide and the target to substrate 

distance is 3.5 cm. After the deposition, the samples are cut into pieces with dimensions 

of about 2 x 1 cm. 

Table 4.1 Deposition conditions for ZnO film on Si 

Substrate(s) Target Distance Working Power Substrate Total Time 
between gas (x:y) heating cham ber 
Subst. - pressure 
Target 

Silicon Undoped 3.Scm Ar: O2 60W No 10 30 mins 
ZnO 0.73: 0.27 mTorr 

S mTorr 8:30 
hours 
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4.2.1.2 PL spectra of as-deposit ZnO on Si 

The excitation wavelength of the incident monochromatic light is set at a 

wavelength of about 300 nm for the PL experiments. In order to extract the PL spectra 

due to the ZnO thin films, the PL spectra are first measured on the Si substrate without 

ZnO and even the sample holder. Figure 4.1 shows PL spectra taken from a Si substrate, a 

stainless steel sample holder and an as-deposited ZnO films on Si. It is noted that both the 

Si and stainless holder plate show low PL intensity in the wavelength range from 350 to 

550 nm. The PL spectrum of the sample holder plate is measured because excitation light 

can penetrate glass substrate and reach the sample holder plate. 

When excited with a 300 nm incident light, the as-deposited ZnO thin films shows 

a weak PL response, but with a low intensity. However, weak peaks at about 400, 430 

and 475 nm are visible from Figure 4.1 for the as-deposited ZnO. These present results 

are consistent with the work performed by Maenhout-Van der Vorst and Van Craeynest 

who also reported weak photoluminescence from as-deposited films grown using white 

powder ZnO [4.1]. The interface states or dislocations of ZnO lattice created near the 

surface of Si may have greatly affected the crystal structure of the as-deposited ZnO 

material. As a result, the crystalline structure of ZnO has to be improved. 

4.2.1.3 Thermal annealing of ZnO films on Si 

As-deposited ZnO films on silicon were observed to have very weak 

photoluminescence response and the hexagonal structure of sputtered ZnO may have 

many orientations as suggested by Ghosh [4.9]. In order to enhance the crystallinity, heat 
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treatment is performed in a three-zone fumace in our laboratory in an attempt to improve 

the crystal structure and reduce the defects in ZnO material. However, the glass substrates 

could not sustain high temperature annealing and only the ZnO films deposited on Si are 

subject for investigation. The annealing experiments are performed in oxygen and air at 

an atmospheric pressure with different temperatures for various periods of time. With the 

excitation wavelength set at 300 nm, the PL spectra of the ZnO films on Si substrates 

annealed in oxygen and air at 400, 600, 800, 1000 and 1100°C are shown in Figures 4.2 

and 4.3. Significant increase in the PL intensity is evident after annealing and is stronger 

as annealing temperature increases. It is noted that annealing at low temperatures below 

400°C has insignificant change in the PL spectra. 

In general, ZnO samples annealed in air show lower PL intensity than the ones 

annealed in oxygen at the same temperature. The highest photoluminescence intensity is 

observed for the sample annealed at Il OO°C for one hour in oxygen as shown Figure 4.2. 

Figures 4.4 and 4.5 show that the PL spectra of films annealed at 1100°C for slightly 

different times hour have limited impact on the PL intensity. 

4.2.1.4 Analysis of the PL spectra of the annealed ZnO films 

The PL of the annealed ZnO samples at Il OO°C shows a greater intensity response 

than the ones heat-treated at lower temperature in both oxygen and air ambient. Figure 

4.2 shows the PL spectra for several samples annealed at different temperature. It is seen 

that no significant increase in PL intensity when treated at 400, 600, and 800°C. 
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However, the PL intensity increases significantly for those annealed at 1000 and Il OO°C. 

The increase in temperature promotes sharper and more noticeable energy peaks. 

As shown in Figure 4.2, the emission spectra of the annealed ZnO have noticeable 

peaks at about 390, 460 and 500 nm, which corresponds to violet, blue and green 

luminescence, respectively. These results are consistent with the observation of Kang et 

al. [4.4], who have reported similar emission peaks for their ZnO films on sapphire 

(Ab03) substrate. It is noticed that sapphire is a good substrate choice for ZnO due to 

good lattice matching at the interface, but it is expensive. Although still not understood 

completely, the peak near 390 nm is believed to be due to the free excitons of ZnO 

material [4.2]. In other words, PL peak at 390 nm corresponds to the anticipated 3.37 eV 

bandgap energy of ZnO. The peak near 460 nm is probably due to zinc interstitials, which 

is one of the native defects in ZnO. The calculated defect level for zinc interstitials is at 

2.9 eV [4.3]. Lastly, the peak near 500 nm is believed to be due to oxygen defects. The 

other defects related to oxygen are vacancies, interstitial and antisite of which the 

calculated defect levels are at 1.62,2.28 and 2.38 eV respectively [4.30]. 

