
UNIVERSITY OF TECHNOLOGY, SYDNEY 

Luminescence Studies of ZnO 
Crystals and N anowires 

by 

Matthew Foley 

A thesis submitted in partial fulfillment for the 
degree of Doctor of Philosophy 

in the 
Department of Physics and Advanced Materials 

Faculty of Science 

2011 



Declaration of Authorship 
I, Matthew Foley, declare that this t hesis t it led , 

' L UMIN ESCENCE STUDI ES OF ZNO CRYSTALS AND NANOWIRES ' 

and the work presented in it are my own. I confirm t hat : 

• This work was done wholly or mainly while in candidature for a research degree 

at t his University. 

• Where any part of this t hesis has previously been submitted for a degree or 

any other qualification at t his University or any other instit ut ion, t his has been 

clearly stated . 

• Where I have consulted t he published work of others, t his is always clearly 

attributed . 

• Where I have quoted from t he work of others, the source is always given . With 

t he except ion of such quotations, t his t hesis is ent irely my own work. 

• I have acknowledged all main sources of help. 

• Where the thesis is based on work done by myself jointly with ot hers , I have 

made clear exactly what was done by ot hers and what I have cont ributed my-

self. 

Signed: 

Date: 

Production Note:
Signature removed prior to publication.



(There is a theory which states that if ever anyone discovers exactly what the Universe 
is for and why it is here, it will instantly disappear and be replaced by something even 
more bizarre and inexplicable. 
There is another theory which states that this has already happened. " 

- Douglas Adams 

((Th ere are two possible outcomes: if the result confirms the hypothesis, then you 've 
made a measurem ent. If the result is contrary to the hypothesis, then you 've made 
a discovery. " 

- Enrico Fermi 



Abstract 

ZnO is a direct semiconductor with a band gap of 3.4 e V at room temperature mak-

ing it a hot topic for optoelectronic research across a broad range of applications. 

The current solid state lighting technology typically uses nitride semiconductors in 

the generation of light, more commonly gallium nitride. ZnO is a more efficient light 

generator than GaN owing to its high excitonic binding energy, and for this reason, 

ZnO is a potential material that may soon compete with GaN as a cornerstone of 

the solid state lighting revolution. Significant obstacles preventing the wide scale 

usage of ZnO include the lack of reliable p-type doping and high degree of uncer-

tainty surrounding the nature of its defects , intrinsic n-type conductivity and optical 

properties. 

The aim of this thesis is therefore to explore the luminescence and defect properties 

of doped and undoped ZnO nanowires and crystals. 

During the proj ect, ZnO nanowires were grown through a vapour deposition method 

under varying growth conditions. Changes in the choice of substrate , gas flows , 

pressures , and growth times were linked to changes in t he structural and optical 

properties of t he nanowires as characterised by scanning electron imaging and com-

plementary spectroscopic techniques. Gold coated epitaxially matched sapphire sub-

strates positioned close to the source material were found to produce highly aligned 

nanowires arrays. Cathodoluminescence (CL) imaging showed a localisation of de-

fect luminescence near the surface of ZnO nanowire sidewalls. Oxygen deficiencies 

were also found to be localised on the sidewalls of t he nanowires, supporting a cor-

relation between green luminescence and oxygen vacancies in ZnO. 

Post processing plasma modification of ZnO crystals and powders were used to iden-

t ify defects contribut ing to the observable green luminescence. The defect emissions 



were fitted with constrained Gaussian peaks which were linked to multiple com-

petitive radiative centres. Variations in the near band edge (NBE) to green defect 

intensity ratios were also investigated to assist in the assignment of the defect peaks. 

Incorporation of transition metals into ZnO was achieved through thermal in-diffusion 

and sol-gel preparation methods. Significant quenching of the defect related optical 

emissions relative to the UV emission was observed for both Mn doped samples, 

while an enhancement of the defect emission was observed near the surface of Fe 

doped crystals. Monochromatic CL imaging was shown to be an effective method 

of determining the depth of iron incorporation in iron doped ZnO crystals owing to 

t he enhancement of the green emission. 

