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A study of defects in semiconductors is vital as defects tend to influence device operation by
modifying their electrical and optoelectronic properties. This influence can at times be
desirable in the case of fast switching devices and sometimes undesirable as they may reduce
the efficiency of optoelectronic devices. ZnO is a wide bandgap material with a potential for
fabricating UV light emitting diodes, lasers and white lighting devices only after the
realization of reproducible p-type material. The realization of p-type material is greatly
affected by doping asymmetry. The self-compensation behaviour by its native defects has
hindered the success in obtaining the p-type material. Hence there is need to understand the
electronic properties, formation and annealing-out of these defects for controlled material
doping.

Space charge spectroscopic techniques are powerful tools for studying the electronic
properties of electrically active defects in semiconductors since they can reveal information
about the defect “signatures”. In this study, novel Schottky contacts with low leakage
currents of the order of 10 A at 2.0 V, barrier heights of 0.60 — 0.80 eV and low series
resistance, fabricated on hydrogen peroxide treated melt-grown single crystal ZnO samples,
were demonstrated. Investigations on the dependence of the Schottky contact parameters on
fabrication techniques and different metals were performed. Resistive evaporation proved to
produce contacts with lower series resistance, higher barrier heights and low reverse currents

compared to the electron-beam deposition technique.

Deep level transient spectroscopy (DLTS) and Laplace-DLTS have been employed to study
the electronic properties of electrically active deep level defects in ZnO. Results revealed the

presence of three prominent deep level defects (E1, E2 and E3) in the as-received ZnO
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samples. Electron-beam deposited contacts indicated the presence of the E1, E2 and E3 and
the introduction of new deep level defects. These induced deep levels have been attributed to
stray electrons and ionized particles, present in the deposition system during contact
fabrication.

Exposure of ZnO to high temperatures induces deep level defects. Annealing samples in the
300°C — 600°C temperature range in Ar + O, induces the E4 deep level with a very high
capture cross-section. This deep level transforms at every annealing temperature. Its
instability at room temperature has been demonstrated by a change in the peak temperature
position with time. This deep level was broad, indicating that it consists of two or more
closely spaced energy levels. Laplace-DLTS was successfully employed to resolve the

closely spaced energy levels.

Annealing samples at 700°C in Ar and O, anneals-out E4 and induces the Ex deep level
defect with an activation enthalpy of approximately 160 — 180 meV. Vacuum annealing

performed in the 400°C — 700°C temperature range did not induce any deep level defects.

Since the radiation hardness of ZnO is crucial in space applications, 1.6 MeV proton
irradiation was performed. DLTS revealed the introduction of the E4 deep level with an
activation enthalpy of approximately 530 meV, which proved to be stable at room
temperature and atmospheric pressure since its properties didn’t change over a period of 12

months.



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W VYUNIBESITHI YA PRETORIA

Declaration

I Wilbert Mtangi declare that the thesis, which | hereby submit for the degree Doctor of
Philosophy (PhD) in Physics at the University of Pretoria, is my own work and has not

previously been submitted by me for a degree at this or any other tertiary institution.

Signature............ccooeviinnnn Date......ooovvviiiiiiii



-

_“"_
UNIVERSITEIT VAN PRETORIA

E.i UNIVERSITY OF PRETORIA
et

YUNIBESITHI YA PRETORIA

Acknowledgements

For the success of this PhD study, | would need to extend my appreciation to the following

people:

= My academic promoter Prof. F. D. Auret for all the guidance, motivation,
encouragement, support and all discussions, and my co-promoter Dr. J. M. Nel for the
guidance, discussions and support as well.

= Dr. W. E. Meyer for some of the ideas and several discussions we had.

= The head of department Prof. C. Theron and former head of department, Prof. J. B.
Malherbe for organizing some part-time work in the department to enable me to
supplement my finances.

= The South Africa National Research Foundation (NRF) and the University of Pretoria
for financial support.

= Prof. A. Chawanda, Dr. C. Nyamhere, Dr. M. Diale, Dr. C. Zander and Dr. T. T.
Hlatshwayo for the encouragement and support.

= Dr. M. Schmidt for the interesting discussions and ideas on defects in ZnO.

= Mr. P. J. Janse van Rensburg for all the assistance with the measuring equipment and
discussions in the laboratory.