It is observed that the intensity peak due to oxygen defects is more intense in the 

ZnO sample annealed in air at Il OO°C than the one annealed in oxygen. Incorporation of 

oxygen in ZnO films could have been easier if samples are annealed in oxygen than in 

air. Therefore, annealing in oxygen could reduce the defects due to oxygen and result in a 

lower intensity peak near 500 nm. 
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Figure 4.4 presents PL spectra for the samples annealed llOO°C for different 

periods of time. In particular, samples annealed for more than 1 hour have reduced PL 

intensity. Furthermore, in our experiments, the ZnO films showed visible degradations 

and tumed greyish if annealed above lOOO°C for one hour. Sorne pictures shown in 

Figure 4.6 are taken from the ZnO thin films annealed at different temperatures showing 

degradations. Pictures 5, 6, 7 and 8 illustrate visible fringes still present in the samples 

annealed at 1 100°C. Picture 9 shows that the annealed film turned completed greyish 

after four hours at 1100°C. Ko and coworkers observed similar phenomenon and 

suggested that the ZnO molecules tend to migrate from higher energy surface to more 

stable energy site during annealing at high temperature [4.5]. Another research group 

suggested that there was formation of Si02 in the ZnO due to interdiffusion of molecules 

at the interface when annealed at high temperatures [4.8]. In other words, annealing 

temperature needs to be controlled in order to reduce the migration of molecules when Si 

substrates are used. 

4.2.2 Photoluminescence spectra of ZnO films (Multiple deposition) 

4.2.2.1 Annealing of ZnO films on glass substrates 

Another approach for improving the crystal structure of sputtered ZnO films is to 

increase the thickness of the film. The deposition experiments with the increased 

thickness are done on glass substrates. Furthermore, the influence of positions of the 

substrates with respect to the target center is specially examined. As mentioned before, 

the first layer to be deposited would serve as a buffer layer for reducing interface states 
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and improving the crystallinity of the subsequent ZnO material sputtered. The deposition 

conditions (deposition 1-4) used in this study have been listed in Table 2.8 in chapter 2. 

To investigate the effect of thickness, PL spectra of selected samples are 

measured after each deposition while the remaining samples are kept in vacuum before 

the next deposition. After the first and second deposition, no significant PL intensity is 

detected for the selected ZnO samples on glass substrate. The PL spectra of the selected 

ZnO films after the third deposition are shown in Figures 4.10 and 4.11 and those after 

the fourth deposition are shown in Figures 4.12 and 4.13. It is noticed that the PL is more 

than double in both cases. The substrate holder and the projection of the target and the 

location ofthe samples are shown in Figure 4.7. The ZnO sample No. 2 is the one located 

at a position 2.5 cm from the center of the substrate, whereas the ZnO sample No. 3 is the 

one located at 5.0 cm from the center of the substrate. From Figure 4.8 a) and Figure 4.9 

a), it is seen that the sample No. 2 is more yeHowish than sample No. 3 after four 

depositions. Furthermore, one could observe that the fringes in sample 3 are still visible. 

4.2.2.2 PL spectra of the multi-Iayers ZnO films 

For the sample No. 3, the PL spectrum is very weak and not measurable by the 

equipment after aH four depositions. However, in the case of sample No. 2, a spectrum 

with weak intensity is measured and obtained after third deposition as shown in Figures 

4.10 and 4.11. Figures 4.11 and 4.12 show that after the fourth deposition, the intensity 

peaks become more distinguishable and sharper than the ones after the third deposition. 

Therefore, it is believed that the crystallinity of ZnO has improved with the increase of 
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thickness. The dominant peaks are located around 467 and 531 nm, which correspond to 

zinc and oxygen interstitial, respectively according to the defect energy levels studied by 

Yang et al. [4.30]. In comparison with Figure 2, the peak at 390 nm is still not detectable. 

Nevertheless, the films sputtered from undoped ZnO target after four depositions will be 

the buffer layer for the doped ZnO. 

4.2.2.3 Photoluminescence spectra of doped ZnO films 

Starting with the samples coated with four intrinsic ZnO depositions, more layers 

of ZnO are deposited from the doped target for studying the PL spectra. In order to 

deposit doped ZnO material, doped ZnO targets and N-Ar working gases are used. The 

deposition conditions (deposition 5-8) are listed in Table 2.8. 

After the fifth deposition, both samples No. 2 and No. 3 still do not show 

detectable emission. One possible reason is degradation of the lattice structure after 

deposition of the ZnO fifth layer from a different target. In the case of sample No. 3, no 

detectable luminescence is measured after the fifth, sixth, seventh and eighth deposition 

even though one can see a thick ZnO film on the substrate as shown in Figure 4.9 b). The 

PL analysis becomes fairly difficult in the case of sample No. 2 because the film on that 

sample start peeling off. The peeling off becomes more severe as the deposition layer 

increases. Photograph of the sample No. 2 after the eighth deposition has been taken and 

is shown in Figure 4.8 b). Due to the degradation of the film, it is necessary to analyze 

and study another area located at 2.5 cm from the center of the substrate with no visible 

damage or de gradation. Two more samples are studied after eight depositions, namely 
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sample No. 1 and No. lA. Both samples are located at 2.5 cm from the center of the 

substrate. The PL spectra of both samples are similar and the ones for sample No. 1 are 

shown in Figures 4.14, 4.15 and 4.16. 

4.2.2.4 Analysis of the photoluminescence spectra of the multi-Iayers doped ZnO 
films 

Sample No. 1 is a piece of doped ZnO film deposited on a buffer layer and located 

at 2.5 cm from the center of the substrate with no visible damage after the eighth 

deposition. The analysis of the peaks locations in such a sample will help identify 

whether the dopants are successfully incorporated in the ZnO film. Figures 4.15 and 4.16 

show that the defect peaks at 467 and 531 nm described earlier are still present after eight 

depositions, but there is another dominant peak located at around 350 nm. This dominant 

peak is believed to be due to nitrogen dopant, suggesting that the incorporation of 

nitrogen dopants in the ZnO films is successful. Toumiat et al have reported similar 

experiments carried out with nitrogen doping [4.6]. They observed that the peak due to 

excitonic emission of ZnO at 377 nm has shifted to around 350 nm when the film is 

doped with nitrogen. Although not completely understood, they speculated that there is 

formation of ZnO nanorods or nanowires, which could have modified the ZnO grain 

structure and affected the "surface excitons". 