IV 



Acknowledgements 

I would like t o thank my supervisors Dr. C. Ton-That and Prof. M. Phillips for all 

t he support and opport unities t hey have offered me during my t ime as a student at 

t he University of Technologyi Sydney. Words cannot begin to express my gratitude 

for time and support t hey have given to me. 

My thanks also extends to t he team in the Microstructural Analysis Unit . Their 

assistance in preparation, data acquist ion, sample analysis and general discussion 

have been invaluable tools in helping me complete my studies. 

Wit hin the MAU I would also like to t hank my fellow students and colleagues. There 

have been a number of you over t he years , and each of you have contributed in some 

way to my successes. 

To t he staff and students outside the lab , your insights into alternative solut ions to 

issues were always welcomed , and for t hat I extend my gratit ude. To my family and 

friends - your assistance and understanding have given me t he strength to complete 

t his mammoth effort. 

To my wife Ginnie I would like to say a special t hanks. Your support during t he 

past few years has been incredible, and it is t o you that I dedicate t his work. 

v 



List of Publications and Presentations 

List of Publications and Presentations 
Refereed Journal Publications 

C. Ton-That , M. Foley , L.L.C. Lem, G. McCredie , M.R. Phillips, B.C.C. 
Cowie. Diffusion synthesis and electronic properties of Fe-doped ZnO. 
Mat . Lett . 64 , 3, 386-388, 2010. 

M. Foley, C. Ton-That and M. R. Phillips. Luminescent properties of ZnO 
structures grown with a vapour transport method. 
Thin Solid Films 518, 15, 4231-4233 , 2010. 

M. Foley, C. Ton-That and M. R. Phillips. Cathodoluminescence inhomogene-
ity in ZnO nanorods. 
Appl. Phys. Lett. 93 , 243104, 2008. 

C. Ton-That, M. R. Phillips, M. Foley , S. J. Moody and A. P. J. Stampfi. 
Surface Electronic Properties of ZnO N anoparticles . 
Appl. Phys. Lett. 92 , 26 , 1-3, 2008. 

C. Ton-That , M. Foley , and M. R. Phillips. Luminescent properties of ZnO 
nanowires and as-grown ensembles. 
Nanotechnology 19, 415606, 2008. 

Oral P resentations 

M. Foley, C. Ton-That and M. R. Phillips. Spatially Inhomogeneous Defect 
Distribution in ZnO N anorods. 
Australian M icrobeam Analysis Society XI, Canberra. February 2011. 

M. Foley. Luminescence inhomogeneity in ZnO nanorods . 
Australian Institute of Physics, NSW Branch, Postgraduate Awards. 2010. 

M. Foley, C. Ton-That and M. R. Phillips. Cathodoluminescence characteri-
sation of vapour transport grown ZnO structures . 
2010 International Conference On Nanoscience and Nanotechnology, Sydney. 
February 2010. 

M. Foley, C. Ton-That and M. R. Phillips. Local electronic structure and 
luminescence propert ies of ZnO nanowires. 
SPIE Microeletronics, MEMS and Nanotechnology, Canberra. December 2007. 

Vl 



List of Publications and Presentations 

Poster Presentations 

M. Foley, C. Ton-That and M. R. Phillips. Zinc oxide nanostructures and 
their cathodoluminescent propert ies. 
NSW Branch of Materials Australia Jules Byrnes Student Presentation Evening. 
2009. 

C. Ton-That , M. Foley and M. R. Phillips. Luminescence properties of ZnO 
nanowires and as-grown ensembles. 
SPIE M icroeletronics, MEMS and Nanotechnology, Canberra. December 2007. 

Vll 



Contents 

Declaration of Authorship 

Abstract m 

Acknowledgements v 

List of Publications and Presentations v1 

List of Figures xn 

List of Tables xv 

Common Acronyms xvn 

1 An introduction to ZnO 1 
1.1 Brief overview of ZnO as an optoelectronic material 1 
1.2 Motivation and aims of this work 3 
1.3 Structure of thesis . . . . . . . . 4 

2 Review of ZnO optical properties, fabrication and nanostructures 6 
2.1 Crystal structure . . . . . . . . . . 7 
2.2 Basic physical parameters for ZnO 7 
2.3 Energy band gap . . . . . . . . 9 
2.4 Band gap engineering ..... .. . 
2.5 Defects in crystalline materials . . . 

