FABRICATION AND OPTICAL PROPERTIES OF (1)
ERBIUM-DOPED NANOWIRES CONTAINING
GERMANIUM AND/OR ZINC OXIDE AND (II)

POROUS GERMANIUM NANOWIRES

by

XUEZHEN HUANG

Master of Engineering, July 2002
Nanjing University of Chemistry
Nanjing, Jiangsu, China

Submitted to the Graduate Faculty of the
College of Science and Engineering
Texas Christian University
in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy

May, 2010






ACKNOWLEDGEMENTS

First, I would like to express my sincere gratitude to my most respected graduate
advisor, Dr. Jeffery L. Coffer. The thanks to him are not only for his effective instruction,
broad knowledge, free discussion, and encouragement during my study for Ph.D. degree,
which lead me to nanoscience with rapid knowledge expansion in the related field, but
also for his help in the American culture learning and English language practice. These
experiences definitely have the most important impact on my career development in the
future.

I would also like to thank the members of the Coffer research group for their help,
and suggestions in our lab. Ji Wu helped me to use SEM and TEM. Dr. Ernest F. Couch
of the Department of Biology also gave me help to understand more about TEM. Dr.
Yuri M. Strzhemechny of the TCU Physics Department and his graduate student J.
Antonio Paramo helped me with ZnO UV/visible photoluminescence measurement.

Thirdly, | really appreciate other people who ever assisted me in doing research in
the past five years. Dr. Neilson, Dr. Hanna, Dr. Annunziata and Dr. Richards helped me in
revising my degree proposal.

Financial support from Robert A. Welch Foundation and National Science

Foundation is also much appreciated by the author.



TABLE OF CONTENTS

ACKNOWIEAGEMENTS ..o ii
LIST OF FIQUIES....eeieee bbbt IX
LISE OF TADIES ... s XVil
LiSt OF ADDIEVIALIONS ......viviiiiiiieiieeeee e XViii
CHAPTER I.
LIterature REVIEW ......cc.oiiiiiieiee ettt 1
1.0 INEFOTUCTION ...t 2
1.0.1 Nanotechnology and nanomaterials............ccccooeiininiiiininn, 2
1.0.2 The fabrication of NANOSIIUCTUIES ..........cccovviirieiereie e 3
1.0.3 The potential applications of nanomaterials ............ccccccoovvrenee. 6
1.1 1D Nanowires of Germanium (G&)........cccerererererininieiienie e 8
1.1.0 Fabrication of Ge nanowires (GENWS) .......ccovveieniiienininnnns 8
1.1.0.1 GeNW growth via Au-catalyzed
vapor-liquid-solid (VLS) Process .........cccocevervrerennenn 8
1.1.0.2 Non-Au catalysts in GeENW growth.............c.ccccevvneee. 13
1.1.0.3 GeNW growth via catalyst-free process...........cc......... 16
1.1.1 Electrical transport studies of GENWS ........cccocevvreniriinnnnnnn. 19
1.1.2 Surface electronic states of GENWS ..........cccoovveienenineniennn, 20
1.1.3 Electronic devices based on GENWS ..........ccoooeiviinenininnnennnn, 22
1.2 ZnO Nanowires and Tetrapods ..........ccceoerererereninienieee e 23
1.2.1 ZNO NANOWITES .....c.viviieiitiriieiieieie ettt 23
1.2.1.1 Growth of ZnO nanowires by VLS mechanism .......... 23
1.2.1.2 Dopant-modified ZnO NANOWIIES ..........ccccvverereerennnnn. 26
1.2.2 ZNO tEIrAPOUS. ..ottt 27
1.2.2.1Fabrication of ZnO tetrapods.........ccccoveverereninereennn 27
1.2.2.2 Properties and applications of ZnO tetrapods.............. 28
1.3 1D Core-shell NaNOWITES...........ccviiiiiiiieiescseee e 29
1.3.1 INErOTUCTION ...ttt 29
1.3.2 Core-shell nanowire applications on solar cells ..................... 30



1.4 Porous Semiconductor MaterialS .....coooeeeeeeeeeeeeeeeeeeeeeee e 34

0 R [ 0 To [0 o{ £ o o TSR 34
1.4.2 Fabrication of porous semiconductors
by electrochemical anodization.............c.ccooeviieiencieiiiins 36
1.4.3 Electrochemical anodization
mechanism in porous Si fabrication.............c.ccocvvriiiicienen, 37
1.4.4 Porous Ge fabrication ..........cccccevvvieiinin i 40
1.4.5 Disagreements involving in pore
formation in anodic etChing...........ccoovviieiiicie 42
1.5 EIECIIrOSPINNING ..oovviiiiiiieiiiiiieseeee e 45
1.6 Erbium PhOtOIUMINESCENCE .....oovveivieiieie e e 50

CHAPTER II.
Fabrication and Photoluminescence of ZnO/Er-modified

COre-Shell G NANOWITES ......ccieieieiiesie sttt 56
2.0 OVEIVIBW .....eeiieiieie ettt ettt et ste e s e sreeteeneenreenee e 57
2.1 Experimental MethodsS .........ccoooiiiiiiiiieieieec e 59

2.1.1 Preparation of G& NANOWIIES.........cccvverieieieeniesie e 59
2.1.2 Er-0OPING ..oooviiiiiiiiieiieietee et 60
2.1.3 Zn shell fabrication ... 61
2.2 ReSUItS and DISCUSSION .....cuveuviiiiiiiiniieiieie et 62
2.2.1 GeNWs prepared with different catalysts and substrates ......... 62
2.2.2 The influence of Zn shell source and substrate on
Zn/Er/Ge NW morphology/structure: initial SEM analysis..... 64
2.2.3 Zn/Er-modified GeNWs grown on graphite cloth ................... 65
2.2.4 Zn/Er/Ge NWSs grown on Si SUDSEIates..........ccooererervrnnennnen, 70
2.2.5 XRD spectra of ZNO/Er/Ge NWS .......ocoeieiiiiiiienenic s 79
2.2.6 Photoluminescence spectra of ZnO/Er/Ge NWS...........cceueenee. 81
2.3 SUMIMEIY ..ottt ettt b b nn e 86



CHAPTER I11.
Dual Wavelength Emissive ZnO Tetrapods:

Effects of Erbium/Germanium Modification ..........c.cccovviniiiinens i 87
3.0 OVBIVIBW ...ttt nte e e sneenteeneenres 88
3.1 Experimental MethodsS.........ccouiiiiiiiiiieiesecre e 89

3.1.1ZNn0 TP fabrication .......cccooviiieriee e 89

3.1.2 Er-doping and Ge surface modification ..........cccccoccvvivevenennne. 90

3.2 ReSUltS and DISCUSSION .......ciuveieiiiiiieiesie e e eie e e see et see e 90
3.2.1 Zn granule size and mass dependence

on the fabrication 0f ZNO TPS ......cccoocviieiiieiiee e 90

3.2.2 Er and Ge surface modification ..........cccoccevivevenienieennnrie s 96

3.2.3 ZnO TP morphologies characterized by TEM..........ccceevenennee. 99

3.2.4 XRD SPECIIA ..c.veiviiieiiiiiesieee et 102

3.2.5 Room Temperature Er** photoluminescence spectra.............. 102

3.2.6 UV/visible photoluminescence measurements ..............c........ 106

3.3 SUMIMANY ..ottt 109

CHAPTER IV.
Emissive Er/Zn0O/ Silicon and Germanium Nanofibers Derived

from an ElectroSpinning ProCeSS.........ocviiieiieiieiieiece e 110
4.0 OVEIVIBW ....oviiiieieete sttt ee ettt e e s e te e e s neesneetesneenreenee e 111
4.1 Experimental Methods..........cocooiiiiiiiecee e 112

4.1.1 Fabrication of Er-doped SiO,/ZnO PVP nanofibers............... 112

4.1.2 Fabrication of Er-doped GeO,/ZnO PEO nanofibers ............. 113

4.1.3 Fabrication of Er/ZnO/Si and Ge oxide nanofibers................ 114

4.2 Results and DISCUSSION .......ccveieeiverieiiesieeieseesieeie e sieeee e ssee e sneenes 114
4.2.1 Characterization of Er-doped SiO,/ZnO PVP nanofibers....... 114
4.2.1.1 Morphology of Er-doped SiO2/ZnO nanofibers ........ 114

4.2.1.2 PL spectra of Er-doped SiO2/ZnO nanofibers ........... 116

4.2.1.3 Carrier-mediated photoluminescence ............c.ccooveee. 116

4.2.2 Characterization of Er-doped GeO,/ZnO PEO nanofibers ....118
4.2.1.1 Morphology of Er-doped



GeO,/ZnO PEO nanofibers.........ccccvvvevveieiveneennn, 118
4.2.2.2 Photoluminescence spectra of

Er-doped GeO,/ZnO nanofibers .......ccccccceevveivcenen. 120
4.2.2.3 XRD Spectra of Er-doped
GeO/ZNO PEO NanOfiberS........covveevvevieeiiiiiiee e, 122
4.3 SUMIMAIY ..ottt n e 124
CHAPTER V.
The Fabrication of Fluorine-doped ZnO NanOWIreS.........cccoceevvevieiieieerieseene 125
5.0 OVBIVIBW ...ttt sttt nte e e sneeneeeneennes 126
5.1 Experimental Methods...........cooiiiiiiiie e 127
5.1.1 F-doped ZnO NW fabrication.............ccoccvvvvieieieiencnc e 127
5.1.2 F-doped ZnO/ZnO core-shell nanowire fabrication ............... 129
5.2 ReSUItS and DISCUSSION .......coveiiiriieiieieieiiesie st 129
5.2.1 F-doped ZnO NWs Grown in
Method I (without Carrier Gas). ........ccooerererenenenesieeens 129
5.2.1.1 On Si or sapphire substrate ...........ccccoeereienirenennnnn. 129
5.2.1.2 On graphite cloth.........ccooiiiiiii 134
5.2.1.3 Morphology and composition of F-doped
ZnO NWs characterized by HRTEM and EDX......... 135
5.2.2 F-doped ZnO NWs grown
by Method Il (with Carrier Gas) ........ccceovvereieneniniesennen 138
5.2.3 Photoluminescence of F-doped ZnO NWS ..........cccovvvieennee. 141
5.2.4 F-doped ZnO/ZnO core-shell nanowires ...........ccccvvevevvennene. 142
5.2.4.1 Zn/ZnO shell using Zn granules (PVD)..........cc.c....... 142
5.2.4.2 Zn/ZnO shell using Zn precursors (CVD) ................. 144
5.2.4.3 Composition analysiS ........cccccevriereneneneneneseniens 145
5.3 SUMIMANY ...ttt e 147
CHAPTER VL.
Electrochemical Fabrication of Porous Ge NanoOwires .........cccccocevvvvienineninne 148
6.0 OVEIVIBW ...ttt sttt ettt esneenteeneenns 149

Vi



6.1 Experimental Methods .........cccooiiiiiiiiiice e 150

6.1.1 ANOQIZatioN ..o 150
6.1.2 Copper electrodepoSition ...........ccoovriierieiieneiese e 151
6.2 ReSUILS and DISCUSSION ....cooeeeeeee e 151
6.2.1 Anodization of GeNWs on GC substrate.........c.cccovveeeevevenenn. 151
6.2.2 Anodization of GeNWs on Si wafer substrates ..........cccoeee..... 159
6.2.3 Anodization of GeNWs grown on
Si wafer with Cu electrodepoSition...........ccccevererenencnenenn 162
6.2.4 Helical structures of Etched GENWS .......ccvveeevvieeiiieeeeeee, 168
6.2.5 Photoluminescence of etched GENWS........c.covvvveeiiiveeeiieennn, 170
6.2.6 Electrochemical anodization mechanism..........cccccceeeeenenn.. 171
6.3 SUMMAIY ...ttt 176
CHAPTER VII.
Concluding REMAIKS ......coviiiic e 178
R B BN CES ...ttt e s s e nnnnnnnnnnne 182
Vita
Extended Abstract

vii



LIST OF FIGURES

1. Representative 3D structures of nanoparticle tubes...........cccccevvveviiiiicie e, 5
2. Overview of 3D NW Circuit integration ............cccevveveiieiecie e 5
3. Various applications of nanotechnology in biology and medicine...........c.ccccccceevene. 7
4. The scheme of GeNWs growth mechanism (VLS) .......ccccoveiiiieiiie e 9
5. The mechanism by which Ge nanowires grow depend on the temperature and
on the diameter of the NANOWITE ..........cco i 11

6. GeNW growth mechanism (SLS). ......cccvcieiieiiiie e 15
7. GeNW growth by unseeded VLS MechaniSm ..........ccccoccveieiieiiiiieseese e 17
8. A schematic for the proposed catalyst-free Si or Ge nanowires growth model......... 18
9. I-V curves of Ge nanowires at different temperatures ..........cccccecvvevveveiieesecce e, 20
10. Band structures of p- and n-type G& NWS.........cooveieiieie e 22
11. The schematic cross section of a porous Solid. ..........ccccovvevieiiiieiieciecc e, 35
12. Current-potential curve of p* silicon sample in 1% HF solution...........c.c.ccccoevue.... 38
13. Anodic etching mechanism of silicon electrodes in hydrofluoric acid (HF)

associated With PS fOrMatioN .........cccooeiiriiiiiiiieec e 40
14. Voltage oscillations in the anodization ProCesS.........ccuvvevvereiiieieeie s 44
15. Schematic illustration of laboratory scale electrospinning setup..........ccccceeeveivennnns 46
16. Schematics of the forces on a droplet at the end of a syringe from gravity,

surface tension, and electrostatic fOrCes. ..o 46
17. Schematic diagrams of direct excitation and carrier-mediated

excitation Of erbiUM T0NS. ......cooiiiii e 51

viii



18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Reactor setup for preparing GENWS..........coiv i 60

Diagram of (a) Er-doping or Zn deposition with Zn precursor and

(b) Zn deposition With Zn granule ..o 61
GeNWs fabricated by sputtering Au catalyst film and

thermo-evaporated AU CatalySt ...........ccoviiiiiieie e 63
SEM and HRTEM images of GeNWs grown on graphite cloth................c.ccccen. 64
Histogram representing the size distribution of GeNWs grown

from different Au catalyst and SUDSEIAteS... ......ccevvereiiiiieece e 64
SEM images of Zn/Er/Ge NWs fabricated on graphite cloth and Si wafer

with different Zn source for Zn shell formation .............ccocvveiiiiiniis 65
TEM images of Zn/Er/Ge NWs fabricated on graphite cloth................cccovene. 66
SEM images of Zn-coated GeNWs fabricated on Si wafer

at 1250°C aNd 980 °C ....oiuieiieieieiese et ere s 67
Zn-modified core-shell GeNWs fabricated on graphite cloth (without Er)............. 68

TEM images of Zn/Er/Ge NWSs on graphite cloth
after anNealing (PVD PrOCESS). ...c.eiviiuiriirieriirieeieie ettt sttt 70

TEM images of Zn/Er/Ge core-shell NWs on Si wafer
before annealing (CVD PrOCESS). .....ccuiiiiririeieieie ettt 71

TEM images of Zn/Er/Ge core-shell NWs on Si wafer

before annealing (PVD PrOCESS) ......ccviiiieieieieniesie et 72
SME, EDX mapping of annealed ZNO/Er/Ge NWS .........cccoeveiieiveie i 73
SME, EDX linescan spectrum of annealed ZnO/Er/Ge NWS..........cccccevevviveieennnnn 73

TEM images of Zn/Er/Ge core-shell NWs on Si wafer
after anNealing (CVD PrOCESS).......cuiirierierierierieriesies ettt 74

TEM images of Zn/Er/Ge core-shell NWs on Si wafer
after anNealing (PVD PrOCESS). ...cveiveriiruirieriieiieieie ettt 76

iX



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

TEM image, elemental mapping and intersection linescan

of annealed Zn/Er/Ge NWs (CVD process, thick Zn shell)..........ccociiiiiiinnns 78
XRD spectra of annealed ZNO/EI/GE NWS. .......cccooeiieiieie e 80
XRD spectra of standard Ge and GeO, SaMPIES........cccecvevviieiieveece e 80
Photoluminescence spectra of annealed Zn/Er/Ge NWS .........cccoevvevveveiiciinene, 81
Room temperature ZnO UV/visible PL for Zn/Er/Ge core-shell NWs ................... 82

Fluorescence microscopy spectra of ZnO for Zn- and Zn/Er-modified

G COME-SNEIT INWVS ...t nre s 83
Er** PL spectra of ZnO/Er-modified Ge nanowires with thick ZnO
coating and with different Er I0CatioNS. ..........ccccoviveiieieiieii e 84

Er** PL spectra of ZnO/Er/Ge nanowires with high Er concentrations and the

corresponding PL eXCitation SPECIIUM. .......ccuoriiiriiirinieieeeee e 85
Schematic view of the setup for ZnO TP fabrication ............cccoccevviviiiciecieiien 89
SEM images of representative ZnO TPs at different magnifications...................... 92
SEM images of ZnO TPs fabricated using 172 mg Zn Precursor.........c.cccceeeeeenninn 92
SEM images of ZnO TPs fabricated using 130 mg Zn Precursor...........ccccecveeeennnn 93
SEM images of ZnO TPs fabricated using 110 mg Zn precursor...........cccecveeeennnnn 93
SEM images of ZnO TPs fabricated using 93 mg Zn precursor..........ccceevevveeeennnnn 93

SEM images of ZnO TPs fabricated using 89 mg

Zn precursor at higher temperature (1010°C) .....cooviiiiiiiiiiiseeeee e 94
SEM images of ZnO TPs fabricated using 81 mg
Zn precursor at higher temperature (1010°C) .....cooviiiiiiiiiiirereeee e 95

SEM images of ZnO TPs with small Sizes...........cccccveviiiiiiicie e 95



51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

SEM images of ZnO TPs with rod-shaped arms ...........ccccceevviveiieieciieseece e 96
SEM image and EDX spectra of representative Er-doped ZnO TPS ... ......cccccveuiee 97

SEM images and EDX spectra of representative ZnO TPs

COAtEd WIth 25%0WE GE ....eecveeeie ettt 97
SEM image and EDX spectra of representative Ge/Er**/ZnO TPS .......cccccveveernnn, 98
The morphology of a tip surface of ZnO TPs characterized by TEM ..................... 99

The morphology of a tip surface of ZnO TPs with small sizes
characterized DY TEM .......ooiiiie e 100

TEM images of the rough surface of Ge/Er**/ZnO TPs

at different MagnifiCatioNS ...........cuoviiiiiri i 100
Polycrystalline surface of an arm of Er**/Ge/ZnO tetrapods
confirmed by HREM IMAGE........oouiiiiiiiiisieiee et 101

HRTEM images of Ge/Er**/ZnO TPs with a mixture of
crystalline composition of ZnO and ZnyGeO4....c..evvvviverviieiieeeeseee e 101

X-ray diffraction pattern of Er & Ge modified ZnO TPs

after annealing at different temperature. ..........ccccooeiiiiieneieiee e, 102
Room temperature Er** PL from annealed Er¥*/Zn0O TPS ......ocovvvveoeeeeeeerreeenn. 103
Room temperature Er** PL from annealed Ge/Er**/Zn0O TPS ......ccoovvvveererrennnn. 104
Room temperature Er** PL from annealed Er**/Ge/Zn0O TPS ......c..cccovvvevverrrennnn. 104

Room temperature photoluminescence spectra of ZnO TPs
with different doped SEITUCTUIES ..........cviiiiiiieerce e 105

UV/visible PL spectra of ZnO TPs at room temperature
and low temperature (8K) with different doped Structures..........cccceeevevvrvereennnne 107

SEM images of Er-doped SiO,/ZnO PVP nanofibers........c.cccovvveiviiiiiccneen, 115

Histogram representing the size distribution of Er-doped SiO,/ZnO

Xi



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

PVP nanofibers without annealing...........ccocoviririiiiiiienee e 115

Er** ion PL spectra of Er-doped SiO,/ZnO nanofibers at
different annealing temMpPEratures..........ocuoviiiieieiese e 116

PL excitation spectra of Er-doped SiO2/Zn0O nanofibers..........cccoevvvieieiiecnennn. 117
SEM images and EDX spectrum of typical Er-doped GeO,/ZnO nanofibers....... 119

Histogram representing the size distribution of Er-doped GeO,/ZnO
nanofibers with the different PEO mMass as USEU...........ccevverenienieneeiesee e 120

Er** ion PL spectra from Er/SiO»/ZnO nanofibers, standard Er/SiO; glass,

and Er/Ge0O,/ZnO nanofibers with different Er concentrations..............c.ccoceevevene. 121
XRD spectra of annealed Er/GeO,/Zn0O nanofibers..........cccovveveieciviicciciee, 122
Scheme of F-doped ZnO fabrication reactor ...........ccccovvevveveieeceece e 128
SEM images of F-doped ZnO NWs in different magnification................c.ccc....... 130
SEM images of ZnO NWs with large amount of compound sources..................... 131

SEM images of flower-like F-doped ZnO NWs grown on the wafer

ClOSE 10 the SOUICE DOAL........ccviiieiiecee e 132
SEM images of flocked F-doped ZNO NWS........cccccveviiieiicie e 132
SEM images of micron-scale F-doped ZnO NWS..........ccccccevievvieceece e, 133
SEM images of F-doped ZnO NWs grown on graphite cloth ..............ccccovenenen. 135
TEM images of F-doped ZnO NWs grown on Si wafer.........cccccovveviveieiieieennenn, 136
EDX spectrum of F-doped ZnO NWs grown on Si wafer...........ccccceevveiiveiecnenne. 136
TEM images of F-doped ZnO NWSs grown on graphite cloth ..............c.cccoceenee. 137

HRTEM images of F-doped ZnO core-shell NW grown on graphite cloth,
with higher magnifiCations ..o 138

xii



85.