=  Mr. M. J. Legodi for some discussions on defects in ZnO.

= Mr. S.M. M. Coelho for the help with electron beam deposition of contacts.

= Mr. H. de Meyer for his support during the long nights of measurements in the
laboratory and also for helping me in the use of Solid Edge which was used to draw
some of the diagrams in this thesis.

= Fellow senior students in the Physics department, R. J. Kuhudzai, L. van Schalkwyk,
P. N. M. Ngoepe, Mr. E. Njoroge, Mr. R. E. Mapasha, Mr. M. Mkhawana and Ms. J.
Kabini for their encouragement.

= My parents and family for their patience, love and unwavering support during my
years of study.



&

N UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qe

YUNIBESITHI YA PRETORIA

Table of Contents

(0 0 F=T o =T PP 1
INEFOAUCTION .ttt sttt et et e bt e s bt e s it e sat e st e et e e b e e sbeenbeesmeeeneeennean 1
REFEIEINCES ..ttt ettt e bt e e s bt e e bt e e s a b e e sabeeesabeesabeeeanteesabeeesareeas 4

(0 0T T o1 =T PRSPPI 5
ZN0O S @ SEMICONTUCEON ..ceoutiieitieeiieeitee ettt et sb et ee e st e ebeeesabeesbeeesabeesbeessseeesabeeesnseesaseesneeesaseeanns 5
2.0 INTFOTUCTION 1ottt ettt b e st st st e b e b e s b e e sae e saee et e ebeesbeesnee e 5

B O oYLy - | I U or U o < TP 5

2.3 Material growth tEChNIQUES ......viiiieieeeece e e e e e areeas 7

2.4 Properties and APPliCatioNS . ...cccuiii it areeas 8

2.5 MELAI/ZN0O CONTACES ..eeeuveieeeeiectee ettt ettt ettt ete e et e e et s eeate e eteeeebeeesbesessesesntesenseeessesenes 11
2.5, 1 INTrOQUCTION .eetiieiiee ettt ettt ettt ettt e st e e st e s bt e e sabe e sabeeesabeesabaeesnbeesaseeenanes 11

2.5.2 ONMIC CONTACES c..veeuieeiietieet ettt ettt sttt et e bt e s bt e sat e st e st e et e beesbeesaeeeneeennean 11

DT T Yol s Vo 4V oo ] o = Yot £ 12
2.5.3.1 Current-voltage (IV) MEaSUrEMENTS .......cccccueeeeieiiieeeecieeeeeette e eetee e e eeree e e ebee e e eeneeas 13

2.5.3.2 Capacitance-voltage (CV) MeasUre€mMeNTS........cccveecreeerveeeiieeeireeereeeereesreeeereeesereeas 18

DN A I o 1ol D LT o] 1o oY o I V7= PPN 19
SUMMANY ittt e e et ettt et et et et e e e eeeeeeeeeeeeeeeeeeeeeeeaeeseeeeeeeeereeeeeeereseeeseeeeeeeseneees 23
REFEIENCES ..ttt ettt e b e bt e st st e et e b e e bt e sb e e sbeeeaeeeaeeeabeebeesbeesbeesanenas 24

(0 0T T o) =T e TS PR SR 27
Defects iN SEMICONUUCLONS. ..cc..iiiieiieeie ettt ettt sttt b e b e sbe e st e st e eteesbeesaeesaeeeas 27
3L INTrOTUCTION .ttt sttt et ettt b e e bt e esre e smeesaeeeare s 27

3.2 POINT AEFECES ..ottt ettt eane s 28
3.2.1 ThE OXYEEN VACANCY . .eeiiitirieeeitireeeeitreeesitteeesittreeessssaeesasssseesssssseessssssessssseeessssesessssseeenns 29

3.2.2 TRE ZINC VACANCY tettteeeeieeiitiieeieeeeeeeeittteeeeeaeeesanttaeeeeaeesassstesaseaeessasassstasesseeseaaannsrssneseessnnns 30
3.2.3The ZinC iNterstitial.......ooieeeeieeeie e s 31