2.5.1 Native point defects in ZnO 
2.5.1.1 Vacancies . 
2.5.1.2 Interstitials 
2.5.1.3 Impurities 
2.5.1.4 Antisites . 

2.6 Exciton formation in ZnO 
2. 7 Luminescence . . . . . 

2. 7.1 Recombination . . 

Vll l 

13 
14 
15 
16 
18 
19 
19 
21 
23 
23 



Contents 

2. 7.1. l Radiative recombination . . . . 
2. 7.1.2 Bound exciton luminescence .. 

2.7.2 Non-radiative recombination mechanisms 
2.8 Optical properties of ZnO . . . . . . . . . . . . 

2.8. l Near band edge emission .. .. . . .. . 
2.8.2 Green defect-related radiative recombination 

2.8.2.1 Theoretical findings 
2.8.2.2 Experimental findings 

2.8.3 Yellow-orange emission 
2.8.4 Red emission . . . . . . . . 

2. 9 Methods of ZnO growth . . . . . . 
2.9.l Chemical vapour deposit ion 
2.9.2 Growth mechanisms . . . . 

2.9.2.1 Vapour-solid .. . 
2.9.2.2 Vapour-liquid-solid 
2.9.2.3 Vapour-solid-solid 

2.9.3 Summary of growth mechanisms . 

23 
25 
27 
28 
29 
30 
30 
32 
34 
34 
35 
35 
36 
36 
37 
42 
42 

3 Experimental techniques 44 
3.1 Preparation procedures . . . . . . . . . . . . . . . . . 44 

3.1.1 Cleaning and preparation of growth substrates 44 
3.1.2 Carbothermal reduction of ZnO 47 
3. 1.3 Furnace setup . . . . . . . . . . . . . . . . . . 48 
3. 1.4 Parameter ranges . . . . . . . . . . . . . . . . 50 

3.1.4.1 Preparation of transition metal doped ZnO through 
in-diffusion . . . . . 51 

3.2 Characterisation techniques .. ... . 
3. 2 .1 Scanning electron microscopy . 

3.2.2 
3.2.3 
3.2.4 

3.2.5 
3.2.6 

3.2.1.1 Cathodoluminescence 
3.2.1.2 Depth resolved cathodoluminescence 
3.2.1.3 Power density cathodoluminescence . 
Photoluminescence . . . . . 
Monte Carlo simulation 
Synchrotron light techniques 
3.2.4.1 Angle resolved . . 
3.2.4. 2 X-ray absorption near edge structure 
X-ray diffraction . . . . . . . . 
Ultraviolet-visible spectroscopy . . . . . . 

52 
53 
55 
57 
58 
60 
61 
62 
64 
65 
65 
67 

4 Growth and characterisation of ZnO nanowires 
4. 1 A review on ZnO growth . . . . . . . . . . . . . 

69 
. . . . . . . . . . . 69 

lX 



Contents 

4.2 Effects of growth condit ions on nanostructures in relation to temper-
ature and precursor vapour composit ion . . . . . . . . . . . . . . 71 
4.2.1 Effect of substrate type on growth quality and orientation 73 
4.2 .2 Carrier gas 
4.2.3 Growt h seeds .. .. 

77 
80 

4.2.4 Growth time . . . . . 81 
4. 2.5 Distance from source 83 
4.2.6 Summary of growth conditions on ZnO nanostructures 87 

4.3 Relationship between structure and optical properties . . . . . 89 
4.3 .1 Inhomogeneity in optical properties of ZnO structures . 89 
4.3.2 Luminescent properties of individual wires and as-grown en-

sembles 98 
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . 