86.
87.
88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.
(current density, 0.65 MA/cM?; HCEELOHZ1:16) ... 157

SEM images of ZnO NWs grown on Si wafer with F-doping

OF WItNOUE F-OPING ...ttt 139
XRD spectra of ZnO NW arrays on Si wafer and c-sapphire substrates.... ........... 139
SEM images of F-doped ZnO NW arrays on sapphire substrates ......................... 140

ZnO UV/visible PL spectra from ZnO NWs with different F concentrations....... 142

HRTEM images of F-doped ZnO NWs with Zn shell formed using a PVD
process (Without anNaling) ..........ooeoiiiiiiiiee s 143

HRTEM images of annealed F-doped ZnO core/ZnO shell NWs

(PV/D PIOCESS). ...veteeieertetete sttt sttt ettt bttt bbbttt 144
TEM images of F-doped ZnO NWs with Zn shell (CVD process)

without and With anNaling. ..........ccccviiiiiiii 145
EDX spectrum, linescan and mapping on ZnO/F-doped ZnO NWs ..................... 146
Schematic view of the GeNW anodization SEtUP .........ccceevveveiieieece e 151
TEM images of GeNWs before anodization on graphite cloth

AN SUDSTIAtES AN ST WWATET . ..ottt e e e e e e e e eeeees 152

TEM images of GeNWSs grown on graphite cloth substrates
after anodization (current density, 13 mA/cm? HCI:EtOH=1:2) ........covvvvvevenne. 153

TEM images of etched GeNWSs grown on graphite cloth substrates

(current density, 6.5 MA/CM?; HCEEIOHZ1:2) ... oo, 154
TEM images of etched GeNWSs grown on graphite cloth substrates

(current density, 6.5 MA/CM?; HCEEtOHZ1:16). ..o, 155
HRTEM images of etched GeNWs grown on graphite cloth substrates

(current density, 6.5 MA/CM?; HCEEIOHZ1:16) ..., 156

HRTEM images of etched GeNWs grown on graphite cloth substrates

100. HRTEM images of etched GeNWs grown on graphite cloth substrates

Xiii



(current density, 0.065 MA/cmM?; HCEELOH=1:16) ..o 157

101. HRTEM images of etched GeNWs with a size lessthan 5 nm ..............c.ccoe.ee..e. 158
102. TEM images of GeNWs peeled from Si wafer substrates

(39 MA/CM?, HCEELOHZL:2) oo 160
103. HRTEM images of etched GeNWs grown on Si substrates

with different current density (HCEEtOH=1:1) .....cccoiiiiiiiiieeee, 161

104. SEM images of GeNWs with Cu electrodeposition in

saturated CU(NO3)2 SOIULIONS .......ocvveiiiieciee s 163
105. TEM images of etched GeNWs grown Si substrates

With Cu electrodepOSItION ........c.coiiiiiiiieee s 164
106. Other morphologies of etched GeNWs grown Si substrates

With Cu electrodepoSItioN. .........ccoiiieieieiee s 165
107. TEM images of etched porous GeNWs with an initial Cu electrodeposition

(Constant CUITENT AENSTEY)......eviieeieriesiesiiee et 166

108. TEM images of etched porous GeNWs with an initial Cu electrodeposition

(CONSEANT VOITAGER) ...t 167
109. HRTEM image | of etched GeNWs with helical structures ............c.cccovevvvenene. 168
110. HRTEM image 11 of etched GeNWs with helical structures...........c.cccccovevvvenene. 169
111. PL spectra of etched GENWS.........ccceiiieiic e 171
112. Size-dependent surface energy barrier distribution .............cccccceeveiiiiiiieieenen, 173
113. TEM image of etched GeNW with the size-dependent feature

SPACING ISTITDULION ...t 174
114. Schematic view of the impact of electric field on pore locations........................ 174
115. Relationship between feature size (pore distance) and GeNW diameter............. 175

Xiv



LIST OF TABLES

Table 1. A List of inorganic oxides derived from
EleCtrOSPINNING. .. ..t e e e e e (2

Table 2. Typical compositions of Er-doped SiO,/ZnO PVP reaction
L0 95

Table 3. The composition of samples in Fig. 72 and PL measurement
(070 T 11 0] e 1[0

XV



LIST OF ABBREVIATIONS

1-D one-dimensional

ALD atomic layer deposition

AM air mass

ASTM American Society for Testing and Materials
C-AFM conductive atomic force microscopy

CL cathodoluminescence

CMOS complementary metal oxide semiconductor
DMSO dimethylsulfoxide

EDX energy dispersive X-ray analysis

FET field effect transistor

FFT fast Fourier transform

GC graphite cloth

HBP high boiling point

IEC International Electrotechnical Commission
IR infrared

LED light emitting diode

MBE molecular beam epitaxy

NBE near band edge

NW nanowire

XVi



PCL

PEO

PG

PL

PLD

PPV

PS

PVD

PVP

SBF

SCCM

SCR

SEM

SFLS

SLS

STC

TEG

HRTEM

TEOG

TEOS

TMHD

polycaprolactone
poly(ethylene oxide)
porous germanium
photoluminescence
pulsed laser deposition
poly(phenylene vinylene)
porous silicon
physical vapor deposition
poly(vinyl pyrrolidone)
simulated body fluid
standard-state cubic centimeter
space charge region
scanning electron microscopy
supercritical fluid-liquid-solid
solution-liquid-solid
standard test condition
tetraethylgermane
high resolution transmission electron microscopy
tetraethyl orthogermane
tetraethyl orthosilicate

2,2,6,6-tetramethyl-3,5-heptanedionato

XVil



TOA

TOP

TP

TVD

uv

VLS

VOC

VS

XPS

XRD

trioctylamine

trioctylphosphine

tetrapod

thermal vapor deposition
ultraviolet

vapor-liquid-solid
open-circuit voltage
vapor-solid

X-ray photoelectron spectroscopy

X-ray diffraction

XViii



Chapter |

Literature Review



1.0 Introduction
1.0.1 Nanotechnology and nanomaterials

The term nanotechnology is used to describe the creation and exploitation of
materials with structural features in between those of atoms and bulk materials, with at
least one dimension in the nanometer range.' Scientists have intensive interest in
nanotechnology not only because it can be used to make very small structures, but also
because nanostructured materials exhibit superior mechanical, thermal, chemical,
electrical and optical properties than those with larger dimensions.” The nano dimension
mainly contributes to these differences due to a large surface-to-volume ratio, high
surface energy, spatial confinement and reduced imperfections. For example, the large
surface area to volume ratio causes a large fraction of atoms of the materials to be on the
surface or at the interface, resulting in more “surface” dependent material properties.’

Going back to the early 1980s, nano became a buzzword for a new type of electronic
device. For example, strained—layer superlattices were created by single atomic layer
deposition precisely via molecular beam epitaxy and metalorganic chemical vapor
deposition (CVD) technology, which made it possible to build quantum well structures
with electronic and optical properties entirely different from those of the constituent bulk
materials.*” During the same period of time, material scientists viewed microorganisms
as potential ecofriendly nanofactories, such as exploring the nature of the metal deposit

8,9

onto native Bacillus subtilis walls.” In 1985, the fullerene Cg was discovered

spectroscopically by Kroto et al., which stimulated considerable interest in the structures

2



accessible by graphitic carbon sheets, and eventually resulted in the discovery of carbon
nanotubes by lijima in 1991, a milestone in the development of nanoscience and
nanotechnology.'*"?

One of the most important contributions of carbon nanotubes is having initiated
scientists’ enthusiasm in one-dimensional nanostructures. Various techniques have been
practiced in order to invent a variety of quasi-one-dimensional nanostructures, the

12,13 14,15

geometrical shapes of which include tubes, cages, wires,

18,19

120
rods, nails,

21,22

ribbons or belts and more.

1.0.2 The fabrication of nanostructures

The importance of nanotechnology has been associated with the name of
miniaturization by Feynman as early as 1959 in his famous lecture entitled ‘‘There is
Plenty of Room at the Bottom.”’** Suitable control of the properties of nanometer-scale
structures can lead to new science as well as new products, devices, and technologies. In
recent years, the most effective industry methods to fabricate nanostructures are
top-down strategies. Based on photolithography, the top-down technology challenges the
physical limits of microelectronics miniaturization with the requirement of smaller
devices.”* With the development and significant assistance of the electron microscope,
there has been explosive growth of nanoscience and technology in the last two decades

due to the availability of new methods of synthesizing nanomaterials based on so-called

3



“bottom-up” technology. Nanoscience and technology has entered a commercial
exploration period recently.”

The synthesis of nanomaterials spans inorganic, organic and biological systems, all
with control of size, shape and structure. A large number of approaches have been
devised to synthesize nanomaterials with different dimensions in solution or the gas
phase.'*?® Size and shape control can be achieved with a template, which can be
employed in quite a few different synthetic routes. Assembling the nanostructures into
ordered arrays is often necessary to render them functional and operational. For example,
biological self-assembly was used to fabricate 3D DNA nanotubules through integration
of Au particles, as shown in Fig. 1.’ In another work, 10 layers of Ge/Si nanowire field
effect transistors (NW FET) were used to build 3D multifunctional electronics by the
layer-by-layer assembly of NWs. This represents the highest number of functional device
layers reported vertically stacked with any single-crystalline channel material (Fig. 2).%*

With both “top-down” and “bottom-up” technology development, ultimately,
nanotechnology—based products will require a convergence of the two approaches for
practical use, both to engineer the nanoscale device and to interface with the outside
world. The bottom-up approach permits control of the chemical and structural
architecture; however, manual assembly of individual nanometer-sized components is
clearly prohibitive in time and cost. Top-down technologies provide a gradual scalable

) - . : 25
bridge between the meter, millimeter, micron and nano-size regime.



Figure 1. Representative 3D structures of nanoparticle tubes formed with 5 and 10 nm
Au NPs placed on opposite surfaces of the DNA tile array. (A and B) The top panels are
schematic side and top views of the binary particle tube architectures; the bottom panels
are corresponding representative electron tomographic images showing the 3D
architectures. (adapted from ref. 27.)

Figure 2. (a)(b) Overview of 3D NW circuit integration. (c) Optical microscope image
of 10 layers of Ge/Si NW FETs. (d) Optical image of inverters (layer 1) and floating gate
memory (layer 2) on Kapton. (adapted from ref. 28.)



1.0.3 The potential applications of nanomaterials
Nanotechnology is looked upon as a new revolution in science and engineering in

29,30
A

the human world in the 21 century. variety of potential applications of

nanomaterials have been intensively investigated, from nanophase ceramic materials in

3133 The most

textiles and plastics to non-linear optics and optoelectronics applications.
important and far-reaching applications of nanomaterials will be in nanodevices and
nanoelectronics applications, including FETs, LEDs, anode materials in Li batteries,
single electron memory devices, spin polarized electronics, quantum computing, sensors,
photonic crystals/devices, magnetic and electrical applications, solar cells etc.’**

In addition to electronics, nanotechnology will be extremely useful to biology. The
potential linkage between nanotechnology and biological science is enormous because

physiological functions depend greatly on nano-sized units.’*”!

Living organisms are
built of cells that are typically 10 um across. However, the cell parts are much smaller
and are in the sub-micron size domain. Even smaller are the proteins with a typical size
of just 5 nm, which is comparable with the dimensions of smallest synthetic
nanoparticles. This simple size comparison gives an idea of using nanoparticles as very
small probes that could be used to spy at the cellular machinery without introducing too
much interference.’” Fig. 3 shows some of the applications of nanomaterials to biology
or medicine. For example, for a prosthesis, one could reduce the chances of rejection as
well as stimulate osteogenic integration of the artificial material with the biological

system by creating nano-sized features on the surface of the hip or knee.”
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Figure 3. Various applications of nanotechnology in biology and medicine. (adapted
from ref. 50.)

Recently, companies are developing pharmaceutical applications based on nanoscale
platforms, mainly for drug delivery.”’ Several companies exploit quantum size effects in
semiconductor nanocrystals for tagging biomolecules, or use bio-conjugated gold
nanoparticles for labeling various cellular parts. A number of companies are applying
nano-ceramic materials to tissue engineering and orthopaedics.”’ Most major and
established pharmaceutical companies have internal research programs on drug delivery
that are on formulations or dispersions containing components down to nano sizes.’'

However, these applications are still at the concept level, requiring much more basic

research before they can be incorporated in to viable products. In brief, although



nanotechnology has been emphasized by many countries in the world, its
commercialization has a long way to go. Different from traditional industry, it will not
reach the commercialized achievement until compelling applications are found and

adapted in the future.”

1.1 1D nanowires of Germanium (Ge)
1.1.0 Fabrication of Ge nanowires (GeNWs)
1.1.0. 1 GeNW growth via Au-catalyzed vapor-liquid-solid (VLS) process

Electronic nanodevices based on two-dimensional (2D) quantum wells, one
dimensional (1D) quantum wires, and zero-dimensional (0D) quantum dots are rapidly
approaching systems where carrier transport is entirely controlled by quantum effects.™
Semiconductor nanowires produced by the VLS method exhibit unique electrical and
optical properties in connection with the quantum confinement effect.’* Such a method
was first proposed by Wagner and Ellis in the fabrication of Si whiskers with diameters
ranging from 100 nm to 0.2 mm.>

Germanium is an important semiconductor material. As a congener of Si, Ge has a
smaller indirect band gap of 0.74 ¢V, a higher carrier mobility (3900 and 1500 cm”V's™
for electrons and holes in Ge, 1500 and 450 cm® V''s™ in Si, respectively), a larger
dielectric constant, and a larger excitonic Bohr radius (24.3 and 4.9 nm for Ge and Si,

56-58

respectively). This not only means that Ge has various potential applications in
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electronics and photonics, but also that more prominent quantum confinement effects can
probably be achieved in Ge nanostructures with a relatively bigger size than those of Si.

The past decade has witnessed tremendous progress toward the synthesis of GeNWs

using various approaches like laser ablation,” solvothermal/hydrothermal synthesis,** >

63-65 66-68 69,70

chemical vapor deposition (CVD), vapor transport, vapor phase epitaxy,

72-74

electrochemical etching,”' templating, and supercritical fluid-liquid-solid synthesis.”

Among them, the VLS approach is most preferred because of the high quality of single
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Figure 4. The scheme of GeNWs growth mechanism (VLS).

crystalline products and a relatively high yield. In the VLS process, the semiconductor
material (gas or thermal evaporation) is absorbed by liquid nanodroplets of an
appropriate catalytic material such as gold (as shown in Fig. 4). These nanodroplets,
located at the nanowire tips, serve as seeds for nanowire growth and also determine the

nanowire diameters. When the alloy is supersaturated, the semiconductor material



nucleates at the interface between the droplet and the nanowire, thereby extending the
length of the nanowire.

The VLS mechanism returned to serious scientific attention after Morales and Lieber
combined it with laser ablation to fabricate Si and Ge nanowires successfully in 1998,
which triggered a worldwide avalanche of research activities into nanowire synthesis.”
In the case of Ge, Morales selected 820 °C as a reaction temperature, because the phases
above 838 °C are FeGey (1) and Ge(s) in the Ge-rich region of the Ge-Fe diagram, and
below this temperature they are B-FeGe,(s) and Ge(s). The latter were expected due to
the stability of FeGe, composition in liquid in the Ge-rich region of the phase diagram.
Laser ablation of a GegoFeq; target produced a good yield of GeNWs in a low
temperature area (<400 °C) of the reactor with diameters between 3 and 9 nm, and TEM
images show that these nanowires are crystalline, have uniform diameters without an
amorphous coating, and terminate in nanoclusters.>

Another interesting story correlating GeNWs to VLS mechanism involves a
controversy concerning whether, below a certain temperature, the growth of
semiconductor nanowires involves a liquid droplet or a solid particle of the catalytic
material.”® " In VLS growth, the liquid droplet consists of both catalytic material (like
Au) and semiconductor material. The lowest possible melting temperature for a specific
composition is the eutectic temperature, Tg. Above the eutectic temperature,
semiconductor nanowires grow via the VLS mechanism. However, nanowire growth has

also been reported to occur at temperatures below the eutectic temperature.”®”
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Kodambaka et al. used in situ TEM microscopy to observe GeNWs growth with Au
catalyst and Ge,Hs source.”’ The experimental results showed that nanowire growth can
occur below the eutectic temperature with either liquid or solid catalysts at the same

temperature as shown in Fig. 5.
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Figure 5. The mechanism by which Ge nanowires grow may depend not only on the
temperature but also on the diameter of the nanowire, as shown by Kodambaka et al.
Above Tg (left), the nanowires have a liquid gold cap and grow via VLS growth. Below
Tg (right), the cap of relatively thick nanowires is liquid, whereas the cap of relatively
thin nanowires becomes a crystalline solid. The latter nanowires grow via a different
mechanism that is slower than VLS growth. (adapted from ref. 76.)

To answer the question why the liquid phase persists below Tg, they suggested that
solidification requires some undercooling to overcome the nucleation barrier for a new
phase. Therefore, the key step for solidification is nucleation of a solid Au particle, and
this step controls the degree of undercooling. Once Au nucleates, the liquid solidifies
abruptly, with Ge coming out of solution and incorporating into the wire. Unexpectedly,

they found that the catalyst state depends on the growth pressure in the reactor and
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thermal history.”” These results may help to devise methods for controlling the growth of
nanowires.

VLS growth mechanisms are often employed in the context of vapor deposition, in
which reactive gases are selectively absorbed by a metal seed particle. The seed particle
is typically deposited in a separate step. The most representative method is CVD, which
has been used intensively to grow semiconductor nanowires recently. Wang and Dai first
used this method to fabricate GeNWs in 2002.*° GeH; (10 sccm, 10% in He) was
decomposed at 275 °C in H, (100 sccm) for 15 min and then deposited onto Au-coated Si
substrate to form GeNWs. The average diameter of GeNWs was ~23 nm. This CVD
method has the advantages of low temperature, high yield and uniform size distribution,
but GeHy is flammable, toxic and expensive.

The Coffer group first reported a GeNW fabrication approach by physical vapor
deposition (PVD) in 2004.°° GeNWs were grown on Au coated Si wafers with high
quality and yield by heating Ge powder to ~1000 °C for 1.5 h in He carrier gas (300
sccm). Prior to Ge exposure, a preannealing process is necessary to form Au islands of
the proper dimension. The average size of GeNWs ranged from 40~130 nm and could be
controlled by carrier gas flow rate and/or duration. This method is one of the simplest for
GeNW fabrication in terms of precursor handling and cost.