Furthermore, an additional peak around 660 nm is noticed in sample No. 1. This 

peak is probably due to indium dopant since the doped ZnO target contains a small 

weight percentage of In203 (see chapter 2 for more details). Work done by Kumar et al. 

revealed PL results similar to the ones observed in sample No. 1 [4.7]. Furthermore, they 
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also suggested that the broad emission spectrum is probably due to phonon-assisted 

emlsslOn. 

In summary, it is worthwhile to restate the purpose of having multiple layers. A 

thick buffer layer for ZnO films is formed on the substrate after four depositions for 

reducing the lattice mismatch. Furthermore, the crystalline structure of the buffer layer is 

improved showing the peaks due to excitons and defects. The crystallinity of doped ZnO 

films deposited on the buffer should be better and make the incorporation of the dopants 

in the film easier. After eight depositions, the PL spectra of ZnO show the presence of 

energy peaks attributed to the dopants, which coincides with others' results. 
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4.3 Optical transmission of the ZnO film after eight depositions 

The optical transmittance versus wavelength of ZnO films after eight depositions 

is shown in Figure 4.17. Measurements are done at room temperature for the ZnO films 

with no visible damage, namely the ones at 1.0, 2.5 and 5.0 cm away from the center and 

the sample numbers corresponding to these samples are 5, 1 and 3, respectively. Notice 

that the transmittance of ZnO films at the center of the target is the same as the ones 

located at 1.0 cm away from the center. For comparison, optical transmission 

measurements of films sputtered using doped and undoped ZnO targets after one 

deposition are also included. The interval of the monochromatic light source is between 

400 and 800 nm. 

The thickness of ZnO films after eighth deposition is determined by examining 

the cross-sections of the films in SEM and they are 3.0, 5.0 and 1.5 um for the films 

located at 1.0,2.5 and 5.0 cm from the center of the substrate, respectively. This variation 

in thickness is due to the difference in magnetic field of the sputtering gun, which has 

ring shape magnet and the details are presented in the next section. The transmission 

spectra of a typical p-type film are located at 1.0 and 2.5 cm away from the center. The 

mapping of p-type and n-type ZnO by hot probe after eight depositions is also shown in 

the next section. 

At 2.5 cm from the center of the substrate, the film is about 5 um thick and the 

transmittance for the film is small at short wavelengths as shown in Figure 4.17. Only 

about 5% of light passes through the film at 400 nm. The transmittance response slowly 
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increases until 625 nm to 80% and saturates onwards. The conduction of the film at 5.0 

cm away from the center of the substrate is n-type and shows higher transmittance 

through the whole measurement. The difference in the spectra is probably due to the 

variation in thickness of the films at different position of the substrate. The response 

obtained at 1.0 cm from the center of the substrate shows that the transmittance at low 

wavelength is between the "thin" and "thick" ZnO films. At 1.0 cm from the center, the 

thickness is about 3 um and sorne layers of ZnO films peeled off during deposition, 

which is smaller than 5 um but bigger than 1.5 um. 

The results obtained from the optical transmission measurements are quite 

consistent with the theoretical prediction. In chapter 2, Yamamoto' s co-doping model 

suggests that the bandgap energy of ZnO should decrease if the dopants are successfully 

incorporated [4.13, 4.14]. The A-D-A model indicates the appearance of the energy levels 

due to dopants should reduce the bandgap energy. In our measurements, the transmission 

spectra of the typical p-type film (at 2.5 cm from substrate center) almost completely cut 

light at 400 nm (~3.10 eV). In the case of undoped ZnO film, the cutoff wavelength 

should be located nearby the bandgap energy of the material [4.12]. 

Futsuhara et al. carried out zinc oxynitride experiment and observed that the 

optical bandgap of ZnO could decrease significantly with the increase of nitrogen partial 

pressure during sputtering [4.23]. They believed that the decrease in bandgap energy is 

probably caused by decrease ofionicity due to formation ofZn-N bonds. 
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Furthermore, the films sputtered from undoped ZnO and doped ZnO after only 

one deposition are also shown in the Figure 4.17 for comparison. Samples No. 6 and 7 are 

ZnO films sputtered at 2.5 cm from the center of the substrate after one deposition from 

undoped and doped targets, respectively. The thickness is about 0.3 um for both films and 

the hot point probe test showed n-type conduction. Optical transmission measurements 

show that the transmittance is higher than the ones deposited after eight depositions 

through almost the entire range. 
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Figure 4.6 ZnO films on Si with different annealing time 
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Sample 2: 
Figure 4.8 a) ZnO sputtered on glass after 4 depositions 
Figure 4.8 h) ZnO sputtered on glass after 8 depositions 
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4.4 Mappiog of limited p-type ZoO film areas after eight 
depositions 

4.4.1 Identification of limited p-type ZnO film area 

After the eighth deposition, sorne layers of ZnO films near the center of the 

substrate peeled off, but the color of the remaining film is still uniform. The layers of 

ZnO films located far away from the center of the substrate have no visible damage and 

the fringes are still visible. In order to map the limited p-type film areas on the entire 

substrate, hot point probe measurements are performed with the probes kept as close as 

one millimeter. During the measurements, the temperature of the hot probe increases to 

about 150°C. The confined p-type areas on the samples are shown in Figures 4.18 and 

4.19. Figure 4.18 is the shadow mask used during the deposition of ZnO for MIS diode. 

The minus sign indicate a deficiency of majority holes, which corresponds to a negative 

reading on the voltmeter during the measurement and vice-versa. Figure 4.19 shows the 

limited p-type ZnO film areas after eight depositions (first run reproduction) with broader 

substrate surface. The p-type ZnO films seem to be local and situated near the center and 

on the boundary of the regions where sorne layers of film peeled. The dimensions of the 

p-type ZnO films are in the order of about 5 mm and 2 mm at 1.0 cm and 2.5 cm from the 

center, respectively. 