5 Luminescence properties of plasma-treated ZnO 
5. 1 A comprehensive review of plasma treated ZnO 
5. 2 Plasma experimental details . . . . . . 
5.3 Plasma treatment of ZnO:Zn phosphor 
5.4 Plasma treatment of ZnO powder 
5.5 Plasma treatment of ZnO crystals 
5.6 Summary of plasma results 

5.6. 1 ZnO:Zn phosphor 
5.6.2 
5.6.3 

ZnO powder 
ZnO crystal 

5. 7 Conclusions . . . . 

6 Transition metal doping of ZnO 
6.1 An overview of transition metal doped ZnO 
6.2 Manganese doped ZnO . . . . . . . . . . . . 

6.2.1 Manganese doped ZnO crystal . . . . 
6.2.1.1 Analysis of Manganese in-diffused ZnO 

101 

103 
103 
107 
110 
113 
114 
118 
118 
119 
120 
120 

123 
123 
126 
126 
128 

6.2.2 Manganese doped nanoparticles . 131 
6.2.2.1 XANES analysis . . . . . . . . 131 
6.2.2.2 X-ray diffraction . . . . . . . . 132 
6.2.2.3 Ultraviolet-Visible spectroscopy 137 

6.3 Iron doped ZnO . . . . . . . . . . . . . . . . . 138 
6.3 .1 Analysis of Iron in-diffused ZnO . . . . 139 

6.3.1.1 Synchrotron light analysis of Fe doped ZnO 139 
6.3.1.2 Cathodoluminesence analysis of Fe doped ZnO 142 

6.4 Summaries . . 144 
6.4.1 Mn-doped ZnO 
6.4.2 Iron doped 

145 
145 

x 



Contents 

7 Conclusions and future directions 
7 .1 Conclusions . . . 
7.2 Fut ure directions 
7. 3 Closing remarks . 

A Determination of circularity of a droplet 

B Derivation of Bragg's Law for a hexagonal unit cell 

C Datasheets 

References 

146 
146 
148 
149 

151 

153 

156 

158 

Xl 



List of Figures 

2.1 Crystal structures of ZnO . . . . . . . . . . . 8 
2.2 Crystallographic orientations in ZnO . . . . . 9 
2.3 Effect of temperature on the band gap of ZnO 12 
2.4 Temperature reolved CL of ZnO NBE emission . 12 
2.5 Band gap vs. a-plane lattice constant for MgxZn1_xO and Bex Zn1_xO 

ternary alloys . . . . . . . . . . . . . . . . . . . . . . . . 14 
2.6 Diagram of two types of defect in a crystalline materials 16 
2. 7 Schematic of point defects in a crystal . . . . . . . . . . 18 
2.8 Formation energies of defects in ZnO as a function of t he Fermi level 20 
2.9 Thermal ionisation of excitons in ZnO and GaN as a function of tem-

perature . . . . . . . . . . . . . . 22 
2.10 Radiative recombination channels . . . . . . . . . . 24 
2.11 Relevant bound excitons in ZnO . . . . . . . . . . . 25 
2.12 Typical CL spectrum for ZnO with identified peaks 29 
2.13 Phase diagram for Au-Zn alloys . . . . . 37 
2.14 Schematic of VLS growth . . . . . . . . 39 
2.15 Three proposed models for VLS growth . 40 
2.16 Schematic illustration of catalyst droplet formation with different con-

tact angles . . . . . . . . . 41 

3 .1 AFM scan of gold droplets 46 
3.2 Fitted data showing size distribution of droplets formed by annealing 

gold films of different thicknesses . 4 7 
3.3 External view of t hree zone furnace 49 
3 .4 Internal of three zone furnace . . . 50 
3.5 SEM system ut ilised in this work . 54 
3.6 Schematic diagram of processes induced by electron bombardment 55 
3. 7 Collection of CL light t hrough parabolic mirror 55 
3.8 Penetration depth of incident elect ron in ZnO 57 
3.9 Depth resolved CL of ZnO . 59 
3.10 Power density CL of ZnO 60 
3.11 Electron interaction in ZnO 62 
3. 12 Influence of carrier diffusion on interaction volume . 63 