6281 and supercritical fluid-liquid-solid®'

In comparison, solution-liquid-solid (SLS)
(SFLS) nanowire growth methods provide straightforward means to synthesize both seed

particles and nanowires sequentially in the same reactor. However, this advantage is
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sometimes mitigated by the challenge of controlling the incorporation of intentional
impurities, such as dopants, as well as unintentional impurities from the precursors.** In
the supercritical fluid-liquid-solid route, Hanrath and Korgel used tetracthylgermane
(TEG) and diphenylgermane (DPG) as precursors to grow GeNWs with
alkanethiol-coated Au nanocrystal catalysts (2.5 or 6.5 nm) in anhydrous deoxygenated
cyclohexane (in supercritical states).”’ GeNWs formed at growth temperatures ranging
from 300 to 450 °C and the yield was 60~80%. At temperatures exceeding 500 °C, large
Ge particulates formed due to unfavorable growth kinetics. Although the reaction
temperatures were below Tg, a solid nucleation particle has sufficiently high internal

diffusion rates to permit GeNWs growth.

1.1.0.2 Non-Au catalysts in GeNW growth

In the mechanisms mentioned above, the metal catalyst, mainly Au, is an important
factor to form GeNWs and determine their sizes. However, Au is a deep level impurity in
Si and Ge that significantly degrades the carrier mobility and causes fast nonradiative

- . 83384
electron-hole pair recombination.™

Thus, Au seeded nanowires are relatively
undesirable for electronic applications based on Si CMOS (complementary
metal-oxide-semiconductor) technology, and other alternative metals would be strongly
desired to use as seeds.

Early work investigated several metals, such as Ag, Cu, Ni, Pd, In, Sn and Bi, as

catalyst in Ge and Si whisker growth.” Tuan and Korgel later prepared GeNWs by using

13



Ni as catalyst in SFLS methods at reaction temperatures ranging from 410 to 460 °C.*
The growth temperature is well below the lowest Ni-Ge eutectic temperature (762 °C).
Because the candidate metals have to satisfy both the compatibility of Si CMOS (such as
Fe, Ni, Ti, and Co) and the corresponding very high-temperature eutectics with Si and
Ge, this work expanded the applied range of the SFLS process, which was limited by
organic decomposition temperature.

Unlike Ni, bismuth (Bi) is a low melting metal and can form a eutectic with Ge at
271.4 °C, which is well within the temperature window for conventional solvents. Buhro
first showed that Bi nanocrystals could seed SLS growth of CdSe nanowires.*” Korgel’s
group introduced Bi to GeNW synthesis. They found that Gel, was an effective
precursor for Ge nanocrystal synthesis at 300 °C in trioctylphosphine (TOP) with
sufficient reactivity.”” The Bi nanocrystals were synthesized by room temperature
reduction of bismuth(IIl) 2-ethylhexanoate (BilOOCCH-(C,Hs)C4Ho]s) in dioctyl ether
in the presence of TOP.*> TOP serves as a capping ligand that prevents significant
nanocrystal aggregation but does not interfere with nanowire growth. The precursor and
nanocrystal were injected into preheated TOP at 365 °C and reacted for 10 min at 350 °C
in the reaction vessel with stirring. GeNWs were formed as a black precipitate.”> The
best Ge nanowire product was obtained using a Gel,:Bi mole ratio of 80:1. The wires
were long and generally straight, ranging in diameter from 20 to 150 nm with an average

of ~50 nm, with aspect ratios exceeding 100.
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The solution-liquid-solid (SLS) mechanism is shown in Fig. 6. The critical condition
for the process is that the highly reactive organic-free Ge precursor, Gels,
disproportionates to Ge and Gely with relatively high chemical yield at temperatures
greater than ~330 °C using the assistance of TOP.** Control experiments where Gel, was
injected without Bi nanocrystals into TOP at 365 °C showed Ge nanoparticle formation
in just 5 min. With Bi present in the concentrations used for nanowire synthesis, Ge
nanoparticles were not observed. Although small Ge clusters may nucleate
homogeneously, their interfacial free energy is greatly lowered by incorporation into the

much larger 20 nm Bi particles.®

Gel,+ TOP —> (Gel, )TOP

350 C
2(Gel, )TOP——> Ge + Gel, + 2TOP

. 350°C

Figure 6. GeNW growth mechanism. (adapted from ref. 62.)

The latest work reported by Xiang et al. used germane (GeHs, 10% in Ar) as a
growth precursor and Bi as catalyst to synthesize GeNWs in a VLS process.* 1.5 nm Bi
was deposited by electron beam evaporation onto fused quartz wafers. GeNWs grew at a
temperature range from 270 to 400 °C and at GeH4 gas pressures between 30 and 300
Torr. The optimal conditions leading to high density and high aspect ratio Ge NWs are

300 °C and 150 Torr of gas pressure. In another work, Yan and Lee did not deposit
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catalyst Bi onto substrate initially.*® They mixed bismuth, germanium, and carbon
powders (molar ratio Bi:Ge:C= 0.05:1:1) and heated the source to 1000 °C for 60 min
under an Ar flow of 200 sccm, then straight and uniform GeNWs formed on copper grid
substrates. In this work, the Bi catalyst particles condensed at the low temperature region
from the vapor generated via an in situ evaporation process. This one-step catalyst
deposition and nanowire growth process is expected to minimize the oxidation of the Bi

nanoparticles, due to the Ar protection atmosphere in the furnace during growth.

1.1.0.3 GeNW growth via catalyst-free process

In addition to metal-catalytic processes, much progress has been made in
catalyst-free growth for compound semiconductor nanowires by various methods,
including laser ablation, physical vapor deposition, and chemical vapor deposition. These
catalyst-free anisotropic growth processes have been explained by a self catalytic VLS
mechanism,”” oxide-assisted growth,*® dislocation-driven process,” or vapor solid
growth.”’ Zaitseva et al. reported a self catalytic VLS process without metal catalyst.’
They used either 5 mL of pure tetracthylgermane (TEG) or mixtures of 1.5 mL of TEG
and 3.5 mL of different solvents as the growth precursor to grow GeNWs in the reactor
in an Ar-filled glove box. In high boiling point (HBP) solvents containing long alkyl
chains such as trioctylamine (TOA, bp 383 °C) and squalene (bp 392 °C), GeNWs were
observed when reactions were carried out in the temperature range of 380—400 °C with

additional short-term (10-30 min) heating to 430 °C.
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Figure 7. GeNW growth by unseeded VLS mechanism: 1. Catalytic decomposition of
TEG on the surface of a liquid droplet produced by condensation of HBP solvents or as a

result of high-temperature-pressure polymerization process. II. Growth of a Ge NW.
(adapted from ref. 87.)

Zaitseva et al. suggested a mechanism that is a complete analogue of the VLS
mechanism, with the difference that the liquid component is replaced by an organic
droplet (Fig. 7). The decomposition of TEG in the absence of catalysts starts at a very
slow rate above 350 °C, becoming substantial only at the temperatures above 430 °C.
During the cooling to temperatures in the range of 350400 °C that follows, (which
includes the boiling points of TOA and squalene), solvents condense to small droplets,
while TEG (bp 167 °C) still exists as a vapor. The surface of the liquid droplets acts as a
sink for vapor molecules, accelerating the process of the decomposition that deposits Ge
atoms on the vapor-liquid interface, similar to the process that takes place on the surface
of liquid Au—Ge alloy. Ge incorporates into the liquid, possibly through simple solubility

but more likely because of the low diffusion resistance of small droplets.*” It then
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crystallizes on the solid-liquid interface between the droplet and substrate, similar to the
traditional VLS mechanism.
Kim et al. built an oxide-assisted catalyst-free process for Ge semiconductor NW

fabrication.®® A piece of hydrogen-terminated Ge wafer was etched with ultrapure water

¢

to generate a reactive Ge-rich oxide (GeOy) layer (a) N
on the substrate surface. GeNW growth was

initiated on the surface at 520 °C and 15 Torr

Ti_. /Si

using GeHy (10% diluted in H) for 2 min and sio, .

CvD
then the anisotropic growth of the single crystal

nanowires was carried out at a reduced Figure 8. A schematic for the
proposed catalyst-free Si or Ge

temperature of 490 °C for 10 min to minimize nanowires  growth  model.
(adapted from ref. 88.)

nonspecific decomposition of GeHs on the

nanowire surface.® The mechanism (suitable for both growth of Si and Ge NWs) can be
understood with the vapor-solid (VS) growth model (Fig. 8). When the degree of
reactant supersaturation is lower than that for homogeneous deposition or for the growth
of bulk crystals, the precursors are adsorbed on the reactive thin oxide surface and
decomposed to form nanocrystalline seeds, thus promoting anisotropic nanowires growth
outward from the surface in a thermodynamically preferred direction.® According to
SEM images, the process had a very sensitive control of the size distribution and

morphology of nanowires. However, HRTEM images indicated that the crystalline
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structures in the area close to surface had more defects with little surface roughness, as

compared with the common VLS catalytic methods.

1.1.1 Electrical transport studies of GeNWs

Studies concerning the electronic and optical properties of nanomaterials have been
extending our understanding of the solid state physics involved in quantum effects,
which is relevant to the design and application of nanodevices. Gu et al. measured the
typical temperature-dependent current—voltage characteristics on a single Ge nanowire
with diameter of 120 nm (Fig. 9).”" At temperatures higher than 100 K, linear current
dependence on voltage was found, indicating ohmic contacts between the Ge nanowire
and the Au electrodes.”’ The linear resistivity including contact resistance at room
temperature ranged from 1.43x107 to 30 Q cm, less than that of bulk Ge (47 Q cm).
Because the conductivity of doped bulk germanium is very sensitive to its surface states,
Ge nanowire surface states may play an important role due to their high ratio of surface
atoms. Therefore the observed high conductivity was also attributed to the surface states
of Au-contained Ge nanowire devices.

Hanrath and Korgel reported that Ge nanowire (grown from Au seeded SFLS
method) devices exhibited ohmic I-V curves with resistivity values ranging from 0.1 to
10 Q cm.” Erts, Holmes et al. used both conductive atomic force microscopy (C-AFM)
and macrocontact technology to measure the conductive properties of ordered arrays of

semiconductor nanowires within aluminum oxide templates and obtained approximately
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the same electrical resistivity results.”” The resistivity for a single nanowire, based on a
mean value obtained for a group of nanowires, was between 80~1000 Q m for nanowires
with a mean diameter of 100 nm and 140~3000 Q m for nanowires with a mean diameter
of 50 nm, respectively.”” The result was much bigger than the previous two reports. Gu’s
work had a similar order of magnitude to the Korgel’s, except a bigger resistivity range.
It was perhaps limited by the early design of the previous experiment. Since the GeNWs
were fabricated without Au catalyst in Holmes’s report, the higher resistance was

attributed to the Au free preparation process.

Current (nA)
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Figure 9 I-V curves of Ge nanowires at different temperatures. (adapted from ref. 91.)

1.1.2 Surface electronic states of GeNWs
The high surface areas of nanowires suggest that surface effects play dominant roles
in determining additional properties such as Fermi level and depletion length.”** When

the energy density of surface states is very high (>10'%/cm?) in a semiconductor, the
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position of the Fermi level is determined by the neutral level of the surface states and
becomes independent of doping concentration in a large range. This pinning effect can be
quantitatively estimated for semiconductor nanowires. For a planar surface with a surface
Fermi level pinning potential of ¢y, the screening length d is given by:"*

4“80 €Qo

d= (1.1),

2Tn

where g is the permittivity of a vacuum and ¢, the dielectric constant of the
semiconductor, n, the number of electrons. For a nanowire with radius R, the depletion

length d (along the radial direction of the nanowire, and d << R) can be obtained by:
o0 = (1) d? (1.2),

which suggests that the screening length in a nanowire is longer than that in the planar

surface case and the difference is more significant for smaller nanowires. This is a

reasonable result since screening becomes less effective when approaching the core of a

nanowire due to the reduced radial dimension.

The poor quality of the Ge/GeO, interface with a high density of surface states
(>10"/cm®) causes substantial Fermi level pinning on the surface of GeNWs.”* Wang
and Dai carried out systematic X-ray photoelectron spectroscopy (XPS) on p- and n-type
GeNWs, and found oxide-induced band bending on both types of GeNWs with opposite
bending directions. For p-type GeNWs, the Fermi level is bent upwards, and for n-type

GeNWs it is bent downwards, so both of them are pinned by the inter-band states (Fig.

10). Therefore, the surface/interface states are expected to be in the mid-gap.
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Figure 10 Band structures of p- and n-type Ge NWs. Opposite band bending is
manifested as a result of Fermi level pinning due to surface states (adapted from ref. 94.)

1.1.3 Electronic devices based on GeNWs
High-k dielectric films, such as hafnium oxide and zirconium oxide, have been used

96-99 .
mainly

to passivate the surface of GeNWs for the fabrication of Ge-based devices,
FETs. The back-gated p-type Ge nanowire FETSs reported by Dai et al. showed high I;n/Ioere
ratio (>10°) and low resistances (~500 kQ).** The hole carrier mobility was higher than
600 cm®V™' s, which is close to the highest reported value for Ge MOSFETs built on Ge
wafers (~700 cm*V™' s

Cui et al. reported a method to synthesize GeNWs directly onto metal current
collector substrates for use as Li battery anodes.'””'"" GeNWs grew onto stainless steel

(SS) substrate by GeHs CVD process at a high temperature (500 °C), which was helpful

for the adhesion of the GeNWs onto the substrate. GeNWs served as the working
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electrode and Li foil as the counter electrode without adhesion. The electrochemical
cycling of the GeNWs was found to be stable for 20 cycles at the C/20 rate (C-rate: the
charging or discharging rate of a battery, expressed in terms of its total storage capacity
in Ah or mAh. So a rate of 1C means transfer of all of the stored energy in one hour;
0.1C means 10% transfer in one hour, or full transfer in 10 hours; 5C means full transfer
in 12 minutes, and so on). The first charge capacity was 2967 mAh/g (greater than the
theoretical capacity, 1600 mAh/g), with a Coulombic efficiency of 39%. The Coulombic
efficiency, the ratio of the number of charges that enter the battery during charging
compared to the number that can be extracted from the battery during discharging, for the
third set of 20 cycles is 84-96%, showing excellent reversible cycling after the surface
reactions are completed. The capacity was very stable at the high C and 2C rates,
indicating good Li diffusivity in the GeNWs. Although the capacity dropped at the 2C
rate to ~600 mA.h/g, it was still much higher than the graphite capacity of 372 mA.h/g

(the maximum theoretical specific capacity of Li-graphite anode).'"'

1.2 ZnO Nanowires and Tetrapods
1.2.1 ZnO nanowires
1.2.1.1 Growth of ZnO nanowires by VLS mechanism
ZnO is known as an excellent II-VI semiconductor with wide band gap (3.37 eV) and

large exciton binding energy (~60 meV). As an outstanding optical material, the
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photoluminescence (PL) of ZnO includes near band edge (NBE) ultraviolet emission and
deep-level emission (usually broad green, blue peaks).'*'%’

For wide band-gap semiconductor materials, a high carrier concentration is usually
required in order to reach an optical gain that is high enough for lasing action in an
electron-hole plasma (EHP) process.'”*!”” A high lasing threshold is necessary for EHP,
commonly for conventional laser diode operation. As an alternative to an EHP process,
excitonic recombination in semiconductors is a more efficient radiative process and can

110,111 . . C
7 To achieve efficient excitonic laser

facilitate low-threshold stimulated emission.
action at room temperature, the binding energy of the exciton must be much greater than
the thermal energy at room temperature (26 meV). The high exciton binding energy makes
ZnO a good candidate compared with ZnSe (22 meV) and GaN (25 meV).'® ZnO
nanostructures are expected to further lower the lasing threshold in semiconductor laser
technology because quantum confinement yields a substantial density of states at the band
edges and enhance radiative recombination. Over the past several years, ZnO
nanostructures, such as ZnO nanowires, have attracted great attention and have become
one of most important semiconductor nanomaterials studied as intensively as Si
nanostructures and carbon nanotubes.''*"'"

To date, a large number of methods have been developed to synthesize ZnO

116-119 -
and solution phase

nanowires, including chemical/physical vapor deposition
synthesis.'*”"'** Solution phase methods usually operate at low temperatures and have

strength in massive production, but the relatively insufficient purity and crystallinity of
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the product limits their applications for devices. ©> Yang et al. developed a vapor-phase

108 .
Zn0O nanowires were

transport process to grow ZnO nanowires via a VLS mechanism.
grown on Au-coated silicon substrates by heating a 1:1 mixture of ZnO and graphite
powder to 900~925 °C under a constant Ar flow (20-25 sccm) for 5~30 min. The ZnO
nanowire layer appeared light or dark gray on the Si wafer after the reaction. The growth
mechanism of ZnO nanowires in the thermal evaporation process can be presented in the

following reactions, which occur at a source material (ZnO+C) temperature of

900~1300 °C;!%1%
ZnOgs) + Cis) = Zng) + COrg) (1)
CO(g) + ZnO(s) — COxg) + Zny(g) (2)

In the deposition area, gaseous products condense on the Au coated Si substrates

through the following reactions:
Zn(g) + COg) — ZnOg) + Cs) 3)
Cis) + COxg) — 2C0) “4)

Thareja reported that Gibbs free energy (AG) have negative values for reactions (1), (2)

and (4) and a positive value for reaction (3).125

The reactions with negative values of
Gibbs free energies imply instantaneous/spontaneous reactions. The reaction (3) initiates
at the low temperature region.

Nanowires usually have a preferred growth direction, like Ge in the (111) and ZnO
in (001). By using a-plane sapphire as substrate, Yang et al. obtained ZnO arrays in the

(110) direction with nanowire sizes of ~20-40 nm. The size of ZnO nanowires could be

controlled by the thickness of Au coating.
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1.2.1.2 Dopant-modified ZnO nanowires

In the synthesis of ZnO nanowires, various dopants have been used to improve the
optical, electrical, and/or structural properties of ZnO nanowires. For example, Al-doped
ZnO nanowires exhibited a blue shift from 3.29 to 3.34 eV in the cathodoluminescence
(CL) spectra.'* These dopants almost span all groups in the periodic table including Li,
Mg, Sc, Cr, Mn, Fe, Co, Ni, Cu, Au, Ga, Al, C, S, P, La, and Eu ete.!”’ Although I11B
and IVB groups are not used in ZnO nanowire fabrication, similar work has been seen in
ZnO film modifications.'**'*

Zhang et al. fabricated Ga-doped ZnO (n-type) and N-doped ZnO nanowire
arrays.”""*! n-Type ZnO nanowires showed sharp near-band edge PL with negligible
defect-related emission suggesting good crystal quality. The emission peak for the
undoped ZnO nanowires is centered at 374 nm. Electrical transport properties of
Ga-doped ZnO nanowires studied via single nanowire FET measurements show that
increasing Ga,Os in the source material from 0 to 1%at can realize tunable n-type
conduction, with resistivity decreasing from 2.5 x 10" Q cm to 2.2 x 107 Q em.”*’ It
indicated that the variation of electron concentration in Ga-doped ZnO nanowires was
indeed dominated by Ga impurities.

Moreover, characterization of single ZnO NW FETs shows a transition from n-type

conductivity in undoped ZnO NWs (8 X 10” Q cm) to compensated high-resistive n-type

(2.9 Q cm), and finally to p-type conductivity (0.08 Q cm) in N-doped NWs with
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increasing N,O in the reaction atmosphere. It means that the dopant (nitrogen) can be
used to transform ZnO NWs from n-type to p-type.

Cui et al. reported a low temperature electrochemical approach to fabricate Cl-doped
ZnO nanowire arrays, which were expected to reduce oxygen vacancies.'>> The solution
of zinc nitrate, hexamethylenetetramine, and ammonium chloride was used as electrolyte.
Cl-doped ZnO nanowires were grown on the Si wafer in a cathodization process at 90 °C
for 1.5h. The ZnO UV/visible spectrum shows a remarkable reduction of O
vacancy-induced PL intensity with the increasing Cl dopant, and NBE ultraviolet
emission shifts from 380 to 390 nm under the excitation of a 325 nm laser."*?