4.4.2 Explanation for formation ofnon-uniform sputtered films 

Severa1 previous experiments were performed for understanding the non-

uniformity in sputtered ZnO. Song et al. studied aluminum doped ZnO sputtered on glass 

and noticed the films are laterally non-uniform [4.15]. By setting the deposition 
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conditions such as rf power, working gas pressure, substrate temperature and substrate­

target distance fixed, they noticed that the thickness, resistivity, crystallinity and optical 

transmittance of the films are dependant on the positioning of the substrate with respect 

to the center of the substrate. Moreover, there is a report suggesting that a surface barrier 

created by chemisorption of oxygen onto the surface of crystallites can act as scattering 

and trapping centers, which can also reduce the effective mobility of the film [4.17]. 

Song et al. also observed the presence of inhomogeneous erosion of the target 

material where there is formation of circular erosion crater resulted from higher material 

consumption during sputtering. Figures 4.20 and 4.21 give the cross-sectional view of a 

model showing the formation of erosion crater in the target after deposition. The films 

formed right above the erosion crater ring tend to be thicker because as the deposition 

time increases, the material in the target is consumed more resulting in a deeper and 

wider erosion crater. Consequently, the lateral distribution of the plasma and the 

sputtering rate are different at different position in reference to the target; therefore, Song 

et al. believed that the thickness is maximal at the center of the substrate. The thickness 

of the sputtered films will differ and the properties of the films would differ with position 

causing non-uniformity. 

Minami et al. performed X-ray diffraction analysis on their thin films and found 

that the crystalline structure of the film facing the erosion crater is different from the one 

not directly facing the erosion crater [4.16]. They believed that the thermal heating is 

higher at that region due to higher ion bombardment and could have altered the 
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crystalline structure. Thomann et al. suggested that the substrate surface during sputtering 

at low pressure is subject to high energetic species in the plasma and to UV irradiation. In 

their experiments, they believed that the flux is highest (about 1014 at/cm2 s) and carry 

large energy ions in the order of lOs of eV near the center of the substrate, which can 

affect the growth of the material and may break the growing clusters [4.18]. Although not 

clearly understood, in our experiments, the peeling-off of the films near the erosion crater 

after eight depositions could also be due to high thermal heating and high energetic 

bombardment on thick layers of ZnO. 

In our experiments, non-uniform conduction type of the ZnO films on the same 

glass substrate is noticed. The formation of p-type films seems to reside near the erosion 

crater where the deposition rate is faster resulting in higher thermal heating of the 

sputtered ZnO. Outside of the erosion crater, the films are n-type. In the following 

section, the electrical properties of the films obtained from Hall Effect measurements will 

be described. 
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Figure 4.18 ZnO on a shadow mask after multiple depositions used in 
MIS experiment 

Figure 4.19 Samples on the substrate holder after 8 depositions. The white 
areas are p-type ZnO films mapped with hot probe measurements. 
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Figure 4.20 A schematic cross-section showing the ZnO powder target being more 
consumed in the erosion crater after deposition [15] 
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ZnO powder target 
Figure 4.21 3-D view of the erosion crater in the ZnO target [16] 
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4.5 Electrical properties of ZoO films 

F or the first mn, electrical measurements such as contact resistance, Hall effect 

and van der Pauw measurements were performed at room temperature for the samples 

No. PlO, PlI and P12, which are located at positions 1.0,2.5, and 5.0 cm from the center 

of the substrate respectively. For the second mn, the p-type sample No. P13 was mapped 

with hot probe measurements and the electrical properties were calculated for 

comparison. The distance between the electrodes is in millimeter range. For contact 

resistance measurements, the longest distance between two electrodes is about 5 mm. For 

Hall effect measurements, the length of the region studied is kept to be about 5 mm and 

the width to be about 2.5 mm. For each sample, two sets of data are collected. Two 

measurements of the same sample with different contacts are performed. The contacts for 

the second measurement are about 1 mm away from the ones from the first measurement. 

4.5.1 Metal contacts to ZnO films 

ZnO is a wide bandgap energy semiconductor with electron affinity and bandgap 

energy about 4.35 and 3.37 eV respectively [4.19]. For n-type ZnO films, studies on 

AulZnO contacts reveal that they could be ohmic if the material surface is composed 

mostly of Zn [4.20]. In the case ofp-type ZnO films, most of the studies on contacts are 

still in their infancy due to lack of p-type ZnO samples. However, it is believed that an 

alloy of titanium and platinum could achieve low contact resistance [4.21]. E-beam 

method is used for depositing the alloy due to its high melting point. 
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In our experiments, gold is used for both n-type and p-type ZnO films. Gold has a 

melting point of about 1065°C and a work function of 5.1 eV [4.22]. Circular gold 

contacts to ZnO samples are evaporated through holes with diameter about 0.5 mm on a 

shadow mask. The thickness of the metal is estimated to be about 7x10-8 m from the 

calculation shown in Figure 3.5 in chapter 3. Au contacts are created for ZnO films at 1.0, 

2.5 and 5.0 cm from the center of the substrate. Copper wires are soldered on the contacts 

using Wood' s metal. 