3.2.4 Negative-U and Metastability ........ccoeeieciiiiieiiic e 31

3.3 EXEENAEA HOFOCES. c.ueiieiriieiiieieeee ettt sttt 34
IR B A 1 ol 1= =T TP P TP PSPPSR 35
REFEIENCES .ttt ettt h e st e sttt e b e bt e s bt e sbe e sat e st e eateebeesbeesbeesaeenas 37

(01 0= = USRS 39
Defect CharaCterizatioN..........ii et e s e e sab e s be e e sme e e sreeesanes 39

i R [ | oo [ U ot o o PSP U RSP PPO PP PRRIN 39



&

N UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
Qe

YUNIBESITHI YA PRETORIA

4.2 Emission and capture of carriers from deep [eVels........cooivciiiiiiciiiiicciiie e 39
4.3 Deep level transient spectrosCoPy, DLTS ... ..uiiiiiiiiiiiiiee ettt sree et e e svre e e ssnree e snes 43
T R B ] I IS 0o g Tl =] o £ PPPPPRTPPPPRE 47
4.3.2 Peak height dependence on rate Window freqUENCY .......cc.eeeveciiieeieciiee e, 51
4.3.3 Temperature dependence of the capture cross-section ........ccccceeeeveeeeecieeeeeccieeeeennen. 52

4.4 Defect DePth ProfiliNg......uu e e e s s e e e snee 55
R I o] F= Yol T I PPNt 56
A.5. 0 INErOTUCTION .enieiieiiie ettt ettt sttt e st e e bt e e s b e e sbeeesabeesbbeesabeessnaeesaneeanns 56
4.5.2 Laplace DLTS PrinCiPlES ..ccuuieeeeiiie ettt ecttee e ettt eestee e e s te e e e e tae e e e e aree e s e nbeeesenreeasennenas 57
10110 00 =1 PPN 58
REFEIENCES ..ttt ettt h e st st st et e bt e sb e e s be e sbeesateeateebeesbeesbeesanenas 59

(0 0T T o1 =T 0 T PSPPSR 61
EXPerimental TECRNIGUES.......oii ittt e e e e e bee e e st ae e e e sabee e e esnbeeeeenarenas 61
INEFOAUCTION L.ttt ettt h e st st s e et e b e s bt e sbeesbeesaeeenbeebeesbeesbeesanenas 61
oI Y10 Y ][R ol 1T Lo 11 o =P 61

5.2 Contact fabriCation ......ooc.eoeeiie e 61

5.3 Current-Voltage and Capacitance-Voltage measurements ........cccceecvveeeriiveeesiiveeeescveeeens 64

5.4 Deep Level Transient Spectroscopy (DLTS) and Laplace-DLTS......cccceecveevcreeecieeeireeereeenne 66

5.5 SaMPIE ANNEAIING ..cc it et e e et e e e e nab e e e enrreeeeas 67

5.6 Proton irradiation......coouee i e 68
REFEIENCES ..ttt b e s bttt s e st e b e e bt e s bt e sbe e sae e eaeeeabeebeesbeesbeesaeenas 68

(0 0T T o1 =T ol TSP 69
RESUILS @Nd diSCUSSIONS....cuviiiieiieiierte ettt st st r e b s e s e e n e sneesreesane e 69
6.1 DEfECES IN ZNO ..ttt sttt ettt et et st b e s s eane s 69
Ty e o [N ot o] o BT P PR PPTUSPUPRRP 69
RESUIES @Nd diSCUSSIONS ......vieiiiiiiiie ettt st s e b e e e e sneeesanee s 69

Publication 1: On the temperature dependence of the electron capture cross-section of the E3

deep level observed in single crystal ZNO..........ooiiiei i 74
SUMIMAIY 1ottt et e e e e ettt et et et e e et et et et ee et e e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 78
REFEIEINCES ..ttt ettt ettt st st et b e s b e s b e e sbe e sae e et e e beesbeesbeennnenas 79
6.2 Electron-beam induced defects ........oouiiiiiiiiiieie et 80
[a1 A goTe [¥ Tt To] o W PSR P R PRTOUPRTI 80
RESUILS @Nd diSCUSSIONS ..ottt sttt ettt s s er e e b e saeesane e 81