There is a great deal of fundamental research ongoing with respect to ZnO NWs that
may one day lead to enhanced performance in FETs, sensors, solar cells, LEDs, lasers,

108,130,131,133
etc. 7

For example, Wang et al. reported the first nanogenerator based on ZnO
nanowire-fiber composites, which can scavenge light-wind energy and body-movement

energy due to the piezoelectric property of ZnO."**

1.2.2 ZnO tetrapods
1.2.2.1 Fabrication of ZnO tetrapods

Both Group IV and compound semiconductors typically display polymorphism, i.e.
the existence of more than one stable crystal structure,'*> which allows the possibility of
growing branched nanostructures, like ZnO tetrapods (TPs). ZnO TPs consist of a ZnO

core in the zinc blende structure from which four similar ZnO arms extend in the
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wurtzite structure. ZnO TPs have potential applications as sensors, electromagnetic and
spintronics devices.'**'%*

ZnO TPs have been synthesized by oxidation of Zn powder'” and evaporation of a
mixture of Zn and silica powder with Fe,O; used as a catalyst in the VL or VLS
mechnism.'* Surya et al. prepared ZnO TPs prepared under different conditions [in air
(no flow), argon and nitrogen flow, with or without water vapor] by evaporating Zn

powder in a quartz tube at 950 °C.'"!

The quartz tube was inserted after the furnace has
reached the desired temperature. They found that a mixture of TPs and nanowires was
obtained for the gas flow, while for deposition in air only ZnO TPs were observed. Sun
et al. used mixtures of ZnO and graphite as starting materials to fabricate ZnO TPs in a

one-end sealed quartz tube at 1100~1200 °C.'*

The growth temperature was about 650-
750 °C depending on the distance from the source region due to the temperature gradient.
The temperature is a critical factor, which influences the vapor pressure and kinetic

energy of vapor atoms. The high temperature is believed to be beneficial to multipod

nucleus and the leg growth.

1.2.2.2 Properties and applications of ZnO tetrapods

Kim et al. measured the local resistances in the arms and in the junction in the
ZnO-TPs separately by ac impedance spectroscopy.'®® The resistance at the junction is
found to be greater than that in the bulk although the volume fraction of the junction is

negligibly small compared to that of the arms. Buyanova et al. found that the PL
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transient measured for the free exciton emission is significantly longer (tgow=14 ns,
Trase= 118, 280K, biexponential decay) in the tetrapods than in the reference bulk ZnO (0.5

144

ns).  Zhong also reported that PL decay time for ZnO TPs is 17.3 ns for the one-photon

excitation case and 16.7 ns for the two-photon case.'*’

Zhang et al. designed ZnO TP-based multiterminal sensors for light detection.
Different from double-terminal sensors, these sensors can give multiple responses to a
single signal at the same time, which is helpful for weak signal measurements of
nanodevices. Tests to detect light with different wavelengths with these structures

indicated that they are sensitive to UV light and have a possible advantages in

distinguishing authentic signals from noises and enhancing sensitivity."*®

1.3 1D Core-shell Nanowires
1.3.1 Introduction

Core/shell nanowires or coaxial structures are of particular interest as novel class of
nanomaterials that are characterized by a radial variation in composition and
microstructure. The first radial core-shell structure, silicon and germanium core—shell and
multishell nanowire heterostructures, were synthesized by Lieber’s group in 2002.'*® The
process consisted of the axial growth of the core nanowires based on VLS mechanism, and
the shell growth based on homogeneous vapor deposition, which has been used widely to

fabricate core-shell nanowires. Other popular technologies developed later include
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thermal vapor deposition (TVD), atomic layer deposition (ALD), molecular beam

147-152 . . .
Modifications to usual nanowire

epitaxy (MBE) and pulsed laser deposition (PLD).
synthetic routes have allowed the realization of more complex core-shell nanowire
systems, including GaN/GaP, GaN/InGaN, GaAs-GaxIn; <P, and metal oxides such as

Sn0O,/In,O; and MgO/transition metal oxide. 153-138

The core and shell of the materials may
be composed of metal, metal oxide, organic, inorganic, organic-inorganic hybrid,
polymeric or dendritic nanoscale constituents. For example, organic-inorganic
nanocomposites employ a strategy to combine the mechanical flexibility, optical
properties, and electrical properties of conducting polymers with the high electrical

conductivity and magnetic properties of metals.'>'

These assembles not only provide a
means for nanowires to avoid contamination or oxidation on the surface, but also reduce
the impact of surface effects by packaging the very large surface-to-volume ratio of the
nanowire core with a different shell. Various functions introduced to these core-shell
structures expand extensively the field of potential applications such as field-effect
transistor, solar cells, light emitting diodes, high electron mobility devices, and memory

164-170

devices. With surface modification, some distinct electronic properties are

approached such as high mobility carrier transport, tunable band gaps, nonlinear optical

: . . 171-174
gains, and giant magnetoresistance.

1.3.2 Core-shell nanowire applications to solar cells

Work concerning p-n junction applications for solar cells in early stages indicated
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that inexpensive candidate materials for use in photovoltaic applications generally have
either a high level of impurities or a high density of defects, resulting in low

minority-carrier diffusion lengths.'”

In solar cells, minority carriers excited by light is
increased above that at equilibrium, the excess minority carriers will decay back to the
equilibrium carrier concentration due to recombination processes.'’® The recombination
rate is a critical parameter in a solar cell which depends on the number of excess
minority carriers, and characterized by minority carrier lifetime t and diffusion length L
of a material. T is the average time that a carrier can spend in an excited state after
electron-hole generation before it recombines, and L the average distance a carrier can
move from point of generation until it recombines, respectively.

The minority carrier lifetime and the diffusion length depend strongly on the type
and magnitude of recombination processes in the semiconductor. For many types of
silicon solar cells, the recombination rate will depend on the number of defects present in
the material, and a doped semiconductor has a higher recombination rate because defects
in the crystal act as recombination centers, reducing minority-carrier diffusion length (L)

in the solar cell.'”

The diffusion length is related to the carrier lifetime by the diffusivity
according to the following formula: L = v/Dt , where D is the diffusivity in m?/s.'”® For
example, the lifetime can be as high as 1 ms in silicon, and the diffusion length is
typically 100-300 um for a single crystalline silicon solar cell.

These two parameters give an indication of material quality and suitability for solar

cell use. A study of thin film polycrystalline silicon solar cells indicated that to achieve
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17% conversion efficiency at a cell thickness of around 10 um, an internal reflectance of
more than 90% and minority-carrier diffusion length of 70 pm are necessary.'”’
Additionally, efficient light trapping is necessary to attain high efficiency. Increasing the
thickness of the base in film cell will therefore produce more light absorption but will not
result in an increase in device efficiency. In the absence of sophisticated light-trapping
schemes, materials with low diffusion lengths and low absorption coefficients therefore
cannot be readily incorporated into planar solar-cell structures with high
energy-conversion efficiency.

However, core/shell architectures exhibit a promising solution to these problems. An
advantage of this structure is that carrier separation takes place in the radial versus the
longer axial direction, with a carrier collection distance smaller or comparable to the
minority carrier diffusion lengths. Atwater et al. found that radial p-n junction Si and
GaAs nanorod cells tend to favor high doping levels to produce high cell efficiencies.'”’
Although high doping will lead to a decreased charge-carrier mobility and a decreased
depletion region width, high doping advantageously increases the built-in voltage (the
internal or built-in potential across a solar cell is usually described as an upper limit to
the open-circuit voltage of the cell under illumination).

Through tailoring the size of nanorods, carriers can traverse the cell even with low
diffusion lengths. A theoretical study shows that the energy conversion efficiency

reaches a limiting value as the thickness increases in the planar case.'’® In contrast, the

efficiency of the radial p-n junction nanorod attains a maximum as a function of
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thickness—if the thickness is increased further, the efficiency is reduced. These
differences cause that extremely large efficiency gains from 1.5% to 11% are possible in

176

silicon with very low diffusion lengths (L=100 nm). "> The first solar cells based on

nanorods were reported by Huynh et al. in 2005.'"

A photovoltaic device consisting of 7
nm by 60 nm CdSe nanorods and the conjugated polymer poly-3(hexylthiophene) was
assembled from solution with an external quantum efficiency of over 54% and a
monochromatic power conversion efficiency of 6.9% under 0.1 mW/cm® illumination at
515 nm. Under Air Mass (A.M.) 1.5 Global solar conditions, a power conversion
efficiency of 1.7% was obtained. '

According to ASTM G173-03 and IEC 60904-3 international standards, air mass is
used to evaluate how far light travels through the Earth's atmosphere. One air mass
(AM1) is the thickness of the Earth's atmosphere. Air mass zero (AMO) describes the
solar irradiance in space without the impact of the atmosphere. The power density of
AML.S light is about 1,000 W/m? and 1,360 W/m? for AMO light, which is considered to
be the solar constant. In the photovoltaic test, the Standard Test Condition (STC) is
defined as an insolation of 1000 W/m? (1 SUN) at 25 °C and with a solar spectral
distribution equivalent to global AMI.5.

Peidong Yang’s group used ZnO nanowire arrays to build a dye-sensitized solar cell
and observed a full sun efficiency of 1.5%.'1° Later, they constructed ZnO/Al,O; and

ZnO-TiO;, core-shell nanowire dye-sensitized solar cells by an ALD shell coating

process.179 It was found that TiO, shells (10-25 nm in thickness) cause a dramatic
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increase in cell open-circuit voltage (VOC) and fill factor with little current fall off,
which results in a substantial improvement in overall conversion efficiency, up to 2.25%
under 100 mW/cm?, AM 1.5 simulated sunlight.'” The better performance of the
ZnO-TiO, core-shell nanowire cells is a result of a radial surface field within each
nanowire that decreases the rate of recombination in these devices.

More recent the combination of p-n heterojunction and nanowires has attracted
attention. Lieber’s group fabricated successfully p-type/intrinsic/ n-type (p-i-n) coaxial

silicon nanowire solar cells.

Under AM 1.5 solar equivalent illumination, the p-i-n
silicon nanowire elements yield a maximum power output of up to 200 pW per nanowire
device and an apparent energy conversion efficiency of up to 3.4%, with stable and
improved efficiencies achievable at high-flux illuminations (compared with organic and

180

dye-sensitized solar cells). ™ It is the first individual photovoltaic nanodevice that can

serve as a power source to drive functional nanoelectronic sensors and logic gates.

1.4 Porous Semiconductor Materials
1.4.1 Introduction

Most materials are to some extent porous. The control of porosity possesses
significant industrial importance in the design of catalysts, industrial adsorbents,

membranes and ceramics due to their effects on material properties such as density,
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thermal conductivity and strength.'® Porous materials can be classified by many methods.
For example, the pores can be described as closed pores (® in Fig 11) and open pores
(®©@@®and @ in Fig 11) according to their availability to an external fluid. Different
from the roughness of the external surface (@), funnel-shaped pores (@) or slit-shaped
pores have irregularities that are deeper than they are wide."® According to pore size,
porous materials can be defined by micropores (<2 nm), mesopores (2~50 nm) and

macropores (>50 nm).

Figure 11. The schematic cross section of a porous solid. (adapted from ref. 181.)

Mesoporous materials have received great attention from both academia and industry

because of their potential applications in various fields, such as bionanotechnology,'®'**

185, 186 187, 188 189, 190

separation, catalysts and microelectronics. Perhaps due to their use in
industrial applications, the development of mesoporous materials was highlighted by the

early application and synthesis of zeolites as catalysts in 1950°s and the preparation of
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mesoporous silica with uniform pore size distribution from the layered polysilicate
kanemite first reported by Kuroda and coworkers in 1990."'"%%

An interesting parallel development timetable could be seen in porous
semiconductor materials. Porous semiconductor structures were first produced by Uhlir
at Bell Labs in 1950 on Si and Ge."™ The field of porous semiconductors received a
significant boost in 1990 when light emitting porous silicon was discovered by
Canham.'” Since then, significant progress has been made on the studies of the
structural, optical, mechanical and electrical properties of porous semiconductors, which
are critical to future applications such as optics, solar energy, and drug

delivery/biosensing platforms.'** %61

For example, aside from the common properties
presented by mesoporous materials (including size tunability and surface modification),
porous Si (p>70%) dissolves completely in all simulated body fluids (SBFs), except in
the simulated gastric fluid. The porous Si with medium porosity (p<70%) is bioactive
and slowly biodegradable, and the very low porous Si and macroporous Si are both quite

bioinert materials similar to ordinary crystalline Si.***"' Such a distinct biocompatibility

continues to attract great attention for using porous Si in drug delivery.

1.4.2 Fabrication of Porous Semiconductors by Electrochemical Anodization
Porous semiconductors, including Group IV (Si and Ge), II-VI (CdTe, ZnTe, and

CdS) and III-V (GaAs, InP, GaP, InSb, and GaN), have been fabricated by numerous

202 03

physical and chemical methods,™ such as anodic dissolution,”” photochemical
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5 7

etching,® chemical etching,®” cathodic etching,”® pulsed anodic etching,” vapor

2% Among them, electrochemical anodization is the

etching®® and electroless etching.
most conventional processes because of the cost effectiveness and equipment required. In
the most intensively investigated electrochemical anodic system, porous Si fabrication,
the basic method is electrochemical dissolution of Si in HF based solutions. This is
obtained by controlling either the anodic current (galvanostatic) or voltage
(potentiostatic). In general, constant current is preferable as it allows better control of the
porosity and thickness from sample to sample. In the simplest setup to fabricate porous
semiconductors (top down), the target material (wafer, positive pole) and Pt (negative
pole) are dipped into etchant as two electrodes and an etching current is applied between
them. The porous layer is formed on the surfaces of a target wafer. Usually ethanol is
added to the electrolyte to reduce formation of hydrogen bubbles and to improve the

electrolyte penetration in the pores and, thus, uniformity of the PSi layer.*"

1.4.3 Electrochemical anodization mechanism in porous Si fabrication

Hu and Kerr observed that the oxidation of the Si must be the rate-controlling step
in the HF chemical etching with SiO, being removed as fast as it is formed.”'' The
silicon surface is virtually inert against attack of hydrofluoric acid at low pH values,
except that H™ makes it H-terminated, which corresponds to low OH™ concentrations.
Zhang et al. observed the presence of three regions depending on working potentials in

the anodization of Si in HF as shown in Fig. 12,*'* namely pore formation, transition and
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electropolishing regions. The electrochemical reaction at the interface is the rate limiting
step in the PS formation region, while dissolution of SiO; is the rate limiting step in the
electropolishing region. A model was constructed with two control reactions: SiO;
formation by the reaction of H,O and Si ion, and Si direct dissolution in HF. Thereby PS
forms when the direct dissolution of Si by HF predominates. In electropolishing, the Si

surface is completely covered by hydride species.
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Figure 12. Current-potential curve of p" silicon sample in 1% HF solution with potential
sweep rate of 2 mV/s. (adapted from ref. 212.)

Lehmann and Gosele demonstrated a mechanism for Si dissolution in HF as shown
in Fig. 13.® For PS formation, a silicon surface saturated by hydrogen®" is virtually
inert against further attack of fluoride ions as long as no electronic holes (h") are

available at the silicon electrode because the electronegativity of H is about that of Si and
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the induced polarization is low. If a hole (h") reaches the surface, nucleophilic attack on
Si-H bonds by fluoride ions can occur and a Si-F bond is established (step 1 in Fig. 13).
Due to the polarizing influence of the bonded F, another F ion can attack and bond,
causing generation of an H, molecule and injection of one electron into the electrode
(step 2). Due to the polarization induced by the Si-F groups, the electron density of the
Si-Si backbonds is lowered and these weakened bonds will now be attacked by HF or
H,O (steps 4 and 5) in a way that the silicon surface atoms remain bonded to hydrogen
(step 5). If a silicon atom is removed from an atomically flat surface by this reaction, an
atomic size dip remains. This change in surface geometry will change the electric field
distribution in such a way that hole (h") transfer occurs at this location preferentially.
Therefore, surface inhomogeneities are amplified. It has been shown that pores of about
1 um will establish in a few minutes on polished n-type silicon surfaces by this
process.’” If the walls between the pores are depleted of holes (h"), they will be
protected against dissolution. Furthermore, the side wall of pores being prevented from
dissolution is attributed to quantum confinement, which leads to an effective band gap
increase in the etched narrow walls. Such a barrier to additional hole injections into this
nanoscale region is energetically disfavored.

As a semiconductor with an indirect bandgap, the discovery of room-temperature
visible PL from PS attracted interest in the optical properties of Si and opened a

long-running debate on the origin of photoluminescence (PL) from porous Si. Although

the quantum confinement effect can explain the PL phenomena in the visible light range
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and has been widely acknowledged, some contradictions exist between its predictions

214-216

and a number of experimental results. The surface to volume ratio in light-emitting

Si nanostructures becomes important. Thus the surface chemistry can have a significant

effect on their electronic structure and optical properties, in addition to quantum

217

confinement effects.” " Numerous experiments have been done to investigate the impact

of the crystalline structure and experimental conditions on the PL of PS, sometimes

accompanied with chemical/physical surface modification.”'****
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Figure 13. Anodic etching mechanism of silicon electrodes in hydrofluoric acid (HF)
associated with PS formation. (adapted from ref. 213.)

1.4.4 Porous Ge fabrication
As the only semiconductor that shares some rather special characteristics with Si,

much less work has been done for the fabrication of porous germanium (PG) in an anodic
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process, when compared with PS.*****7 The main reason leading to the effective
replacement of Ge by Si as the leading element in semiconductor industry since 1960s is
that Ge oxide is chemically unstable in contrast to SiO,. In recent years, transistor
structures incorporating some Ge alloy phase as a part of Si-based microelectronics are
attracting increasing interest.”’ This is a consequence of Ge’s enhanced carrier mobility
and faster operation speed.

Bayliss et al. obtained PG by anodizing (111) p-type Ge wafer in HF/H,O/ethanol

27 The PL maximum of PG was observed at ~730 nm.

(i.e. 1:2:1) solution for 10 min.
Choi and Buriak used a much milder etchant (1:1.8 of 48% HCI+EtOH v/v) to anodize
(100) Ge wafers and obtained H-terminated PG with weak red light emission by

involving a cathodization process after etching.”*’

Kartopu et al. observed PG light
emission at ~1.55 eV (800 nm) by anodizing n-type (100) and (111) Ge wafers in
HF:H3PO,4:H,0, etching solution.”* Foll et al. investigated systematically the impact of
various etchants (HBr, HF, HCl, H,SO,4 and other mixture solutions) on the pore
morphology of PG formed in the process. Pores could be produced in all cases under
optimized conditions, and HCI based electrolytes performed best.”*”*** In HCI, H,O and
dimethylsulfoxide (DMSO) electrolyte, PG was obtained from both n- and p- type Ge
anodization, although uniform pore nucleation in Ge is far more difficult than in most
other semiconductors. They suggested that a rather large “leakage” current flowing

through pore walls and all other surfaces results in “electropolishing” on top of the pore

etching, which not only tends to make pores conical in shape, but also destroys the
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original surface, often leaving a rough surface. However, if a dense array of pores could
be achieved, pore walls were more stable, most likely because they only contained the

space charge region (SCR) and thus no free carriers.

1.4.5 Disagreements involving pore formation in anodic etching
The PL mechanism is not the only controversial problem involving porous Si and Ge.
A few points are listed below:>*2*

Porosity formation and electropolishing: As mentioned above, the formation of
porous silicon occurs when the current that flows through the interface is below a certain
critical value, whereas above this critical value electropolishing prevails. Despite its
importance, however, even the basic issue of why there is a transition from porous
silicon formation to electropolishing is unresolved.”** So far, there is no universal
agreement among the pore nucleation and growth mechanisms proposed.