X ll 



List of Figures 

3.13 Accelerating voltage versus CL generation depth from Monte Carlo 
simulations 

3.14 XRD plot of ZnO powder ..... 
3.15 Schematic of a UV-Vis experiment 

64 
66 
67 

4.1 SEM images of ZnO structures produced at different temperatures . 72 
4.2 Epitaxial relationship of ZnO on Al2 0 3 74 
4.3 Comparison of substrate choice . 76 
4.4 Comparison of gas flow conditions . . . 79 
4.5 Comparison of growth seeds . . . . . . 80 
4.6 Comparison of CL spectra from different seeds 81 
4. 7 Influence of growth time on structure . . . . . 83 
4.8 Relative positioning of growth relative to source 84 
4.9 CL spectra for ZnO structures formed at a distance from the source 

material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 
4.10 Example of ZnO structures formed at a distance from source material 86 
4.11 Aligned rods grown on sapphire . . . . . . . . . . . . . . . . . . . . . 90 
4. 12 XRD e - 28 plot of ZnO nanorods shown in Figure 4.11 . . . . . . . . 91 
4.13 Rocking curve of (0002) plane from ZnO nanorods grown on a-plane 

sapphire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
4.14 CL spectra obtained from the tip and t he sidewalls of ZnO nanorods 92 
4.15 CL spectra obtained from the sidewalls of ZnO nanorods at different 

accelerating voltages . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 
4. 16 Monochromatic images of ZnO nanorods showing localisation of CL 

em1ss10n . . . . . . . . . . . . . . . . . . . . . . 94 
4.17 Monochromatic CL line scans of ZnO nanorods 95 
4.18 Energy bands in ZnO with depletion regions . . 96 
4.19 Schematic diagram of ARPES experiment . . . 97 
4.20 Comparison of the 0 l s XPS spectra of the nanorods acquired at 

different photoelectron detection angles . . . . . 98 
4.21 Extraction of individual nanowires . . . . . . . 
4.22 CL comparison of extracted and as grown wires 

99 
100 

5.1 Hydrogen interstitials in ZnO . . . . . . . . . . 106 
5.2 Typical CL spectra obtained from H2 plasma treated ZnO:Zn phosphors 109 
5.3 Plasma chamber . . . . . . . . . . . . . . . 110 
5.4 CL emissions from plasma treated ZnO:Zn . . . . . . . . . 111 
5.5 CL emissions from plasma treated ZnO . . . . . . . . . . . 113 
5.6 Comparison of CL spectra for ZnO crystals subj ected to different 

plasma t reatment methods . . . .. ....... .. .. ..... . .. 115 
5. 7 Depth resolved plots for ZnO crystal subjected to different plasma 

condit ions . . . . . . . . . . . . . . . .. ....... . .. .... .. 116 

Xlll 



List of Figures 

6.1 EDX plot of pre- and post- annealed Mn-coated ZnO ......... 127 
6.2 CL spectra of Mn doped ZnO single crystals . ...... . ...... 128 
6.3 Relative intensity ratios of NBE and DL for Mn coated and uncoated 

ZnO crystals as a function of annealing time 130 
6.4 XANES of Mn doped ZnO powder . . . . . . . . . . . . . . . . . . . 132 
6.5 XRD pattern for Mn doped ZnO . . . . . . . . . . . . . . . . . . . . 133 
6.6 c/ a ratio as a function of Mn nominal concentration in Mn-ZnO powders 134 
6.7 Williamson-Hall plots for Mn doped ZnO powders . . . . . . . 136 
6. 8 UV-Vis absorption edge for Mn doped Zn 0 . . . . . . . . . . 13 7 
6.9 Band gap obtained for Mn-ZnO powders from UV-Vis and CL 138 
6.10 XANES spectra of Fe in-diffused ZnO crystal . . . . . . . . . . 140 
6.11 Valence-band photoemission spectra of ZnO crystal . . . . . . 141 
6.12 CL spectra comparing ZnO crystals wit h and without Fe in-diffusion 143 
6.13 Stitched CL image of cleaved iron in-diffused crystal . . . . . . . . . . 143 
6.14 Cleaved ZnO crystal showing the impact of Fe incorporation on the 