4.5.2 Stabilization of contacts/material 

Initially, no intentional treatment for improving the contacts was performed; as a 

result, the electric signaIs measured by the digital multimeter at room temperature are 

unstable for both p-type and n-type ZnO. The noise induced by the contacts and the non­

uniformity of the films are too large for meaningful electrical characterization such as 

contact resistance and Hall effect measurements. Measuring the resistance across two 

contacts shows that the values fluctuate a lot with time. Furthermore, reverse-biasing the 

polarities of contacts indicates different resistance values. The difference in resistance 

readings could differ by as much as 25 %. 

In order to improve the Au contacts to ZnO, a relatively large CUITent (in mA 

range) was applied through the contacts for at least 30 seconds at room temperature. The 

same CUITent was then reversed for at least 30 seconds. Afterwards, the resistance values 

were re-measured with both polarities and they were expected to decrease. If they differ 

by about 10 % or less, the contacts are considered stable and no additional current is 
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applied for improving the stability. On the other hand, if they still differ by much, the 

iteration continues until the resistances closely match. One hypothesis for explaining the 

phenomena is that application of high current across the samples generates joule heating 

of the contact and the material, which could improve the stability and reducing the 

contact resistances. For Hall effect measurements, high CUITent passes through aIl four 

contacts and the order in which the CUITent is applied is shown in Figure 4.22. 

4.5.3 Contact resistance measurements 

The contact resistance values measured at room temperature for samples PlO, PlI 

and Pl2 are shown in Figures 4.23,4.25 and 4.26, respectively. The extrapolations of the 

resistance versus the distance between the electrodes show that the contact resistances of 

gold on ZnO films are in the Mn, Kn and lO's Kn range for samples PlO, PlI and P12, 

respectively. It is noted that the contact resistance to p-type ZnO films is reduced by 

about half after the high CUITent treatments as shown in Figures 4.23 and 4.24. The 1-V 

curves of Au electrodes distanced by about 5 mm on ZnO films are shown in Figures 

4.27,4.28,4.29 and 4.30. 

4.5.4 Hall effect measurements 

Hall effect measurements are performed for samples PlO, PlI, and P12. Hot 

probe measurement indicates that p-type ZnO should be located near 1.0 and 2.5 cm from 

the center of the substrate. Metal contacts are evaporated on sample PlO where p-type 

region is identified. Nevertheless, metal contacts are evaporated on the n-type region of 

sample PlI because the p-type region is too naITOW at that location. Hall effect 
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measurements for all ZnO samples are carried out with a high magnetic field of 6560 

Gauss (or 0.656 T) for increasing Hall voltage signaIs with respect to noise. 

Figures 4.31, 4.32, 4.33 and 4.34 show the variation of Hall voltage with the 

applied current for Si and ZnO samples PlO, PlI, PI2, respectively. For comparison, an 

n-type silicon sample (sample Psilicon) is measured for conduction type determination. A 

Hall voltage versus applied current plot for silicon bulk with two different magnetic field 

values, 0.656 T and 0.263 T, is shown in Figure 4.31. Keeping the same sign convention 

used in all Hall effect measurements, the Hall voltage values of n-type ZnO films 

(samples PlI and P12) and n-type Si have the same sign as shown in Figures 4.33 and 

4.34. The variations of Hall voltage with applied CUITent are also linear for all n-type 

samples. For sample PlO, the measured Hall voltages have opposite sign comparing to 

the n-type samples. In the case of p-type sampI es, an average of three readings is taken 

for each point due to reading fluctuation. 

The thickness, sheet resistance, Hall mobility, camer concentration and the 

conduction type for samples Psilicon, PlO, PlI and Pl2 are summarized in Tables 4.2, 

4.3, 4.4 and 4.5. The thickness of ZnO samples at different location is determined by 

examining the cross-section of the samples in SEM. Sheet resistance is found by Van der 

Pauw method. * The average value of two sheet resistance values obtained in two 

different measurements is taken for calculating the Hall mobility in Ml and M2. ** For 

each measurement, the average of six carrier concentrations and Hall mobility values 

obtained from the Hall voltage data points is indicated in the table. 
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4.5.5 Discussion ofresults 

The electrical properties of ZnO films after the eighth deposition on the same 

substrate are highly dependent on the positioning. Contact resistance and Hall effect 

measurements were performed on samples at three different positions, namely 1.0, 2.5 

and 5.0 cm from the center of the substrate. Non-uniformity is clearly noticeable as the 

contact resistances at different position are different. The contact resistance of gold on n­

type sample PlI is in Kn range. Whereas the contact resistances of gold on p-type 

samples PlO and P13 are in Mn range. From theoretical point-of-view, the electron 

affinity and bandgap energy of p-type ZnO is 4.35 and 3.37 eV, respectively. The work 

function of gold is 5.1 eV. High contact resistance could suggest that the energy bands of 

the semiconductor and metal are mismatched at the interface. 

Hall effect measurements were performed not only to determine the electrical 

properties of the films, but also their conduction type. Measurements ofn-type and p-type 

samples show that the Hall voltage values have different sign with the same measurement 

setup. In the case of n-type samples, the Hall voltages vary linearly with applied CUITent. 