Pore arrays: The formation of an array of pores with submicrometer cross section in
the single-crystal semiconductor-anode bulk was observed for the first time in studies of

49 Much later, pore

the electrochemical etching of silicon in hydrogen fluoride solutions.
arrays were found in other metal and semiconductor anodization with various
electrolytes. All existing mechanisms are based on macroscopic consideration of the
analyzed processes and follow from the assumption of the identity of chemical

mechanisms of pore formation and anodic dissolution of semiconductors. Theoretical

analysis of the kinetic equations describing the electrochemical etching of silicon have
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only made it possible to show the feasibility of the existence of conditions causing the
instability of the planar electrolyte - semiconductor interface to weak periodic
perturbations of a profile with a density close to the actual pore density.”****
Considering pore arrays leading to the spontaneous formation of a complex spatial
structure, Ulin and Konnikov attributed such arrays to a wide class of self-organization
phenomena inherent to irreversible nonlinear processes in open systems far from the

240 Without the need for direct involvement of free

thermodynamic equilibrium state.
holes in electrochemical processes (like in Fig. 13), they introduced a mechanism about
using an electric field to initiate matched nucleophilic substitution reactions between
anions chemisorbed and atoms in the interface.”** Such a reaction is accompanied by
only partial dissociation of initial bonds in the crystal. The dissociation is controlled by
the intermediate complex structure and in turn controls the preferential etching direction.
Once the reaction is initiated, it can continue preferentially due to higher thermodynamic
probability than other inactive surfaces, which results in pore arrays.

Voltage/Current oscillation: In the process of electrochemical anodization, the
normally stable I-V relationships exhibit anomalous, but well-defined, current (potential)
oscillations. The oscillations used to be correlated solely to the electropolishing regime,
while stable oscillations may have been summarily dismissed as bubble formation or
noise. However numerous references to “unstable” electrochemical behavior have been

reported in the pore formation region.**® For example, strong visible oscillating light

emission was observed that is correlated with current oscillations during electrochemical
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GaP pore etching in HF and HBr electrolytes,”*® which has been attributed to a direct
coupling between electron transfer at the semiconductor—electrolyte interface and the

light emission mechanism.
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Figure 14. Voltage oscillations in the anodization process for: (left) PG in 5% HCI /
DMSO electrolyte (adapted from ref. 229.) and porous InP in HCI. (adapted from ref.
249.)

A number of papers deal with the investigation of current oscillations in PS
anodization, which is supposed to be strongly coupled to the growth of the silicon oxide

on the surface of the electrode.’**

Foll et al. put forth a mechanism to explain such
oscillations (Fig. 14). In the current ‘‘burst’’ model, local current flows start as soon as
the local field strength is high enough: the current ‘‘bursts’’. They induce direct Si
dissolution or oxidation and stop. The oxide is then chemically dissolved and the cycle
starts again. Since the Si exhibits a high reactivity just after dissolution, the next current
“‘burst’” will likely take place at the same locations. However the H-termination induces

a surface passivation and hampers further ‘‘bursts’’ until it reaches a situation similar to

the one before the first event. The H-termination is thus the main synchronizing force
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because it correlates with the nucleation phenomena. The second reason for the phase
locking between pores at high pore density is the overlapping of the space charge regions

surrounding each pore. This model has been extended to III-V semiconductors.*** ***

1.5 Electrospinning

Among the various nanostructures that have recently been developed for use in
practical applications, nanofibers have received increased attention in the last 20
years.”**** Electrospinning significantly contributes to this advance through providing
a cost-effective and reliable process to fabricate nanofibers with the ability to control
their compositional, structural and functional properties. In electrospinning, polymer
nanofibers may be obtained by the application of a strong electrical field (e.g. 20 kV)
between a grounded target and a polymer solution that is pumped from a storage
chamber through a small capillary orifice (Fig. 15). Fibers are collected as a non-woven
mesh or membrane on a collector plate that acts as the counter electrode. The fibers
range in diameter between 10 and tens of micrometers depending on the solution and the
process conditions.

Theoretically, electrospinning was divided into three distinct sections in fiber
formation, namely the Taylor cone formation, the thinning stage, and the drying of the

fiber.”>* To a drop in the end of syringe, the drop surface and shape may have variety of

situations with the interaction of gravitational forces and interfacial forces (surface
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tension) and electrostatic forces. To form a Taylor cone, there is a force balance to the

drop where gravity and electric polarization stress tend to elongate the droplet from

within, aided by tangential electric stress on the cone surface (Fig. 16).*
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Figure 15. Schematic illustration of laboratory scale electrospinning setup. (adapted
from ref. 250.)
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Figure 16. Schematics of the forces on a droplet at the end of a syringe from gravity,
surface tension, and electrostatic forces. (adapted from ref. 254.)

Viscous drag
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slows down the formation of the cone. In addition, there are two more forces active on
the surface of the droplet/forming cone. These are the surface tension that tries to
minimize the surface area pulling the surface vertically in and an opposing force which
is the normal electrical stress that tries to maximize the distance between electrical
charges on the surface by enlarging the surface area.”*

When the electric field is large enough, the droplet is deformed into the Taylor cone.

As soon as the electrostatic repulsive forces overcome the surface tension, a fine charged
jet is ejected that is typically 1/100 in diameter of the needle opening. After leaving the
cone this jet then moves toward the counter electrode. During the traveling time the jet
will become unstable. In this second stage, there are a total of three possible instabilities:
one, where droplets are formed, which is referred to as Rayleigh instability; two, where
swollen structures are visible, which is referred to as axisymmetric instability; and three,
where a non-axisymmetric bending of the fiber occurs. This last bending instability is the
most important one that needs to be achieved, as it is responsible for thinning the fibers
from about a micron into the nanometer range.”

Nanofibers with extremely small diameters are of large surface-to-mass ratio, high
porosity, and superior mechanical performance (dependent on composition). Moreover,
the fiber can be functionalized by locating molecules at the surface of the fiber thus
satistfying the engineering requirement by tailoring the fiber surface compositions and

morphologies. This has led to diverse applications of nanofibers in tissue engineering,

wound healing, drug delivery, medical implants, dental applications, biosensors,
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military protective clothing, filtration media, and other industrial applications.”>* Table

1 reveals a broad set of ceramic systems synthesized by electrospinning.

Table 1. A List of Inorganic Oxides Derived from Electrospinning (adapted from ref.

254.)

Ceramic

Precursor

Comments

Al

Gel),

Mn,0; Mn,O,

( 'G:q( ]4

Nb:Os

TiOs

NI ZnC

PVP-TiO;

S,

Tild,

La-CuOy

51ty
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— e bl = L T = e B
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. Adumimum di-sec-butoxade

ethylacetoacetate

. Ethanol
. HCl
. Germanium isopropoxide

. PVAC
. Acetone

Manganese acelale
PYA

. Cobalt acetate

PYA

. Miobium ethoxide

Acetic acid 1 ethanol

PYAC

. Titanium butoxide
L P-123 {EOsgPORECOs;) (BASF)

HCl

. Nickel acetate
. Zine acetate

PYA

. Tritanium sopropoxide

. Acetic acid

PyvP

. Mineral ol
. {.‘leqq(}qSﬂ

PEC

. CHCL,

Titanium isopropoxide
. Polvstyrene
 DMEF-THF

PYP
Lanthanum nitrate

. Copper (1) nitrate

PVP

. Tetracthylorthosilicate
. Ethanol

HCl

. Barium acetate
. Titanium isopropoxide

Pvp

. Ethanol
Acetic aad

Aged sol: a-AlOy formed

Sol-gel: s-quartz like structure

Sol-gel; calcination controlled phase formation
Sol-gel

Sol-gel

Sol-gel: mesoporous fibers

Sol-gel; two phase ceramic

Fibers

Sol-gel; remove mineral oil to get hollow fibers:
removal of PVP by calcinations makes hollow
anatase nanofibers

Sol-gel

Sol-gel; mghly porous rutile nanofibers

Co-precipitation

Sol-zel

Sol-zel

FYE, polvivinyl pyrrolidene) PYA, polviviny] aleohol); PEO, polvethylene oxade.
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Table 1. (continued)

Ceramic Precursor Comments
MiFey0y 1. Trom (IT) ethylhexano isopropoxide  Sol-gel; glove box; hydrolysis after spinning
2. Nickel ethylhexano sopropoxide
3. Acetic acid +PVP
Fex0y 1. Iron (11} chloride+iron (111) Initial co-precipitation reaction; no polymer
chlonde+grafli copolymer bumout
2.PEO or PVA
Pbi&ry s2Tig4s)0s 1. Zirconium propoxide E-spin from precursors only; hydrolysis from
atmosphere
. Tianium isopropoxide
. Lead (IT) ethylhexaonate
. Xylene only
MeTiO; . Magnesiom ethoxide Sol first, then polymer addition
. Tianium isopropoxide
. 2-Methoxyethanol in M,
. Polyvinylacetate in DMF
NiTiOy . MNickel acetate Sol first, then polymer addition

:'111303 B;_U;

Ce(,

£r,
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. Ethanol

. HNO;

. Titanium isopropoxide
. Polyvinylacetate in DMF
. Aluminum acetate

. Boric acid (1 g)

.PVA

. Cerium nitrate

. PVA

. Zirconium oxychloride
.PVA

Hydrolyzed in PVA; 5 h ageing before spinning

PPT (co-precipitation)

Sol-gel
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1.6 Erbium photoluminescence

Erbium (°®Er) is a rare earth element with an electronic configuration of [ Xe] 412 657,
As an ion, erbium usually loses one 4f electron and both of the 6s electrons to form Er*”
whose electronic configuration is [Xe] 4f'!'. The 11 4f electrons are shielded from the
surrounding matrix by closed 5s and S5p shells, resulting in rather sharp optical intra-4f
transitions at 1.54 pm (4113/2—>4115/2) in Er-doped materials.>>® This is an important
telecommunication wavelength since standard silica-based optical fibers have their
maximum transparency at this wavelength.

Since the absorption cross section (the ability of a molecule to absorb a photon of a
particular wavelength and polarization) of Er’*ions for stimulated emission are very small
(typically on the order of 10?' ¢cm?), concentrations of 10'°-10%° Er/cm’ are required to
achieve a reasonable gain over a length of a few centimeters.”>’ However, high
concentration of Er’* ions can also cause other problems, such as excitation migration and
non-radiative quenching, due to the complicated PL mechanism of Er’* ions.

Generally, Er’" ions generate light emission by direct excitation of erbium ions and/or

258-261

carrier-mediated excitation of erbium ions that is assisted by a sensitizer. In the

direct excitation process, Er’” ions are excited to the corresponding energy level and then
relax to first excited energy level (4113/2) via a series of nonradiative multi-phonon
emissions (an Auger process). Er’* PL at 1.54 pm results from the subsequent

260

transition from 4113/2 to 4115/2 (the ground state) as shown in Fig. 17a.”" In this mode, the

pump efficiency is closely related to the wavelengths of the optical excitations.
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In carrier-mediated excitation mode shown in Fig. 17b,°° host materials absorb
incoming pumping photons to form free excitons, that could be traped at Er-related defects
(through Auger process) to form bound excitons. These bound excitons further lower their
energy through an Auger relaxation process and then excite Er’* ions from the ground state
to the first excited state (4I 150 — 4113/2) via energy resonance, which contributes to Er’* PL
at 1.54 pm in a radiative relaxation.”*® For example, Yb*" ions can be introduced into the

Er doped waveguide. The Yb ions have a large absorption cross-section around 980 nm,

and can transfer their energy non-radiatively to the 4111 » erbium level.?”’

; _——— dp . -
488 nm __E_ ,F'.".‘I . (ﬂ) Sll\l_l(c;;n (b)
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Figure 17. Schematic diagrams of (a) direct excitation of erbium ions excited by 488 nm
laser; and (b) carrier-mediated excitation of erbium assisted by sensitizer of Si
nanocrystals. (adapted from ref. 260.)
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At high erbium concentrations, other excitation processes can happen in Er ions. An
Er’" ion at the first excited state can de-excite by transferring its energy to a neighboring
Er’" ion at the first excited state, resulting in the neighboring erbium ion to be excited to a
higher energy level, namely cooperative up-conversion, which can cause the decrease of

the PL intensity at 1540 nm.>’

In another model, excited state absorption, an excited
erbium ion absorbs an incoming photon, and is further excited to higher energy level,
which can also greatly limit the optical gain of the Er’" PL intensity.”>’ Moreover, an
excited Er ion can transfer its energy to a nearby, unexcited Er ion. Such an excitation
migration does not necessarily reduce the Er population density, but can become
detrimental to the gain if some Er ions are strongly coupled to non-radiative quenching

7 Therefore, the host materials must have a high solubility for erbium ions;

sites.
otherwise Er ions will precipitate from the host matrix resulting in the decrease of the
Er-related PL intensity. This requirement is based on a direct excitation of erbium ions. In
the case of carrier-mediated excitation of erbium ions, the concentration can be much
lower while a reasonable PL intensity is achievable.

Due to the intricate electronic structure, Er-doped semiconductor materials have many
interesting optical phenomena. Affected by the electric field in the host, the Stark effect is
often observed in the Er spectral lines. Stark splitting is an indicator for symmetry
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changes of different ligand fields.”" Higher Stark levels represent a lower symmetry of

Er'" sites in the host matrix and higher coordination numbers. Additionally, Er** is the

most popular as well as one of the most efficient ions to generate an upconversion,
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which is of great interest in industrial applications such as color displays, optical data
storage, biomedical diagnostics, sensors, and undersea optical communications.”>* !
Erbium-doped semiconductors have been studied widely. Er-doped ZnO films
have proved reliable materials for light-emitting diodes, laser diodes, and optical
amplifiers operating at 1.54 um in the waveguide structure as well as electrode materials
for carrier injection because of their high electrical conductivity and transparency.*®*2**
Er-doped Ge materials have also been studied by many groups. A previous report showed
that the oxidation of Ge improves Er PL in the case of Er-doped Ge film without coupling

265 These authors attributed the PL

phenomenon observed between Ge and Er atoms.
improvement to the enhancement of pumping efficiency resulting from quantum
confinement effects and a close energy between Ge excitons and the 1540 nm transition of
the Er’* ions. Vergnat et al. reported the probable existence of a non-optical dipole—dipole

266
Moreover, Jensen and Larsen et al

interaction from Ge nanocrystals to Er’" ions.
assigned an energy transfer between the GeOy defect states and the Er ions to the increase
of Er PL in the study of Er-doped GeOy because of the disappearance of large band around
800 nm related to GeOy PL. >’ However, the intensity of Er PL decreased greatly after
annealing at 450 °C, when GeOy is converted to GeO, (an insulator).

The Coffer group has been engaged in studies of Er-doped Group IV bulk or
nanoscale materials for more than ten years. In 1997, John St. John investigated the

luminescence of erbium-doped porous SiO; layers by allowing a 10~25 pl solution of the

Er salt (Er(NO;);-5H,0) to evaporate, followed by spark processing.*®® The Er’* PL was
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observed at 1540, 560 and 670 nm, corresponding to the near-IR 411 3/2—>4I 15/2, 4813/2—>411 5
and 4F9/2—>4I 15 visible transitions, respectively. At higher erbium concentrations,
self-quenching occurs, probably due to erbium clustering or precipitates. Later, St. John
prepared discrete erbium-doped silicon nanoparticles with sizes ranging from 11~15 nm
by the co-pyrolysis of the mixture of disilane/He and Er(TMHD);
(TMHD=2,2,6,6-tetramethyl-3,5-heptanedionato)/He. The near-IR PL intensity is
observed to be a sublinear function of the pump laser power, which is the signal of
carrier-mediated process in Er’* PL. This work created a method for the fabrication of a
wide variety of rare earth-doped Si nanoparticles with tunable emission maxima by the
selection of a particular rare earth ion.”®

J. Ji’s work in our group involved the fabrication and characterization of composite
films composed of poly(phenylene vinylene) (PPV) and Er-doped Si nanocrystals. It was
found that the presence of Er-doped Si nanoparticles in the film strongly impacts the
steady-state photoluminescence of the PPV, whereas the presence or absence of solvent
chosen for the nanocrystals influences the carrier transport and resultant visible
electroluminescence of light-emitting diodes fabricated from these materials.*”

Z. Wang fabricated Si/Er core-shell nanowires, one of the earliest reported
core-shell nanostructures, by a two step CVD method in 2002 Si nanowires were
synthesized by the pyrolysis and deposition of SiH4 at 600 °C for 2 min at a flow rate of 40

sccm, diluted with additional He (3000 sccm). Erbium incorporation was achieved by the

CVD of Er(TMHD); at a temperature of 600 °C in He carrier gas. After a vacuum
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high-temperature anneal, the characteristic near-IR PL associated with Er’* transitions was
obtained. The crystalline core-shell nanowires were characterized by HRTEM.

J. Wu first fabricated single crystal GeNWs by evaporating Ge powder in a
physical vapor deposition process in 2004 as described in Chapter 1.1.0.1.°° Modified by
Er-doping (5.4~17.9%wt), as-prepared core-shell nanowires exhibited impressive Er*" PL
at 1.54 um. PLE spectra confirmed the presence of a carrier-mediated pathway in Er’*
transitions after 600 °C annealing. His later work focused on the fabrication of Er-doped
group IV oxide and SnO, nanofibers derived from sol-gel/electrospinning methods.*’**"
He found that the PL intensity of Er-doped GeO, fibers is almost 10 times stronger than
that of Er-doped SiO, fibers. The PL of Er,0s, Er-doped SnO,, and Er-doped SiO; fibers
arises from the direct excitation of erbium ions, whereas a carrier-mediated process is the

underlying reason for the erbium photoluminescence in Er-doped GeO; nanofibers that

are annealed at relatively lower annealing temperatures (<700 °C).
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CHAPTER II.

Fabrication and Photoluminescence of ZnO/Er-modified

core-shell Ge nanowires

56



2.0 Overview

As mentioned in Chapter 1, there has been rapid growth in fundamental studies of
semiconductor nanowires, which have relevance to the development of new nanoscale
electronic platforms as well as biotechnology. GeNWs are of pointed interest because of
their charge carrier mobility, but long-term chemical stability of their surfaces is a
significant concern. One-dimensional (1D) radial core/shell nanowire heterostructures
provide a strategy to not only functionalize nanowires, but also to improve the surface
properties.”*”> Additionally, Er-doped GeNWs possess favorable properties for potential
applications in optoelectronics and optics, due to the near infrared 4113/2—>4115/2
luminescence transition of this rare earth in a +3 oxidation state.® From a broad
perspective, the selection of shell materials has to consider the compatibility of core and
shell materials, in terms of both chemical reactivity and structural properties of each
lattice.

In this chapter, ZnO/Er’" modified Ge core-shell NWs were fabricated by a
vapor-liquid-solid (VLS) method for the core followed by different thermal vapor
deposition techniques for the shell component. ZnO has been used as host material for Er
because ZnO provides erbium with an oxygen coordination sphere, which is helpful for an
efficient Er near infrared PL.*"**"® Recall that ZnO itself is a useful wide bandgap
semiconductor (3.37 eV) with two types of luminescence peaks, including near-band-edge
(NBE) ultraviolet emission and deep-level visible emission.
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It is important to note that Zn/ZnO and Ge can form a zinc germanate phase

(Zn,GeO,) with a relatively larger bandgap (4.68 eV).*"

Use of larger bandgap shell
materials is very useful in studies of carrier confinement in core-shell nanostructures. On
a fundamental level, it is also important to determine the relative stability of a given
core-shell architecture and the corresponding conditions regard for alloy formation and
the photophysical properties of each.

Structural characterization was principally achieved by scanning electron microscopy
(SEM, JEOL-6100) with an energy dispersive X-ray spectroscopy (EDX) system, high
resolution transmission electron microscopy (HRTEM, JEOL-2100), and X-ray
diffraction (XRD, Philips-3100).

ZnO photophysical properties were measured using photoluminescence (PL)
spectroscopy. The signal was excited by a CW Kimmon IK5452R-E HeCd laser with a
wavelength of 325 nm. A variable frequency chopper was employed to provide a reference
frequency. The samples were mounted inside an evacuated Janis CCS-150 cryostat having
a temperature range between 8 and 325 K. The PL signal was probed by a Spex 1401
monochromator with a spectral resolution of 0.18 cm” and an RCA C31034
photomultiplier tube detector connected to a Stanford Research-830 lock-in amplifier for a
background noise reduction.

The near infrared wavelength PL was measured using an Applied Detector Corp.

liquid Nj-cooled Ge detector in conjunction with a Stanford Research Systems
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Chopper/Lock-in amplifier and an Acton Research Corp. 0.25 m monochromator.
Excitation was provided by a Coherent Ar' laser, mainly at 488 nm. A Hummer VII
sputtering system (Anatech, Ltd.) or Veeco thermal evaporator was used to deposit Au

catalysts onto a given substrate.