CL emission . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 

A.1 Comparison of as-scanned and processed annealed gold film . 152 

B. l Schematic for manipulation of Bragg 's Law for hexagonal unit cell 154 

XIV 



List of Tables 

1.1 Comparison of different wide band gap semiconductors 2 

2.1 Properties of ZnO . . . . . . . . . . . . . . . . . . . . . 10 
2.2 Defect formation energies for nahve point defects in ZnO. . 21 
2.3 Summary of bound exciton lines in ZnO at low temperature 26 

3 .1 Parameter ranges for furnace growth . . . . . . . . . . . . 50 
3.2 CASIN 0 simulation parameters for depth approximations 63 

4.1 Substrate lattice parameters . . . . . . . . . . . . . . . . . 75 
4.2 Summary of growth conditions and resulting nanostructures 88 

5.1 ZnO samples utilised in plasma treatment experiments . . . 108 
5.2 Summary of hydrogen plasma treatments for Zn doped ZnO 108 
5.3 Fitted peak values for plasma treated ZnO:Zn phosphor . 112 
5.4 Fitted peak values for plasma. treated ZnO powder 114 
5.5 Fitted peak values for plasma. treated ZnO crystal 114 

6.1 Oxidation and charge states of Mn and Fe . . . . 125 
6.2 Integrated areas of the NBE and deep level peaks for Mn doped ZnO 

at different annealing times. 30 kV accelerating voltage, 3.3 nA beam 
current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 

6.3 Integrated areas of the NBE and deep level peaks for Mn doped ZnO 
at different annealing t imes. 10 kV accelerating voltage, 10 nA beam 
current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 

6.4 Calculated lattice constants for Mn doped ZnO from experimental data l34 
6.5 Summary of results from Williamson-Hall calculations on Mn doped 

ZnO powders . . . . . . . . . . . . . . . . . . . . . . . . . 135 

C. l ZnO single crystal substrate supplied by MTI Corporation 156 
C.2 Zn doped ZnO phosphor supplied by Phosphor Technology 157 
C.3 20 nm ZnO supplied by Nanostructured & Amorphous Materials . 157 
C.4 ZnO powder supplied by Antaria (formerly Advanced Nanotechnology 

Ltd.) .......... ... . . ..................... 157 

xv 



Common A cronyms 

Notation 

A0X 

AFM 

ARP ES 

CL 
CVD 

D0X 
DCL 
DFT 

DL 
DLE 

DMS 

FWHM 

GL 

LED 

LO 

Description 

acceptor bound exciton. 

atomic force microscope. 

angle resolved photoemission spectroscopy. 

cathodoluminescence. 

chemical vapour deposition. 

donor bound exciton. 

depth-resolved cathodoluminescence. 

density functional theory. 

deep level. 

deep level emission. 

dilute magnetic semiconductor. 

full width at half maximum. 

green luminescence. 

light emitting diode. 

longitudinal optic 1. 

·v1 



Common A cronyms 

Notation 

NBE 

PDCL 

PES 

PL 

seem 

SEM 

SLS 

TM 

UV 

UV-Vis 

VLS 

vs 
vss 

XANES 

XPS 

XRD 

Description 

near band-edge. 

power-density resolved cathodoluminescence. 

photoemission spectroscopy. 

photoluminescence. 

standard cubic centimetres per minute. 

scanning electron microscope. 

synchrotron light source. 

transit ion metal. 

ultraviolet . 

ultraviolet-visible spectroscopy. 

vapour-liquid-solid. 

vapour-solid. 

vapour-solid-solid. 

x-ray absorpt ion near edge structure. 

x-ray photoemission spectroscopy. 

x-ray diffractometry. 

XVll 


	Title Page
	Abstract
	Acknowledgements
	List of Publications and Presentations
	Contents
	List of Figures
	List of Tables
	Common Acronyms