However, in the case of p-type samples, the variation is not entirely linear as shown in 

Figure 4.32. It appears that the curves in the first and third quadrants are linear but with 

different slope. Nevertheless, the carrier concentration and the mobility values are 

averaged. The results obtained are shown Table 4.6. For the p-type sample PlO, the 

resistivity is 148.8 n-cm, the mobility is 0.0172 cm2N-sec and the carrier concentration 

is 4.34xl018/cm3
. The results are quite consistent to the ones presented in Table 2.5 
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(reference PLD2) in chapter 2 reported by Joseph et al. [4.24]. Using co-doping method, 

they reported p-type ZnO sarnples and the dopants were nitrogen and gallium. 
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Table 4.2 Electrical properties of silicon (sample Psilicon) 

Measurement 1 Measurement 2 Average 
(Ml) (M2) 

Metal contact Wood's metal -
Thickness of 304.8 um 304.8 um 

silicon 
Sheet resistance * 117 niD 117 niD 

Resistivity 3.57 n-cm 3.57 n-cm 3.57 n-cm 
Magnetic field 0.656 T 0.263 T -

Concentration ** 2.04x101S/cmJ 2.59x10IS/cmJ 2.32x1 015 IcmJ 

Hall mobility ** 861 cm:lN-sec 678 cm:lN-sec 769 cm:lN-sec 
Conduction type n-type n-type -
(by Hall effect) 

Conduction type n-type n-type -
(by hot probe) 

Table 4.3 Electrical properties of p-type ZnO (sample PlO) 

Measurement 1 Measurement 2 Average 
(Ml) (M2) 

Metal contact Au Au -
Contact resistance 0.72 Mn 0.51 Mn 0.62 Mn 
Thickness of ZnO 3.0 um 3.0 um 
Sheet resistance* 3.98x10S niD 5.59x10S niD 4.79x10!l niD 

Resistivity 119.4 n-cm 178.2 n-cm 148.8 n-cm 
Magnetic field 0.656 T 0.656 T -

Concentration ** 6.91x10U!/cmJ 1. 76x1 OH! IcmJ 4.34x10 11S IcmJ 

Hall mobility ** 9.50x10-J cmzN-sec 2.50x10-z cmz N -sec 1. 72x1 O-:l cm:l N -sec 
Conduction type p-type p-type -
(by Hall effect) 

Conduction type p-type p-type -
(by hot probe) 

* The average value of two sheet resistance values obtained in two different 
measurements is taken for calculating the Hall mobility in Ml and M2. 

** For each rneasurernent, the average of six carrier concentrations and Hall rnobility 
values is indicated in the table. 
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Table 4.4 Electrical properties of n-type ZnO (sample PH) 

Measurement 1 Measurement 2 Average 
(Ml) (M2) 

Metal contact Au Au -
Contact resistance 0.63 Kn 0.57Kn 0.60Kn 
Thickness of ZnO 5.0um 5.0um 
Sheet resistance* 360 nID 710 nID 535 nID 

Resistivity 0.18 n-cm 0.36 n-cm 0.27 n-cm 
Magnetic field 0.656 T 0.656 T -

Concentration ** 3.03x1017/cm3 1.12x1 017 Icm3 2.08x1 017 Icm3 

Hall mobility ** 77.2 cmzN-sec 209 cmz N -sec 143.1 cmzN-sec 
Conduction type n-type n-type -
(by Hall effect) 

Conduction type n-type n-type -
(by hot probe) 

Table 4.5 Electrical properties of n-type ZnO (sample P12) 

Measurement 1 Measurement 2 Average 
(Ml) (M2) 

Metal contact Au Au -
Contact resistance 41.2 Kn 17.3 Kn 29.3 Kn 
Thickness of ZnO 1.5um 1.5um 
Sheet resistance* 8850 nID 7860 nID 8355 nID 

Resistivity 1.33 n-cm 1.18 n-cm 1.26 n-cm 
Magnetic field 0.656 T 0.656 T -

Concentration ** 2.75x1017/cm3 2.07x1 017 Icm3 2.41x1017/cm3 

Hall mobility ** 18.1 cmzN-sec 24.2 cm2N-sec 21.2 cmzN-sec 
Conduction type n-type n-type -
(by Hall effect) 

Conduction type n-type n-type -
(by hot probe) 

* The average value of two sheet resistance values obtained in two different 
measurements is taken for calculating the Hall mobility in Ml and M2. 

** For each measurement, the average of six carrier concentrations and Hall mobility 
values is indicated in the table. 
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Table 4.6 Summary of the electrical properties of ZnO films 

Sample PlO SamplePll Sample P12 Sample P13 
(lst run) (lst run) (lst run) (2nd run) 

Metal contact Au Au Au Au 
Contact 0.62 Mn 0.60 Kn 29.3 Kn 0.82 Mn 

resistance 
Thickness of 3.0 um 5.0um 1.5um 3.0um 

ZnO 
Sheet 4.79x10:5 niD 535 niD 8355 niD 6.68x10~ niD 

resistance* 
Resistivity 148.8 n-cm 0.27 n-cm 1.26 n-cm 200.6 n-cm 

Magnetic field 0.656 T 0.656 T 0.656 T 0.656 T 
Concentration 4.34x10H'/cm j 2.08x101lIcm j 2.41x101l1cmj 4.82x101!!/cm3 