2.1 Experimental Methods
2.1.1 Preparation of Ge nanowires

Germanium nanowires were fabricated using a previously-developed approach in our
lab.®® The 5~10 nm Au film is deposited onto selected substrates (5 mm x 15 mm) by
sputtering system or thermal evaporation in vacuum (2x10° MPa). Then an alumina boat
loaded with Ge power (Strem) & carbon power (in a molar ratio 1:3) and Au-coated
substrates (on another boat) are placed in a 30mm quartz tube reactor with locations as
shown in Fig. 18. The Ge source boat is put inside the furnace and the collecting boat is
located in a downstream position 1~1.5 cm away from the edge of the tube oven. After
1.5h annealing at 850 °C in 300 sccm He carrier gas, the Ge source is heated to 990 °C for
1.5h. The temperature of the Ge NWs growth is ~560 °C. At the end of the reaction period,

a thick brown film can be seen on the substrate.
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Figure 18. Reactor setup for preparing GeNWs.

2.1.2 Er-doping

Chemical vapor deposition (CVD) was employed to deposit Er onto Ge nanowires.
Wafer samples containing Ge nanowires were placed within the quartz reactor located at
the middle of the tube furnace (Fig. 19a). Another alumina boat containing an Er precursor
(Strem Chemicals, Er(TMHD);, TMHD=tris(2,2,6,6-tetramethyl-3,5-heptanedionate))
was placed in the upstream position within 5 mm of the edge of the furnace. This Er
precursor was sublimed at ~170 °C and entered the furnace (500 °C) with a He gas flow of

300 sccm where it decomposed and deposited onto the Ge nanowire sample.
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Figure 19. Diagram of (a) Er-doping or Zn deposition with Zn precursor; (b) Zn
deposition with Zn granule.

2.1.3 Zn shell fabrication

ZnO shells were formed by initial Zn deposition followed by annealing in O,. Two
different approaches were used, CVD and physical vapor deposition (PVD). In the CVD
process, a Zn precursor (zinc acetylacetonate hydrate, Gelest) sublimed at ~140 °C and
then decomposed in the furnace (500 °C to form a surface layer onto GeNWs. The
experimental setup was the same as that used for Er-doping, as shown in Fig. 19a. In the
PVD process, 50 mg of Zn granules (Aldrich, 100 mesh, 99.8%) were evaporated at
440~500 °C in He gas (300 sccm), with the Zn vapor deposited onto the surface of
Er-doped or bare Ge nanowires in a cooler region of the reactor as shown in Fig. 19b.

The PL associated with Er’" and ZnO is highly dependent on the annealing condition
of ZnO/Er/Ge NWs in oxygen. In this work, Zn-coated GeNWs need to be annealed in O,

to grow the ZnO shell at a temperature range 600~700 °C, which is also necessary to
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3+ 66,277
PL.”™

obtain a relatively high intensity of Er This annealing was conducted in a

quartz reactor with 50 sccm O, flow and a heating rate of 200 °C per hour.

2.2 Results and Discussion
2.2.1 GeNWs prepared with different catalyst and substrates

Fig. 20 shows typical SEM images of GeNWs grown by the vapor transport method
described above. In this method, the Au catalyst has a significant impact on the NW
structure. When the thickness of sputtered Au film was more than 10 nm or the Au
thermal evaporation duration was longer than 60 s, the size distribution became wider. In
this case, the GeNWs with big diameters (>200 nm) could be found on the top of GeNW
layer as shown in Fig. 20a. Under the conditions utilized, GeNWs catalyzed by
thermal-coated Au (Au evaporation duration ~45 s) have more uniform sizes than those
NWs produced with sputtering Au as catalyst (Fig. 20b). The diameter of GeNWs on the
top was also a little larger than that beneath them. It expected that GeNWs near the top of

the film possess a sufficient Ge vapor concentration to expand their sizes, while those
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Figure 20. GeNWs fabricated by (a) 10 nm sputtering Au catalyst film. (b)
Thermo-evaporated Au catalyst (45s). Scale bars are 2 um.

close to the bottom of the substrate are inhibited presumably due to mass transfer
limitations. Given this consideration, graphite cloth is likely the best open structure for
the reactant gas to penetrate. Indeed, GeNWs grown on graphite cloth showed very
uniform morphologies (Fig. 21a) with the diameter ranging from 4 nm to 40 nm (much
smaller than those grown on Si wafer), perhaps because the round cross-section of
graphite cloth fiber limits the Au diffusion on the surface to form small islands. A
HRTEM image (Fig. 21b) demonstrates that these GeNWs have high quality crystalline
structure, usually with ~3 nm oxide layer. The histogram in Fig. 22 shows that GeNWs
have a narrow size distribution if catalyzed by thermal coated Au film on Si or sputtered
Au on graphite cloth. GeNWs grown using a sputtered Au catalyst on Si substrates

produced a relatively broad size distribution of NWs.
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o
Figure 21. (a) SEM image of GeNWs fabricated on graphite cloth. Scale bar, 5 pm. (b)
HRTEM image of a GeNW. Scale bar, 5 nm.
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Figure 22. Histogram representing the size distribution of GeNWs grown from different
Au catalyst and substrates. The average diameters of GeNWs are 114, 51, 230 and 30 nm,
corresponding to samples prepared from Au catalyst thermally evaporated by 60s and
45s, sputtering Au as well as from sputtering Au on graphite cloth, respectively.

2.2.2 The influence of Zn shell source and substrate on Zn/Er/Ge NW
morphology/structure: initial SEM analysis
SEM suggests that CVD methods (using a Zn precursor) provide a very uniform

surface coating (Figs. 23a,c). There are typically some Zn particles observed on samples
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modified by physical vapor deposition (using Zn granule) as shown in Figs. 23b,d. This
is attributed to an inhomogeneous dispersion of Zn vapor in the He carrier gas. Small Zn
liquid droplets presumably agglomerated to form Zn seeds on Si in low temperature
areas of the substrates. These seeds kept growing and then formed some big particles (~8
um) covered by GeNW network layer. Graphite cloth apparently abated the

agglomeration.

y

e

Figure 23. SEM images of Zn/Er/Ge NWs fabricated on (a) graphite cloth, with Zn
precursor. (b) Graphite cloth, with Zn granule, (c) Si wafer, with Zn precursor. (d) Si
wafer, with Zn granule. Scale bars are 5 um, 20um, Spm and 10um, respectively.

2.2.3 Zn/Er/Ge NWs Grown on Graphite Cloth
Zn shells by CVD: Examination of the Zn/Er coated GeNWs prepared by CVD by

higher resolution TEM images reveals the formation of rough outer surfaces at the
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nanoscale (Fig. 24). One possible explanation for these rough surfaces in Figs. 24a.c is

that graphite could react with O-containing species generated by the decomposition of

mg Er precursor and 70 mg Zn precursor respectively; (¢) and (d) with 5 mg Er precursor
and 35 mg Zn precursor before and after annealing at 700°C for 30 min, respectively.
The inset shows a low magnification TEM image of Er/Zn modified GeNWs with a thin
porous coating layer.

oxygen-containing precursors, and likely producing CO,, which would make the

deposition unable to form a uniform coating. With large amounts of precursors used (>70
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mg), the outer surface layer looked porous. After annealing in O, at 700 °C for 30 min,
porous Zn/Er modified GeNWs were fabricated (Fig. 24b). When the mass of precursors
was lowered to 35 mg, porous layer on the surface of GeNWs became thin after
annealing (the inset of Fig. 24d). Some nanowires revealed a polycrystalline surface (Fig.
24d).

Zn shells by PVD: As an alternative deposition source, Zn granules were used.
Preliminary experiments showed that the morphology of the Zn surface coating on bare
GeNWs was hard to control (as shown in Fig. 25) if the Zn evaporation temperature is
allowed to go higher than the Zn boiling point (907 °C). A large number of
flower-shaped or solid particles of micron size were observed on the top of the GeNWs.

Therefore, a temperature range from 440~500 °C was tested to conduct Zn-coating.

Figure 25. SEM image of Zn -coated GeNWs fabricated on Si (a) at 1250 °C for 1 min
(b) at 980 °C for 30 min.
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Zn/Ge NWs (without Er) with shells grown using the PVD method are shown in Fig.
26. The low magnification image indicates that the amorphous coating has a thickness
~8-13 nm with relatively smooth surfaces. In this case, stacking faults (Figs. 26¢c, d) were

observed frequently on the GeNW core along the (111) growth direction, according to

Figure 26. Zn-modified core-shell GeNWs fabricated on graphite cloth at 440 °C for 1 h
(Zn granule source). (a) Low magnification TEM images, (b) HRTEM image with a
typical (111) GeNW core. (c) (d) HRTEM image with Stacking faults on (111) GeNW

Corcs.

68



d-spacing measurements (~0.32 nm). Such a high density of stacking faults were never
found among numerous HRTEM images of bare GeNWs and other core-shell GeNWs
modified by both Zn and Er. One possible reason is that the thermally induced stress
during shell formation causes the dislocation. Furthermore, if the coating is not very
thick or the thickness ratio of shell/core is not very high, (e.g. values shown in Fig. 26b),
stacking faults were not formed. Another possible factor is that the amorphous oxide
layer could act as a buffer to relax the thermal induced stress, which reduced the
formation of stacking faults in other core-shell structures with Er-doping. The typical
mass ratio of Zn/Ge in this type of NW is ~0.09 as measured by electron dispersive
X-ray (EDX) spectroscopy.

The method above indicated that it is feasible to make uniform coatings of Zn onto
GeNWs on graphite substrate by using Zn granules as a source in a PVD process.
Subsequent work produced structures with an Er layer between the Zn shell and Ge core.
TEM images of Zn/Er/Ge NWs annealed at 600 °C in O, for 30 min are shown in Fig. 27.
The d-spacing measurement indicated that the amorphous Zn coating has been converted
into a polycrystalline shell (Fig. 27a), but that the component was not ZnO. It suggests
that graphite cloth substrates consumed most of O, and kept the Zn coating from
oxidation. Zn diffusion during annealing could cause an inhomogeneous redistribution of
the Zn (Fig. 27b). Fig. 27c shows the core-shell structure in some as-fabricated
nanowires.
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Figure 27. Zn/Er/Ge NWs on graphite cloth (3 mg Er precursor; Zn granule, 440 °C for
1 h; Annealing at 600 °C in O, for 30 min). (a) Porous surface TEM image. (b) HRTEM
polycrystalline surface image. (c) A cross section of core-shell structures.

2.2.4 Zn/Er/Ge NWs grown on Si substrates

CVD vs. PVD process. In a typical CVD experiment, 1~2 mg Er precursor and 20 mg
Zn precursor were used to form a surface layer with 5~10%wt Er and 10~12%wt Zn
concentration at a total thickness of ~12 nm. In the PVD process (using Zn granule as
source), the coating thickness is controlled by evaporation temperature (450~500 °C) and
duration (1~2h). EDX spectra revealed that the concentration of Er, Zn and Ge varied
because of varying GeNW diameters (ranging from 10 to 40 nm, prepared from thermally
evaporated Au catalyst). HRTEM images exhibit clearly the amorphous shell and single
crystalline GeNW core in both Fig. 28 (CVD) and Fig. 29 (PVD).

In comparing the HRTEM images of Fig. 28 and Fig. 29, a different contrast is
observed in the shell formed by PVD (Fig. 29), than that using CVD (Fig. 28).
Additionally, the shell surface of samples observed in Fig. 29 is more smooth and stable
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under the electron beam of the TEM than that of Fig. 28. Organic residues from Zn
precursor decomposition in the shell likely contributed to the unstable coating surface and

made the Zn layer not as dense as those using Zn granules.

| U ]
| L ‘

Figure 28. Zn/Er/Ge core-shell NWs on Si wafer (1.8 mg Er precursor; 20 mg Zn
precursor). (a) (b) Low magnification TEM images (c) HRTEM image. Scale bar, 2 nm.
(Top inset: TEM image of the same nanowire with lower magnification. Scale bar, 10
nm; Bottom inset: Fast-Fourier-Transformation (FFT) image).
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Figure 29. Zn/Er/Ge core-shell NWs on Si wafer (1.8 mg Er precursor; Zn granule,
440 °C for 1 h). (a) Low magnification TEM images. (b) (c¢) (d) HRTEM images. The
inset in (b): TEM image of the same nanowire with lower magnification.

Annealing Zn/Er/Ge NWs with surface CVD coating. In order to form a stable ZnO
shell and enhance Er’” PL at room temperature, the annealing process must be carefully
controlled to yield the desired morphology and crystalline structure of ZnO/Er/Ge NWs
with shell structure formed by either CVD or PVD. Usually Zn/Er/Ge NWs were
annealed at 600~700°C for 30 min in O, with a slow temperature ramp rate (200 °C/min).
For the CVD process, EDX mapping experiments (Fig. 30) show that Zn (12 %) and Er (5
%) species were distributed uniformly on the surface of GeNWs.
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Figure 30. SEM, EDX mapping of annealed ZnO/Er/Ge NWs in O,, 600 °C, 1h (using
Zn precursor as Zn source).

56 84 112

Distance (nm)

Figure 31. SME, EDX linescan spectrum of annealed ZnO/Er/Ge NWs in O,, 700 °C, 30
min (using Zn precursor as Zn source).

A linescan spectrum for this type of sample (Fig. 31) indicates that Ge, Zn and O have
a similar characteristic line-shape, which implies the formation of an alloy such as
Zn,GeOy4. The Er trace, with a very low concentration in the shell, appeared somewhat

different.
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Again, for the surface coatings prepared by CVD, corresponding TEM images (Fig.
32) illustrated that ZnO/Er/Ge NWs have diameters ~45 nm after annealing at 700 °C in
O, for 30 min. An oxidation process, accompanied with alloy formation, blurred the
interface of most core-shell structures, although the shell (~10 nm thickness) can still be
observed in some samples (Fig. 32b). The HRTEM image of Fig. 32c clearly exhibits the
presence of zinc germanate on the surface of ZnO/Er/Ge NWs (d = ~ 0.71 nm,

corresponding to (110) plane, which is parallel to the longitudinal direction of GeNWs).

Figure 32. TEM images of annealed Zn/Er/Ge NWs in O,, 700 °C, 30 min (1.8 mg Er
precursor; 20 mg Zn precursor). a. low magnification, b. core-shell structure, c, d.
HRTEM image of zinc germanate and ZnO lattice.
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In addition to zinc germanate phase, a d-spacing of 0.27 nm shown in Fig. 32d is
assigned to ZnO (002) plane, a value expanded slightly by the presence of Er and Ge atoms
in the ZnO lattice.””® Thus, the surface of annealed ZnO/Er/Ge NWs consists of a majority
of zinc germanate and a minor ZnO component in the given annealing condition. If a thin
Zn layer, e. g. 5~10 nm, is deposited onto the surface of GeNWs, the alloy formation
possibly does not consume all of the Ge. Therefore, the Ge content distribution
presumably is descending radially from core to surface.

Annealing Zn/Er/Ge NWs with surface coating by PVD. In contrast, use of the PVD
method with Zn granules results in an inhibition of Zn,GeO,4 formation during annealing
by a dense amorphous Zn shell. Fig. 33 reveals that the ZnO preferred growth direction is
along the (110) and ( 2 110) planes. In Fig. 33a, the (110) plane of ZnO shell is identical to
the GeNW growth direction. A distinct core-shell interface boundary could not be
displayed clearly, except for an inconspicuous contrast difference. For ZnO growing along
(2110) direction (as shown in Fig. 33b, d-spacing ~0.16 nm),*” the core-shell crystalline
structures on annealed ZnO/Er/Ge NWs were clearly observed. The top inset shows a low
magnification image of ZnO/Er/Ge NWs with Moiré fringes; the corresponding fast
Fourier transform (FFT) diffraction pattern is determined by a single crystalline (wurtzite)
ZnO shell in (1 EOO) plane. Additionally, FFT analysis also confirmed (2110) growth
direction of ZnO shell along GeNWs according to d-spacing calculations (~0.16 nm).
Some satellite spots appear around the basic reflections of ZnO due to double diffraction.
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Figure 33. TEM images of ZnO/Er/Ge NWs in O,, 700 °C, 30 min (using Zn granules as
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Zn source) with a. ZnO shell in (110) direction; b. ZnO shell in ( 2 110) direction. The top

inset is the low magnification image. The bottom one is FFT image. Scale bar: 2 nm. c.

Zn/Ge alloy shell in (2110) direction and FFT image (the inset). Crystal structures

indicated the presence of alloy. Scale bar: 2 nm; d. zinc germanate shell. Scale bar: 2 nm. e,
f. Moir¢ fringes in ZnO/Er/Ge NWs with different ratio of shell and core sizes.

A gradual reduction in d-spacing in shell from surface to core was observed in Fig.
33c. It is notable that d-spacing (~0.418 nm) in the outer surface is somewhat larger than
that near the boundary of core and shell (~0.396 nm). With the increasing O and Ge
diffusion into shell, the d-spacing in the axial direction became larger. A ZnO (002) plane
reflection could be still identified in the FFT image (see inset). A brighter spot (labeled by
a white circle) closer to the origin corresponds to the altered shell crystalline structure. It is
not possible to assign a suitable ZnO or Zn,GeOy lattice index to the observed d-spacing of
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0.396 nm. Presumably such a value represents an intermediate phase between ZnO and
Zn,GeOy. The evidence is shown in Fig. 33d, where Zn,GeOy shell was observed with a
growth direction along (003) plane.*’®**

Role of diffusion and surface strain. Therefore, it is suggested that the O and Ge
diffusion rate into the shell is a critical factor to affect Zn,GeO4 formation and crystallinity
structure at the given temperature during annealing, which adds to the possible number of
crystalline structures in the shell. Compared with the CVD process employing a zinc
precursor, an amorphous Zn layer formed by Zn granule evaporation (PVD) restrained Ge
quick diffusion in the shell and increased the likelihood of forming ZnO on the outer
surface, instead of zinc germanate (shown in Fig. 32). The Moir¢ fringes appearing in the
TEM images of core-shell ZnO/Er/Ge NWs (using a Zn granule source), are attributed to
the epitaxial orientation between ZnO and Ge as well as the zone axis incidence of the
electron beam, rather than staking faults caused by misfit-induced strains (Figs. 33e,f).

The spacing of the Moiré fringes is given by:*"

D= dcoreXdshell (1)
Idshell_dcore|

where dcore and dgpepr are the corresponding d spacing of the overlapping planes for the Ge
core and ZnO shell. The spacing of moir¢ fringes observed in our images range from
4.8~5.5 nm. Using these values and that of the ZnO shell growing in the (2110) plane
(d=0.16 nm) in eq. (1), the calculated d-spacing of the Ge core is ~ 0.16 nm, corresponding
to the Ge (222) plane.”" This is consistent with growth of the core GeNWs in (111) planes,
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which is a preferential direction in GeNW fabrication (Figs. 38c,d). The natural mismatch

m between the two lattices is>”:

— |dshell_dcore| (2)

dcore

The value of |dsneyp — deorel 1 0.005 nm, so m=3%. This means that the mismatch
between core and shell is very small if the GeNW core has the (111) growth direction,
identical with the (2110) plane of ZnO shell. To such well packed core-shell structures,
the Moiré¢ fringes looks like periodic arrays (Fig. 33e). However, in most conditions, the
array was disordered or eliminated by the electron beam (Fig. 33f), which implies that the
crystal structure in the core was affected by core-shell strain. The deformation of GeNWs
was often found in the area close to the tip (also due to strain) (Fig. 33¢), although HRTEM

images did not show the existence of a significant number of stacking faults.

Counts

ricrons
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Figure 34. (a) TEM image of Zn/Er/Ge NWs annealed in O,, 700 °C, 2h (Zn precursor,
200 mg); (b) Elemental mapping; (c) Intersection linescan.