Vi



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W VYUNIBESITHI YA PRETORIA

()-8

Publication 2: A comparative study of the electrical properties of Pd/ZnO Schottky contacts

fabricated using electron beam deposition and resistive evaporation techniques .................... 85
SUIMIMIAIY 1ottt e e e e e e e e e e e e e e e e et e e e e et e e e e e e e e e ee e e e e e e e e et e e et e e e e e e e eeeeeeeeeeeeeeeaeaees 86
REFEIENCES .ttt ettt b e st st st et b e s b e e s bt e sbe e sae e et e e beesbeesbeesanenas 87
6.3 Annealing studies of ZnO using Hall Effect, IV and DLTS ......ccoocveviiiiieriiriee e, 88
[adgoTe [¥To1 4 To] o WO T T TP P RO VRTOPPRTI 88
6.3.1 Hall €ffeCt STUAIES...ciiiiieieeee et e b e e saees 89
INEFOAUCTION L.ttt st sttt et e s sbee s e st e et e e sbeesbeesnne e 89

Publication 3: Annealing and surface conduction on hydrogen peroxide treated bulk melt-

8rown, SINGIE CryStal ZNO ......cio et ee e s e e s s abe e e e s nbee e e ennbeeas 89
(S I AV ¢ [<F: YU T =] 0 411 0L ST 90
[N Ao Yo [T Lot 410 o I 90

Publication 4: Thermal annealing behaviour of Pd Schottky contacts on melt-grown single

crystal ZnO studied by IV and CV MeasUremMENTS .......ceevcuieieriiiieeriireeeesireeeesireeeesreeeesssneeeens 90
SUIMIMAIY ettt et et ettt et ettt et e e e e et e e e e e e e e et e e et e e et e s e e e e et aseseeaeeeeeaeeeaeaeeeeeeeaeenenes 90
LT T0C B T I BT W e =SSP 91
INEFOAUCTION ettt st ettt e b e s b e sbeesaeeeateeabeenbeesbeesanenas 91
RESUILS @Nd diSCUSSIONS .....eieieeieieesiee ettt ettt et st sat e e eeesbe e sbeesaeeea 91
6.3.3.1 Vacuum anNNEaIING......ccccuiiiieiiiee ettt e et e e e e are e e e e abe e e e e nree e e enraeas 91
6.3.3.2 OXYEEN ANNEAIING .. .vieiiiiiiieeciree ettt e e e s e e e s aba e e e s abae e e e nree s 96
6.3.3.3 ArgoN ANNEAIING ....evviei it e e e abaeas 101
Publication 5: Effects of hydrogen, oxygen, and argon annealing on the electrical properties
of ZnO and ZnO devices studied by IV, DLTS and LDLTS ......ccoiiiiieieiiiee et 106
S U100 0 =1 VPN 106
CONCIUSIONS ..ttt ettt s b st e s e e et e et e e b e e s bt e sseesanesaneeaneereennes 107
REFEIEINCES ..ottt et et e s st et et e bt e sbe e saeesatesaneeneeans 108
6.3.4 Argon and OXYEEN aNNEAIING .....ccevcuiiiiiiiiie e e e s e e rae e e 109
[ai Ao Te [¥To1 4 To] o WU T PR O PPTOURRTI 109

................................................................................................................................................ 112
SUMIMATIY 1ottt e et e e et et e et e e ee e et e et e e ee e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeenens 112
6.4 Irradiation iNAUCEd defECtS.......oiiiiiiiiieee e 113
[[aia o Te [V Tt To] o W TP TRR PR 113
U120 3 = VN 115
REFEIENCES ...ttt sttt et e s bt s ettt e bt e bt e s b e e smeesatesane e neeans 115

vii



6 UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

Qe VYUNIBESITHI YA PRETORIA
(80T T o1 =T TP PPPPRRN 116
(070 o To] (V1] To T =300 TSP PUPR 116
Summary of deep level defects observed and characterized in this study ..........cccoceveeerinnennn. 118
(00T oY T ot < U RPR RSN 119
FUBUNE WOTK cnetee ittt sttt ettt ettt s e e et e e st e e sat e e s ate e sabe e e sabeesabeeeateesabaeensseesnsassnseessnsenanes 119

viii



	FRONT
	Title page
	Abstract
	Declaration
	Acknowledgements
	Table of Contents

	Chapters 1-2
	Chapters 3-4
	Chapter 5
	Chapter 6
	Chapters 7-8