** 
Hall mobility 1.72x10-z 143.1 cmzN- 21.2 cmzN- 1.20x10-z 

** cm2N-sec sec sec cm2N-sec 
Conduction p-type n-type n-type p-type 

type 
(from Hall 

effect) 
Conduction p-type n-type n-type p-type 

type 
(by hot probe) 
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Figure 4.23 Sample PlO - Contact resistance of go Id on ZnO films at 1.0 cm from the 
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Figure 4.24 Sample PlO - Contact resistance of go Id on ZnO films at 1.0 cm from the 
center of the substrate AFTER high current treatment 
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Figure 4.26 Sample P12 - Contact resistance of go Id on ZnO films at 5.0 cm from the 
center of the substrate AFTER high current treatment 
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Figure 4.27 Sample PlO - I-V curves of gold contacts on ZnO at 1.0 cm from the 
center of the substrate BEFORE high current treatment 
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Figure 4.30 Sam pie P12 - 1-V curves of go Id contacts on ZnO at 5.0 cm from the 
center of the substrate AFTER high current treatment 
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4.6 Crystal structure of ZnO by X-ray diffraction analysis 

X-ray diffraction (XRD) was performed on samples PIO_xrayl, PIO_xray2, 

Pll_xray and P12_xray for studying the preferred orientation of ZnO samples after the 

eighth deposition. Samples PIO_xrayl and PlO_xray2 were located at 1.0 cm from the 

center of substrate and both are p-type by hot probe measurements. Samples Pll_xray 

and P12_xray were located at 2.5 cm and 5.0 cm from the center ofsubstrate and both are 

n-type by hot probe measurements. XRD measurements were performed with an X-ray 

system having copper Ka radiation and wavelength of the incident radiation 

is about 0.15405 nm. 

The diffraction peaks of samples PlO_xrayl, Pll_xray and P12_xray are shown 

in Figures 4.35, 4.36 and 4.37, respectively. It is seen that values of diffraction intensity 

at about 34° are the largest for samples Pll_xray and P12_xray, indicating these to have 

(002) preferred orientation. This characteristic has been reported in most n-type ZnO 

films. Furthermore, there are minor peaks in both patterns and they are attributed to 

lattice mismatch of ZnO on glass substrate indicating a random orientation of the 

hexagonal crystallites in the polycrystalline films [4.9]. The preferred orientations are 

consistent with the results obtained by both Banerjee et al. and Ghosh et al. who studied 

on undoped ZnO on glass substrates [4.25,4.9]. 

It is noticed that the diffraction peaks of both p-type ZnO samples are the same. 

However, for the sample PIO_xrayl located doser to the projection oftarget center, the 

XRD patterns shown in Figures 4.35 show strong peaks at yO and ZO, corresponding to 
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(100) and (101) orientations. These results are similar to the ones obtained by Zhang et al. 

who prepared nitrogen doped ZnO [4.26]. They reported that the values of (100) and 

(101) peaks became stronger as the atomic ratio of nitrogen dopant was increased. From 

the present XRD patterns, it is evident that the p-type ZnO samples prepared in this work 

are polycrystalline. 

99 



1000 (100) Sample P10_xray1 

(101) P-type ZnO 

800 -. :::1 
cO - 600 
:È' 
en 
c: 
IV 400 .... 

(110) c: 

200 

o 
20 30 40 50 60 70 80 90 

28 (degree) 
Figure 4.35 XRD pattern of p-type ZnO located at 1.0 cm from the projection of 

target center 

(002) Sample P11_xray 
1000 

N-type ZnO 

- 800 
:::J 
CO -F:' 600 
ri) 
c: (101) QI ....... 400 (100) c: 

200 

o 
20 30 40 50 60 70 80 90 

28 (degree) 
Figure 4.36 XRD pattern of n-type ZnO located at 2.5 cm from the projection of 

target center 

100 



2000 

-:::i 1500 
ro: -F:" 
~ 1000 
Cl) 

+"" 
:c:: 

500 

o 
20 30 

(002) 

(101) 

40 

Sample P12_xray 
N-type ZnO 

(103) 

(110) 

50 60 70 80 
28 (degree) 

90 

Figure 4.37 XRD pattern of n-type ZnO located at 5.0 cm from the projection of 
target center 

101 



CHAPTER 5 CONCLUSIONS 

5.1 Summary of the study 

N-type ZnO and its properties are weIl understood among researchers. Due to 

high concentration of native defects, intrinsic ZnO is naturally n-type. The native defects, 

such as zinc interstitial and oxygen vacancy, can act as compensating centers. As a result, 

p-type ZnO is difficult to fabricate and not clearly understood. 

Theoreticians have been trying to find a model for explaining the difficulty in 

making p-type ZnO and specially chosen dopants for overcoming the problem. 

Yamamoto's co doping method is based on a model, which requires two dopants. One of 

the dopant plays the role of replacing another element in the material for making it 

electrically active. The other impurity is a by-player for making the incorporation of the 

other dopant easier in the material. In the case of ZnO, Yamamoto predicted that N-In 

could be a good co-dopant pair for successfully creating p-type ZnO. 

The hexagonal wurtize crystal structure of ZnO is also important. Sapphire 

substrate is expensive and it is believed to be able to reduce lattice mismatch near the 

interface of deposited ZnO. The deposition of ZnO thin films on an alternative low cost 

substrate, such as glass, is interesting. In the present work, it has been observed that thick 

layers of ZnO sputtered on glass substrate are required for reducing lattice mismatch. 

In the initial phase of the work, ZnO thin films were deposited on silicon 

substrates and investigated. These as-deposit ZnO films have weak photoluminescence 
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response, which makes the analysis difficult due to background noise contribution. The 

PL responses of ZnO films on Si were much noticeable when they were annealed at 

elevated temperatures. Experimental results show that the energy peaks are the strongest 

when the films were annealed at Il OOoC for one hour in oxygen. The strong peaks at 390, 

460 and 500 nm correspond to free excitons of ZnO, zinc interstitials and oxygen defects, 

respectively. In particular, the peak intensity due to oxygen defects is reduced when 

annealed in oxygen compared to ZnO films annealed in air. 