78



Impact of thick Zn coatings by CVD. Annealed Zn/Er/Ge core-shell NWs fabricated
by a CVD process did not exhibit similar Moiré fringes. A sample was fabricated with a
thick Zn layer (60 %wt) by using 200 mg Zn precursor and annealing the core-shell
nanowires at 700 °C in O, for 2h. These NWs lost their smooth surface and core-shell
structure (Fig. 34a) because of the volume expansion caused by oxidation process; the
associated electron diffraction spectrum (not shown here) exhibited a polycrystalline
structure. By increasing the amount of Zn deposited, the roughening effect observed after
annealing resulted in Zn/Er redistribution on the surface of ZnO/Er/Ge core-shell NWs as

shown in the EDX maps of Fig. 34b.

2.2.5 XRD Spectra of ZnO/Er/Ge NWs

The XRD spectrum in Fig. 35 indicates that crystalline Ge peaks (20 = 25.6°, 27.0°,
45.1° and 53.4°) are still present in Zn/Er/Ge core-shell NWs modified by Zn granule
vapor after annealing at 700 °C in O, for 30 min. Such features disappeared in the case of
GeNWs exposed to the Zn precursor (Fig. 35). One possible reason is that there are a large
number of sub-micrometre particles, or nanocrystallites in these nanowires, that diminish
the characteristic peaks.”** As a reference, the XRD spectra of Ge and GeO, are also

shown in Fig. 36.
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Figure 35. XRD spectra of annealed ZnO/Er/Ge NWs at 700 °C in O, for 30 min.
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Figure 36. XRD spectra of standard Ge and GeO, samples.
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2.2.6 Photoluminescence Spectra of ZnO/Er/Ge NWSs

Typical near IR PL for annealed Zn/Er/Ge NWs are shown in Fig. 37. The Zn
precursor process (CVD) provides a higher Er’* PL intensity, which is consistent with the
observation of better Er diffusion and oxidation in the shell because of a less dense Zn
coating. An Er preannealing process (500 °C in O, for 30 min) was necessary to increase

Er*" PL intensity before Zn deposition, presumably due to formation of more Er-O species.

Zn source
1.0 b == 2ZN precurso
A —2Zn granule

Normalized PL Intensity
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o
M
1
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Figure 37. PL of annealed Zn/Er/Ge NWs at 700 °C in O; for 30 min. (Ax=488 nm)

In collaboration with Prof. Yuri M. Strzhemechny of the TCU Physics Department,
UV/visible PL measurements were employed to assess the photophysical properties of
ZnO formed on the surface of core-shell NWs (Fig. 38). The ZnO UV/visible spectrum
of ZnO/Er/Ge NWs with ZnO surface coating by a PVD process (the black trace in Fig.
38) exhibits ZnO near-band-edge (NBE) ultraviolet emission and a deep-level trap
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feature at 3.30 eV (375 nm) and 2.25 eV (550 nm) respectively, while the spectrum from
ZnO/Er/Ge NWs modified by a CVD process (the grey trace in Fig. 38) displays a
different spectrum with intensity in the 2.4~2.9 eV range, but without any distinctive

28328 the broad peak in the gray

ZnO NBE features. By comparing with the literature,
spectrum was attributed to the blue-green emission of Zn,GeO4, which correlates to

oxygen defects.

1E-10 4

PL intensity

1E-11 4
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Figure 38. Room temperature ZnO UV/visible PL for Zn/Er/Ge core-shell NWs with
surface modification by Zn precursor and granule, respectively. (Aex=325 nm)

In order to enhance both Er’” and ZnO PL intensity of ZnO/Er/Ge NWs prepared by a
CVD method, one strategy is to increase the mass of Zn precursor applied. When the

concentration of Zn is up to ~40% (wt) on the NWs, the thicker Zn layer can form more
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ZnO phase on the surface of ZnO/Er/Ge NWs, which contributes to an enhanced light
emission in the visible as shown in Fig. 39, even though some of it likely forms Zn,GeO4
with Ge core during annealing. The spectra in Fig. 39 reveals that there could be an energy
transfer from ZnO to Er’" ion because of the enhanced emission intensity above 520 nm in
the spectrum of ZnO/Er/Ge NWs in Fig. 39, consistent with possible upconversion in the

visible. Such a drop could not be observed in ZnO/Ge NWs without Er’" jons.
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Figure 39. Fluorescence microscopy spectra of ZnO for Zn- and Zn/Er-modified Ge
core-shell NWs. Annealing temperature: 500 °C in O; for 1h. (A=370 nm)

ZnO/Er/Ge NWs with a thick Zn layer (100 mg Zn precursor, CVD) exhibit strong
Er’"PL intensity at 1.54 um after annealing at 700 °C in O, for 1 h as shown in Fig. 40a. At
a cost of higher Er’” & ZnO light emission, the discrete core-shell structures of Ge NWs
were lost. For Zn/Er/Ge NWs, the thickness of outer Zn coating has no remarkable effect
on Er’” PL intensity. For example, strong Er’* PL can also be observed, even with a thick
Zn coating by using 200 mg Zn precursors (Zn concentration ~60%wt).
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In this work, the impact of Er location on Er’” PL is investigated based on

Zn/Er-modified Ge NWs prepared by the CVD process. ZnO/Er/Ge NW sandwich

structures (Er in the middle layer) provide higher Er’* PL intensity than Er/ZnO/Ge NWs

(Er layer located on the surface) as shown in Fig. 40b.
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Figure 40. (a) Er’" PL spectra of ZnO/Er/Ge nanowires excited by 488 nm laser at
different powers. (Zn 30%; Er 2.5%; Ge 67.5%). (b) Er* PL spectra of ZnO/Er/Ge and
Er/ZnO/Ge nanowires excited by 488 nm laser. (Zn 30%; Er 8%; Ge 62%).

In ZnO/Er/Ge sandwich structures (CVD route), it is found that 2~3% (wt) Er

concentration provided the best light emission in terms of PL intensity and line shape (Fig.

40a). Poor or no PL could be obtained in the condition of Er concentration less than 1%

(wt). A strong PL signal with good line shape can still be observed without quenching

from the sample with very high Er concentration (20%wt) as shown in Fig. 41a. Such a

concentration-dependent Er’* PL can also be observed in Er/Zn0O/Ge NW structures (Er on

the surface).
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The Er’* PL excitation mechanism can be probed by measurements of excitation

spectra at excitation wavelengths of 476, 488, 496, 502 and 514 nm. The typical Er’*

PLE spectrum is shown in Fig. 41b. The highest Er’* PL intensity observed at 488 nm and

an ascending at 514 nm excitation wavelength confirm a direct excitation pathway in this

work, because erbium ions can be directly excited into ligand field states when 488 and

514 nm wavelengths are use
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Figure 41. (a) Er’" PL spectra of ZnO/Er/Ge nanowires with high Er concentrations (Zn
12%; Er 20%; Ge 66%), excited by 488nm laser at different powers. (b) the corresponding
PL excitation spectrum. Annealing temperature: 700 °C (1 h).
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2.3 Summary

This chapter describes processes to fabricate ZnO/Er-modified GeNWs and their
corresponding structural characterization. GeNWs grown on Si wafer or graphite cloth
substrates are synthesized by physical vapor deposition (PVD). Although graphite cloth
provides a better mass transfer environment for GeNWs growth with high yield and
quality than Si wafer, it can react with O-containing species and affect the formation of a
uniform core-shell structure in the CVD method. The carbon reduction property of
graphite also makes Zn hard to oxidize during annealing.

Furthermore, the nature of Zn source had significant impact on the crystalline
structure and photophysical properties of ZnO/Er/Ge NWs. In the Zn granule process
(PVD), Zn/Er/Ge NWs can provide high composition of ZnO in the surface during
annealing by inhibiting Ge diffusion towards the shell and zinc germanate formation,
which is helpful to ZnO UV/visible PL. The Zn precursor surface deposition process
provided more appropriate conditions to form Zn,GeO4 which is useful to enhance Er’™
PL, but diminishes ZnO luminescence. Dual wavelength light emission is observed in both
processes. Heavily ZnO coated Er/Ge NWs (Zn precursor) exhibit very impressive Er’~
and ZnO UV/visible PL. Evidence for energy transfer from ZnO to Er at wavelength 520
nm was observed. It is found that 2~3 % (wt) Er concentrations and the Zn/Er/Ge

sandwich structure were preferred for dual wavelength light emission.
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CHAPTER III.

Dual Wavelength Emissive ZnO Tetrapods: Effects of

Erbium/Germanium Modification
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3.0 Overview
The higher exposed surface area of ZnO in nanostructured form is providing
interesting phenomena of relevance to energy conversion, spintronics, piezobased devices,

108,112,115,123

and other applications. ZnO tetrapods (TPs) are one intriguing variant in this

regard, with a controllable morphology based on a single crystal core.'**'**

To improve the properties of electrical and optical devices, doping is a necessary
strategy. As a promising host material for Er**, ZnO provides erbium with an oxygen
coordination sphere which 1is helpful to an efficient Er-based near-infrared

photoluminescence (PL)."**">*"8 Er-

doped ZnO films have proven to be reliable materials
for light-emitting diodes, laser diodes, and optical amplifiers operating at 1.54 pum, as well
as electrode materials for carrier injection because of their high electrical conductivity and
tralnspalren(:y.262'264

In this Chapter, the results of experiments involving the synthesis of ZnO TPs by
heating Zn granules in air are described. Er’" ions are then introduced onto the surface of
ZnO tetrapod structures by chemical vapor deposition (CVD). Since previous reports have
noted the ability of oxidized germanium species to improve the near-IR PL intensity of
Er-doped Ge nanowires (NWs) as well as Er-doped SnO, nanofibers,”” Ge was deposited
via vapor transport onto the surface of Er’’/ZnO TPs to generate an analogous enhancing
effect. As prepared samples were characterized by scanning electron microscopy (SEM,

JEOL-6100) with X-ray energy dispersive spectroscopy (EDX) system attached, high

resolution transmission electron microscopy (HRTEM, JEOL-2100) and X-ray diffraction
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(XRD, Philips-3100). All PL spectral measurements were carried out using the

instrumental set-ups described in Chapter II.

3.1 Experimental Methods
3.1.1 ZnO TP fabrication

ZnO TPs were grown by ZnO in air without any carrier gas or catalyst. An alumina
boat loaded with 80~110 mg Zn particles was placed inside the quartz reactor with one
sealed end (see Fig. 42). Another boat was placed in the reactor at a distance of 1~3 cm
away from the Zn source boat to collect the ZnO TPs products. White ZnO TPs were
formed on the collection boat while the temperature of the reactor was heated to ~990 °C

at a ramp rate of ~30 °C /min; the reactor temperature remained at 990 °C for 20~30 min.

Figure 42. Schematic view of the setup for ZnO TP fabrication.
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3.1.2 Er-doping and Ge surface modification

The incorporation of Er on the surface of TPs is achieved through the chemical
vapor deposition of Er(TMHD)s. The setup has been introduced in Chapter II (Fig. 19a).
An alumina boat loaded with ZnO TPs (10-20 mg) was placed in a quartz tube reactor
(of 24 mm inner diameter) heated by a ceramic furnace up to 500 °C (at a rate of 30
°C/min). The Er precursor (20 mg) was heated to ~145 °C (also in an alumina boat), and
the vapor was carried downstream by He gas with a flow rate of 300 sccm to the furnace,
with the distance between the precursor boat and the tetrapod-containing alumina boat
set at approximately 6 cm. Ge deposition was fulfilled via the heating of Ge powder (15
mg) at 990 °C in helium gas (300 sccm) for 1 h, followed by cooling downstream to
form a Ge layer on the surface of Er-doped or undoped ZnO TPs. A Ge source to

tetrapod container separation again of 6 cm was maintained.

3.2 Results and Discussion
3.2.1 Zn granule size and mass dependence on the fabrication of ZnO TPs

In the ZnO TP fabrication process, Zn granules were evaporated at ~ 990 °C. With
an increase of Zn concentration in the gas phase, Zn vapor diffused towards the open end
of the reactor and reacted with O, to form ZnO TPs in the low temperature area (~670
°C, measured by thermocouple.). Usually 90 mg of Zn could produce ~15 mg ZnO TPs
(13% yield). Most of the Zn (~87%) formed ZnO powder and still stayed in the Zn

source boat. Zn granule size was an important factor to the success of ZnO TP
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fabrication. A high surface area Zn powder (200 mesh) did not provide ZnO TP products
because the surface of those small particles have been covered by a thick ZnO layer
during the increasing temperature stage, which hindered the Zn evaporation rate.
Therefore, the amount of Zn vapor in the gas phase could not reach the required
concentration in the low temperature area to form ZnO TPs. Zn granules with 3~5 mm
diameters were preferred to synthesize ZnO TPs in this work. Typical ZnO TPs are
shown in Fig. 43a and b. The arms are ~32 um. If the Zn granules were larger than 5 mm
in diameter, a white ZnO shell could be left on the source boat after Zn evaporation. The
surface morphologies of the interior of the Zn granule remaining after the conclusion of
the experiment is shown in Fig. 43c, while the exterior granule surface was covered by
Zn TPs (Fig. 43d) with arm lengths of ~10 pm.

The amount of Zn used has significant effects on the morphology of ZnO TPs for a
given reaction system. If the Zn mass was less than 80 mg, only ZnO powder formed due
to low Zn vapor concentration in air phase. A large number of ZnO particles, sheets,
polypods and tetrapods generated in very high concentrated Zn vapor from large mass of
Zn evaporation (>130 mg). Such effects are illustrated below from Fig. 44 to Fig. 47,
corresponding to 172, 130, 110 and 93 mg of Zn reacting at 990 °C for 30 min,

respectively.
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Figure 43. SEM images of (a) (b) representative ZnO TPs at different magnifications; (c)
the interior surface morphology of ZnO shell; and (d) outer surface of ZnO shell covered
by ZnO TPs. Scale bars: (a) 100 pm, (b) 10 um, (¢) 50 um, and (d) 50 um.
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Figure 44. SEM images of ZnO TPs (172 mg Zn, 990 °C, 30 min). Scale bars: 5 um
(left), 10 um (right).
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Figure 47. SEM images of ZnO TPs (93 mg Zn, 9
(left), 50 um (right).
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90 °C, 30 min). Scale bars: 10 pm
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These images suggest that a large number of ZnO beads and sheets are formed in
conditions with high Zn vapor concentration (or relatively low O, concentration). In the
given setup, ZnO TPs were not found on the collection boat if Zn mass was lower than
90 mg. However, if the reaction temperature is increased to 1010 °C, ZnO TPs could also
be produced with Zn amounts smaller than 90 mg as shown in Figs. 48 and 49.
Compared with reactions at 990 °C, ZnO TP morphologies were more sensitive to the
amount of Zn mass used. A large number of ZnO TPs with small size were produced due
to a faster growth rate induced by high temperature. ZnO TPs products could not be
found if the temperature was lowered to 980 °C. The arm length of TPs usually ranges
from 10~30 pm. A weak explosion could be observed with sound and light if Zn
masses over 200 mg were used. It provided a pressure to send small Zn TPs ~20 cm far
away from the collection boat toward the outside of the furnace as shown in Fig. 50.

The smallest arm length could be even less than 1 um.

Figure 48. SEM images of ZnO TPs (89 mg Zn, 1010 °C, 30 min). Scale bars: 10 um
(left), 5 um (right).
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Figure 49. SEM images of ZnO TPs (81 mg Zn, 1010 °C, 30 min). Scale bars: 20 pm
(left), 50 um (right).
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Figure 50. SEM images of ZnO TPs with small sizes (explosion, 920 °C, 1 min). Scale
bars: 10 um (left), 1 um (right).

The morphology of ZnO TPs is also location-dependent along the deposition area.
The sharp arm of ZnO TPs always correlated with a relatively higher concentration of O,
in the deposition area close to the open end of the reactor. ZnO sheets or thick arm TPs
(Fig. 51) formed more frequently towards the furnace center, along with a decreasing O,
concentration, according to SEM images of ZnO TPs sampled from different deposition

arcas.
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Figure 51. SEM images of ZnO TPs with rod-shaped arms. (a) 95 mg Zn, 990 °C, 30
min; (b) 122 mg Zn, 990 °C, 30 min. Scale bars: 20 um (left), 50 um (right).

3.2.2 Er and Ge surface modification

In this work, two kinds of doped structures were fabricated. One has an Er-doped
layer introduced between the Ge coating and the ZnO TP core (hereafter referred to as
Ge/Er’*/Zn0 TPs). The other structure has a Ge middle layer acting as a sandwich between
the Er and the ZnO TP core (hereafter described as Er’*/Ge/ ZnO TPs). When imaged by
SEM, the tetrapod morphology shows no remarkable change after a typical incorporation
of 1-3 wt% Er (Fig. 52). In terms of composition, energy dispersive X-ray (EDX) spectra
show varying amounts of the expected elements as a function of location in the tetrapod,
due to the differences in ZnO thickness in the central area and legs. For example, typically
the Er or Ge concentration at the tip of a leg is about 2-3 times that observed near the
center of the tetrapod. Under conditions of extended Ge exposure (~25 wt % in the central

area), the ZnO TPs surface remains relatively smooth at low magnification (Fig. 53).
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Figure 52. SEM image and EDX of representative ZnO TPs
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Figure 53. SEM images and EDX of representative ZnO TPs coated with 25%(wt) Ge.
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The two Er-doped TPs structures containing Ge have similar morphologies. The

image of Ge/Er’’/ZnO TPs and the corresponding EDX spectrum (Fig. 54) show the

presence of ~1.5% Er and ~8% Ge in central areas after 1 h of annealing at 900 °C in O,.

Some slight charging is observed after such treatment.
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Figure 54 SEM image and EDX of representative Ge/Er’"/ZnO TPs (after 1h annealing
at 900 °C in O;). The labels of (1), (2) and (3) on the EDX spectra and analysis
correspond to the three investigated points in the SEM image. Scale bar Sum.
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3.2.3Zn0O TP morphologies characterized by TEM

TEM images revealed that ZnO TPs have smooth surfaces before Ge/Er
modification. The size of arm tips could be diverse due to growth conditions as shown in
Fig. 55a and Fig. 56a. HRTEM images prove that the tips of ZnO TPs have a preferential
growth direction along the (002) plane according to d-spacing measurements (0.266 nm)
in both Fig. 55b and Fig. 56b. With the surface modification by Ge/Er and annealing in
0O, at 900 °C for 1h, some measurable surface roughness and associated protuberances
were observed upon deposition of Er and Ge of 20-30 nm thickness. The morphology

increases the surface area and possibly plays a role in the enhancement of the quantum

+ 285,2
3 PL. 85,286

efficiency of the Er

Figure 55. (a) TEM images and (b) HRTEM images of a tip surface of ZnO TPs. The
inset shows the tip images at low magnifications.
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Figure 56. (a) TEM image and (b) HRTE images o a tip surace of ZnO TPs. The
red circle in the inset shows the area selected for zoom in.

Figure 57. TEM images of the rough surface of Ge/Er’’/ZnO TPs at different
magnifications.

HRTEM images show that Ge and ZnO have formed a zinc germanate (Zn,GeOs)
phase on the surface of Ge/Er’*/ZnO TPs during annealing. The zinc germanate in Fig.
58 was present in a separate phase with clear boundaries to neighboring ZnO crystalline

phases. They could also be present in as a mixture of phases as shown in Fig. 59. A Fast
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Fourier Transform (FFT) image (the inset in Fig. 59) indicates that ZnO (100) and

Zn,GeOy4 (116) planes share the same spots labeled by a white circle.

Figure 58. (a) TEM image of a tetrapod arm exposed to Ge vapor, followed by an Er
precursor. (Inset: FFT image). (b) HREM image showing the lattice features associated
with ZnO and Zn,GeOs.

Zn2Ge04 (116)

ZnO(lOO)‘>D +
: A

Figure 59. HRTEM images of Ge/Er’*/ZnO TPs with a mixture of crystalline
composition of ZnO and Zn,GeOy,. Inset: FFT of this corresponding lattice image.
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3.2.4 XRD Spectra

XRD spectra (Fig. 60) show an enhancement of crystallinity after the annealing
temperature was increased from 700°C to 900°C. For the Er’*/Ge/ZnO sample, some
weak peaks are identified, suggesting the possible presence of Er,O;3(111) (26 = 30°),
Zn,GeO4 (20 ~ 30.54° and 33.06°), and GeO, (20 =~ 26.94°).**?% The Ge/Er/ZnO

structure does not exhibit these peaks, presumably because of relatively lower Ge/Er

concentrations.
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Figure 60. X-ray diffraction pattern of Er & Ge modified ZnO TPs after annealing at
different temperatures.