The non-uniformity of the films over the entire substrate surface was observed for 

ZnO films sputtered on glass substrates after eight depositions. The location of the 

samples with respect to the target has been found to affect greatly the properties of the 

films. In particular, deposition rate and unintentional substrate heating can have an effect 

on the properties of the ZnO films. As a result, p-type ZnO films were formed at 

locations near the target center and n-type ZnO films were created at locations further 

away from the target center. 

After multiple depositions of ZnO material on the glass substrates, the 

photoluminescence spectra analysis revealed also many energy peaks. For ZnO films 

sputtered from the undoped target, the PL spectra were unnoticeable until the third 

deposition. After the fourth deposition, the peaks were sharper and stronger than the ones 

observed after the third deposition. Consequently, it is possible to conclude that the 

crystal structure is improved with multiple depositions. However, the native defects of 

ZnO are still present at 461 and 531 nm. For doped ZnO films, effects of incorporation of 
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dopants were confirrned by PL spectra analysis where additional peaks due to dopants 

were observed. The energy peaks due to nitrogen and indium dopants in ZnO were 

observed at 350 and 660 nm respectively. For the n-type ZnO films, PL spectra analysis 

revealed that there is no energy peak due to dopants. 

X-ray diffraction patterns suggested that the sputtered ZnO is polycrystalline. For 

both p-type and n-type ZnO, it was found that there are more than one preferred 

orientations. On the same substrate, the preferred orientations of the p-type ZnO were 

(100) and (101). In the case of the n-type ZnO, the preferred orientation was (002). 

Yamamoto' s theoretical prediction suggested that if N -In co-dopants were 

incorporated in the films, the bandgap of the ZnO films should be reduced. This was 

verified by the optical transmission of samples. For the samples located at the proximity 

of the center of the substrate, short wavelength light is almost being blocked at 400 nm. 

For samples located further away from the center of the target, light is not blocked at 400 

nm, but rather at a shorter wavelength. 

For the present p-type ZnO films forrned near the projection of the center of the 

substrate, the resistivity, hole concentration and mobility were found to be 148.8 Q-cm, 

4.34xl018/cm3 and 1.72xl0-2 cm2N-sec respectively. N-type ZnO films were also 

obtained in the same deposition run, but these were located further away from the center 

of the substrate. In general, the resistivity of n-type ZnO was found to be much lower 

than p-type ZnO and the electron mobility much higher than its counterparts. The 
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thickness of ZnO films is in the order of micrometer. A summary of the results for ZnO 

thin films at different positions from the present work is given in the following table. 

Table 5.1 Electrical properties of ZnO films at different locations 

Sample PlO Sample PlI SampleP12 

Location 1.0 cm 2.5 cm 5.0 cm 
(with respect to 

substrate center) 
Metal contact Au Au Au 

Contact resistance 0.62 M!! 0.60K!! 29.3K!! 
Thickness of ZnO 3.0um 5.0 um 1.5um 
Sheet resistance 4. 79xlO~ !!/D 535 !!/D 8355 !!/D 

Resistivity 149 !!-cm 0.27 !!-cm 1.26 !!-cm 
Magnetic field 0.656 T 0.656 T 0.656 T 
Concentration 4.34x10u'/cm3 2.08xl 017 Icm3 2.4lx10 17/cm3 

Hall mobility 1.72x10-z 143 cm:lN- 21.2 cm:lN-
cm2N-sec sec sec 

Conduction type p-type n-type n-type 
(from Hall effect) 
Conduction type p-type n-type n-type 
(by hot probe) 
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5.2 Main contribution of tbis work 

1) For ZnO films sputtered on silicon substrates and annealed at 1l00°C in oxygen for 

one hour, the intensity peaks in photoluminescence spectra are sharper and stronger 

comparing to the ones annealed in air. 

2) The lattice mismatch created near the interface of ZnO and glass substrate can be 

reduced when the thickness of the films is increased. The intensity peaks in PL spectra of 

ZnO deposited on glass is observed after the third deposition (roughly after 24 hours of 

deposition). 

3) Dopants are incorporated in the films for the samples located at the proximity of the 

center of the substrate. The incorporation of dopants in the films is verified by the 

analysis of PL responses. 

4) The optical transmission of samples located at the proximity of the center of the 

substrate show that short wavelength light is almost being blocked at 400 nm. The results 

suggest that the bandgap of the ZnO films is reduced and the N-In co-dopants are 

incorporated in the films, which coincides with Yamamoto' s theoretical prediction. 

5) The conduction types of ZnO films are confirmed by Hall effect measurements. On the 

same sub strate , p-type ZnO is more likely to be located near the erosion crater with 

higher deposition rate and temperature compared to n-type films located further away 

from the crater. 
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5.3 Future work 

Although reproducible p-type ZnO films have been obtained, there are many 

parameters to be improved and unknown to be solved. Specifically, the stability and 

stress of thick layers of ZnO need to be further studied. The metal contacts to p-type ZnO 

need to be investigated once p-type ZnO can be mass reproduced. The uniformity ofthick 

ZnO at different positions needs to be examined. The electrical and optical properties of 

multi-Iayer ZnO at deposit at elevated substrate temperature (more than Il OO°C) are also 

attractive. 
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