3.2.5 Room Temperature Er** Photoluminescence Spectra

Because no PL spectra could be achieved at room temperature from Ge/Er’/ZnO
TPs annealed at 700 °C, it is necessary to employ a relatively high temperature anneal

(900 °C) to sufficiently activate the Er’* PL at 1540 nm luminescence associated with the
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(41 13/2—>4115/2) transition; the PL spectrum is shown in Fig. 61. This annealing condition is
likely a consequence of the relative strength of the polar Zn-O framework and the energy
required to allow insertion of Er-oxo species into the surface layers. Such treatment
provides the necessary noncentrosymmetric oxygen-rich coordination environment for

optical activity.
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Figure 61. Room temperature Er’" PL from Er’*/ZnO TPs (~2.5 wt% Er) annealed at
900 °C in O, for 1 h. Excitation wavelength: 488 nm.

After the sample in Fig. 61 was deposited with ~10% Ge and annealed at 900 °C in
O, for 1h, the PL of Ge/Er’"/ZnO was greatly improved in terms of intensity and
line-shape as shown in Fig. 62a. The PL intensity of Er-doped ZnO TPs increases by ~10
times after Ge deposition. A result of direct excitation of Er’ " was confirmed by excitation

wavelength dependence experiments when excitation wavelengths were changed from
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476 nm to 514 nm (Fig. 62b). This is expected as a consequence of the oxygen-rich

environment and subsequent complete oxidation of the germanium to an insulating matrix.
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Figure 62. Room temperature Er’* PL from Ge/Er’*/ZnO TPs (a) Annealed at 900 °C in
O, for 1h. The excitation powers were 200 mW (solid line) and 400 mW (dashed line),

respectively. (b) Photoluminescence excitation. Excitation wavelength: 488 nm.
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Figure 63. Room temperature Er’* PL from Er’/Ge/ZnO TPs (a) Annealed at 700 °C in
O, for 1h. The excitation powers were 200 mW (solid line) and 400 mW (dashed line),
respectively. (b) Annealed at 900 °C in O, for 1h. The excitation powers were 100 mW

(solid line) and 200 mW (dashed line). Excitation wavelength: 488 nm.
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Er’*/Ge/ZnO TP structures exhibit weak light emission at 1540 nm after annealing at
700 °C (Fig. 63a). By increasing the annealing temperature to 900 °C, Er’" PL obtains
improvement as expected (Fig. 63b), in terms of the PL intensity and lineshape. These
results indicate that incorporation of Ge increases PL efficiency in this system. A
possible reason is that it permits increased solubility of the rare earth ions relative to that

of the zinc oxide surface (thereby reducing Er-Er interactions and associated

self-quenching).
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Figure 64. Room temperature photoluminescence spectra of ZnO TPs with doped
structures: (a) Er'/Ge/ZnO; (b) Ge/Er’/ZnO with preannealing applied in O, for 1 h
before Ge deposition; (c) Ge/Er’/ZnO without preannealing; (d) Er’"/ZnO. All spectra
were excited by a laser power of 200 mW, and all samples have been annealed in O, at
900 °C for 1 h.

For the Ge/ Er’*/ZnO structures, a preannealing step (700 °C, 1 h) applied before Ge

deposition is slightly helpful in increasing the Er’* PL intensity as shown in Fig. 64.
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Switching the order of addition of Ge and Er’" has a much more significant effect on Er’*
emission intensity; Ge exposure, followed by Er'', yields a more intense variant,
presumably because of more efficient excitation higher pump efficiency without shielding
from Ge or its oxide. This is expected as a consequence of the oxygen-rich environment
and subsequent complete oxidation of the germanium to an insulating matrix. It is also
interesting to note that the Er’* PL associated with ZnO TPs apparently shows more Stark

26129 representing a lower symmetry of Er'* sites in the host matrix and higher

splitting,
coordination numbers. A blue shift of the peak at 1540 nm was observed with a maximum

value of 11 nm, especially with Ge deposition.

3.2.6 UV/visible photoluminescence measurements

Again, with the assistance of Yuri M. Strzhemechny, UV/visible PL measurements
were used to assess the impact of erbium and germanium incorporation on the
photophysical properties of ZnO TPs. The PL of ZnO typically includes near-band-edge
(NBE) ultraviolet emission and deep-level trap features (usually broad peaks in the visible
region). ZnO TPs show three low-temperature NBE emission lines at 3.367, 3.315, and

3.226 eV, and one or more peaks in the visible.'**'" **!

In the studies reported here,
intense deep defect emission appears at ~2.4 eV in both room and low temperature PL

spectra (Fig. 65a). One relatively weak near-band gap emission broad peak was observed
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at 3.163 eV in the room temperature PL spectrum. By contrast, low temperature PL

spectrum shows 5 peaks from 3.021 to 3.357 eV that can be assigned to surface

261,292

defect-related excitation and bound exciton complexes. The presence of the Er’* ions
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Figure 65. UV/visible PL spectra of ZnO TPs at room temperature and low temperature
(8K) for (a) Undoped ZnO TPs; (b) Ge/Er-doped ZnO TPs; (¢) ZnO, Er-doped ZnO and
Ge/Er-doped ZnO TPs.

demonstrates a quenching effect on the ZnO band-edge emission (Fig. 65b). Most
significantly, it is noteworthy that a relatively weak adsorption structure appears at 2.383
eV (520 nm) after Er’" deposition. The adsorption is caused by Er’* doping and is

enhanced by Ge deposition (Figs. 65b,c); the increased intensity of this feature with Ge
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incorporation also directly correlates with the enhanced Er’* PL intensity observed in this
type of structure in Fig. 64. The fact that the absorption structure is relatively insensitive to
temperature from 8 K to room temperature confirms the intrashell nature of this transition.
The energy transfer from ZnO to Er’* ions can probably be associated with the 2H11/2 level
because of a second order cooperative upconversion interaction between Er’" ions in the

4|1 112 state (populated from the 4I9/2 state) and ZnO. 256,293,294
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3.3 Summary

In this chapter, ZnO TPs were fabricated by Zn granule evaporation in air at ~990°C
in a one-end-sealed quartz reactor. The amount of Zn granules used as source
significantly affects the morphology and size of ZnO, which correlates to oxygen
concentration. The arm size of ZnO TPs (shorter but bigger) and the amount of ZnO
sheets produced could be increased considerably in a gas phase with high Zn vapor
concentration or low O, content. It implies that the morphology of ZnO TPs is
location-dependent along the deposition area.

Furthermore, Er’’ ions, both with and without a germanium (Ge) sensitizer layer,
have been introduced onto the surface of ZnO tetrapod structures. Such structures,
characterized by electron microscopy and X-ray diffraction, are found to emit at both the
UV/ visible and near-infrared as a consequence of the presence of ZnO/ Er’". Considerable
enhancement of Er’* PL was made possible by Ge deposition, with the most significant
enhancement observed when the erbium ions are deposited closer to the outer surface
(Er’*/Ge/Zn0O). Energy transfer between ZnO and Er’* took place with a wavelength of
520 nm verified by ZnO PL spectra, with Ge deposition again facilitating the process.

It is also interesting to note that the Er’~ PL associated with ZnO TP apparently shows
more Stark splitting than other system we have investigated. With the change of surface
optical structure, a blue shift was observed in the Er PL at 1540 nm with a maximum of 11
nm. The possible utility of these and related types of structures in energy conversion and

photonics warrants further investigation.
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CHAPTER IV.

Emissive Er/ZnQ/ Silicon and Germanium Oxide

Nanofibers Derived from an Electrospinning Process
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4.0 Overview
The incorporation of optically active erbium ions into oxide matrices is a targeted
component of a long-term strategy toward the fabrication of integrated optoelectronic

272

circuits operating at 1.5 pm.”’” Previous workers in our laboratories have fabricated

. . .. . . 3+ .
various erbium-containing Si or Ge nanostructures with strong Er 0n

- 268-273
photoluminescence.

Ji Wu in our group reported a facile method to fabricate strongly
emissive SnO, nanofibers containing erbium ions in relatively high concentrations by
combining electrospinning techniques and sol-gel processing.””” His further work revealed
that an oxidized Ge layer, as sensitizer deposited onto Er-doped SnO, nanofibers, could
result in a significant enhancement (~2 orders of magnitude) of the room-temperature
luminescence at 1540 nm due to a carrier mediated excitation process.*”

In Chapters III and IV, surface modification of nanostructures based on Er-doped
Ge nanowires and ZnO tetrapods was investigated. Both Er’” and ZnO photoluminescence
(PL) can be observed from such structures, the properties of which depend upon the
surface crystal structure involving alloy formation of zinc germanate. The presence of Ge
in these nanostructures can enhance Er’” PL remarkably, while ZnO does not provide
similar enhancement to Er’* PL, only providing its own light emission in the UV/Visible
range. However, the weak absorption features in ZnO visible PL spectra at 520 nm

suggested the presence of energy transfer from ZnO to Er’*, which implies a complex

interaction between such species in these nanostructures containing Er, GeOx and ZnO.
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In this Chapter, E1/Si0,/Zn0O and Er/GeO,/ZnO nanofibers (stabilized by PVP or PEO)
were fabricated to further investigate the impact of ZnO on Er’” PL. Solutions containing
Zn, Er and Si/Ge precursors undergo various forms of hydrolysis and polycondensation
reactions during electrospinning to form the metal or semiconductor oxide. Compared to
VLS methods, electrospinning is an efficient process to fabricate 1D nanoscale materials
in high yield. In principle, sol-gel methods can provide precise control of the composition
of solid state products. A homogeneous distribution of elements, especially the dispersion
of Er'", is conducive to the formation of Er-O complexes and the reduction of Er
agglomeration, which strongly influences the intensity of Er’" photoluminescence (PL).>*

Nanofiber products were characterized by a combination of SEM, TEM, EDX, XRD and

PL measurements, as described in previous chapters.

4.1Experimental Methods
4.1.1 Fabrication of Er-doped SiO,/ZnO PVP nanofibers

To prepare Er-doped SiO,/ZnO PVP nanofibers, typically 045 ¢
polyvinylpyrrolidone (PVP, 0.60 g, Mw = 1.3 M, Aldrich) and 0.14~0.28 g zinc acetate
hydrate (Gelest) were dissolved into 3 ml MeOH (99.99%, Pharmco) to form solution I (as
shown in Table 2), and then 0.007~0.050 g Er(III) i-propoxide (99.9%, Strem) and 1.3~2.2
ml tetraethyl orthosilicate (TEOS, 98%, Aldrich) were dissolved into a mixture of 1.0 ml

MeOH and 0.5 ml acetic acid (Mallinckrodt AR) to form solution II. Solution I and solution
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IT were mixed by vortex shaking. The mixture was then loaded into a glass syringe
equipped with a 21 gauge stainless steel needle for electrospinning (Fig. 15). A 25 kV
accelerating voltage (DC) was applied to the solution through the metal needle, 15 cm
away from a drum covered by a piece of aluminum foil for the fiber collection.

As-fabricated nanofibers were exposed to air for complete hydrolysis for 24 h.

Table 2. Typical compositions of Er-doped SiO,/ZnO PVP reaction mixtures.

Er concentration (%wt) in nanofibers measured by EDX
16 9 3
Sol-1 Sol-IT Sol-I Sol-1T Sol-1 Sol-II
PVP (g) 0.45 0.45 0.45
MeOH (ml) 2.0 1.0 2.0 1.0 2.0 1.0
3.0 3.0 3.0
Zn precursor (g) 0.28 0.14 0.28
HOACc (ml) 0.5 0.5 0.5
Er precursor (g) 0.05 0.020 0.0070
TEOS (ml) 1.34 2.2 2.2
Mass of Si (g) 0.25 0.4 0.4
Mass of Zn (g) 0.083 0.042 0.083
Mass of Er (g) 0.021 0.0097 0.0034
Er concentration (%wt) 59 2.1 0.6

4.1.2 Fabrication of Er-doped GeO,/ZnO PEO nanofibers

To prepare Er-doped GeO,/ZnO nanofibers, typically 0.02~0.1 g poly(ethylene
oxide) (PEO, Mw=900,000, Aldrich) was dissolved into 3 ml CHCl; (99.5%, Pharmco) to
form solution I, and then 0.005~0.025 g Er(Ill) i-propoxide (99.9%, Strem), 0.07 ml
tetracthoxygermane (TEOG, Gelest), and 0.14 g zinc acetate hydrate (Gelest) were

dissolved into a mixture of 2.0 ml MeOH (99.99%, Pharmco) and 0.5 ml acetic acid
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(Mallinckrodt AR) to form solution II. Solution I and solution II were mixed by vortex
shaking and then used for electrospinning. The electrospinning setup was the same as
described above. Such mixtures typically provide 1~6%wt Er and 7~16%wt Zn
concentration in as-fabricated nanofibers, which is comparable to the elemental

composition for a typical Er/ZnO-modified core-shell GeNW described in Chapter I1.

4.1.3 Fabrication of Er/ZnO/ Si and Ge oxide nanofibers

As-prepared nanofibers need to be annealed in O, for 2~8 h at temperatures of 500,
600, 650, 700, or 900 °C before PL measurements. The polymer template was
decomposed during annealing, and the annealing can also significantly enhance the Er’*
PL intensity due to the reduction of Er-Er interactions and additional oxygen insertion

reaction.

4.2 Results and Discussion
4.2.1 Characterization of Er-doped SiO,/ZnO PVP nanofibers
4.2.1.1 Morphology of Er-doped SiO,/ZnO nanofibers
SEM images of Er-doped Si0,/ZnO nanofibers are shown in Fig. 66a with a ratio of

Er:Si:Zn ~ 16:49:35 (%wt). The average diameter of these nanofibers is ~180 nm and the
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histogram of the corresponding size distribution is shown in Fig. 67. The morphologies of
nanofibers became bent and some fused together after annealing in air for 1h at 500, 600 or

650 °C as shown in Figs. 66b, ¢ and d, respectively.

! e A ‘1_ 2 b
Figure 66. SEM images of Er-doped SiO»/ZnO PVP nanofibers (16 wt % Er concentration)

before annealing (a) and after annealing in air for 1h at (b) 500 °C, (c¢) 600 °C, (d) 650 °C.
All scale bars are 5 pm.
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Figure 67. Histogram representing the size distribution of Er-doped SiO,/ZnO PVP
nanofibers without annealing.
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4.2.1.2 PL spectra of Er-doped SiO,/ZnO nanofibers

Fig. 68 shows the annealing temperature dependent Er’* PL spectra of Er-doped
Si0,/ZnO PVP nanofibers measured at room temperature. The PL intensity from a sample
annealed at 650 °C is enhanced by 85% relative to one annealed at 600 °C and ~1400%

compared to one annealed at 500 °C.
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Figure 68. Er’" ion PL spectra of Er-doped SiO,/ZnO nanofibers at different annealing
temperatures (Er:Si:Zn =16:49:35, %wt).

4.2.1.3 Carrier-mediated photoluminescence

Erbium PL excitation spectra of Er-doped Si0,/ZnO nanofibers are shown in Fig. 69.
Spectrum B shows a steady diminution of Er’" PL intensity excited by increasing
excitation wavelength ranging from 476 to 514 nm. The normalized PL intensity for
Er-doped Ge NWs as a function of excitation wavelength suggests a type of

carrier-mediated pathway.”’>*®® Spectra A also reveals a similar excitation wavelength
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dependence as spectrum B, except for a little lower PL intensity when excited by the 488
nm line, which also implies the presence of carrier-mediated excitation. Since erbium ions
can be directly excited into ligand field states when 488 and 514 nm wavelengths are used,
spectrum C of Fig. 69 shows a direct excitation pathway due to higher Er’” PL intensity
observed by using 488 nm and 514 nm excitation. Considering the earlier observation that
spectra B and C are from samples with similar composition, the enhanced PL efficiency at

514 nm could result from the higher annealing temperature of 600 °C.*">
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Figure 69. PL excitation spectra of Er-doped SiO,/ZnO nanofibers with (a) the
composition of Er:Si:Zn =4:61:35, annealing temperature:700 °C. (b) Er:Si:Zn =10:35:54,
annealing temperature:500 °C. (c¢) Er:Si:Zn=10:38:52, annealing temperature: 600 °C.
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4.2.2 Characterization of Er-doped GeO,/ZnO PEO nanofibers
4.2.2.1 Morphology of Er-doped GeO,/ZnO PEO nanofibers

Although PVP proved to be a good host material for the fabrication of Er-doped
Si0,/Zn0O nanofibers, it is not compatible with TEOG in this case due to gel formation
during the mixing process. PCL (polycaprolactone, Mw=65,000, Aldrich) can be used to
fabricate Er-doped GeO,/ZnO nanofibers, but it requires longer times (2~3 h) to dissolve
into CHCI;. In contrast, PEO dissolves readily in methanol, and is miscible with the other
sol-gel precursors. SEM image and an EDX spectrum of Er-doped GeOy/ZnO PEO
nanofibers are shown in Fig. 70a before annealing. Their morphologies (average diameter
~400 nm) did not change significantly after annealing at 600 °C in air for 4 h (Fig. 70b).
After annealing at higher temperature (700 °C), Er-doped GeO,/ZnO PEO nanofibers
fused together with increased sizes (average diameter ~540 nm) and the network structures
formed as shown in Fig. 70c. EDX spectra indicated that the composition of as-fabricated

nanofibers remains relatively constant before and after annealing.
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Figure 70. SEM images of typical Er-doped GeO,/ZnO nanofibers. (a) Before annealing;
and after annealing in air for 4 h at (b) 600 °C and (c) 700 °C. All scale bars are 5 um. (d)
EDX spectrum of Er-doped GeO,/ZnO nanofibers before annealing. The ratio of
nanofibers (Er:Ge:Zn) is 19:75:6 (wt).

In order to reduce the fusion of nanofibers caused by melting during annealing, one
approach is to decrease the mass of polymer used relative to the mass of Zn/Er/Ge
precursor used, which relatively increases the proportion of precursors to polymer. An
associated advantage is that the diameter of as-prepared nanofibers could be decreased.
Fig. 71 shows the size distribution of Er-doped GeO/ZnO PEO nanofibers as a function of
PEO concentration. The average diameters of nanofibers are 400 nm, 510 nm, and 1.2 um,

corresponding to masses of PEO used of 0.02, 0.04 and 0.1 g, respectively.
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Figure 71. Histogram representing the size distribution of Er-doped GeOyx/ZnO
nanofibers with the different PEO mass used.

4.2.2.2 Photoluminescence spectra of Er-doped GeO,/ZnO nanofibers

Er-doped GeO,/ZnO PEO fibers demonstrate a stronger Er’* PL intensity, which is
surprising given the relatively weak emission of Er/ZnO-modified core-shell GeNWs
described in Chapter II. Fig. 72 shows that the Er'" PL intensity of Er/GeO,/ZnO
nanofibers (2.6% atom Er, annealing at 700 °C for 4 h) excited by a laser power of 10
mW is close to that of Er/Si0,/ZnO nanofibers excited by 100 mW laser power, and 2
times more intense than that of an Er-doped SiO, glass standard sample. The PL
measurement conditions are listed in Table 3. Additionally, a higher Er concentration
(2.6%atom Er) also displays higher Er’* PL intensity by ~20 times than the sample with
lower Er concentration (0.4% atom Er) without obvious Er-Er interaction quenching,

which means that Er** ions have very uniform dispersion in such a nanofiber system. PLE
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spectral measurements also show that the Er PL results from the direct ligand field

excitation in samples having a composition of Er/Ge/Zn ~ 2.6:74.7:22.7 (%atom).
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Figure 72. Er*" ion PL spectra from Er/S10,/ZnO nanofibers, standard Er/SiO, glass, and
Er/GeOy/ZnO nanofibers with different Er concentrations. The composition of samples is

listed in Table 3.

Table 3. The composition of samples in Fig. 72 and PL measurement conditions.

Composition (%atom) Annealing | Excitation
Temperature power
Er Ge Si Zn

and Time (mW)
Er-doped SiO, glass 0.5 | --—--- 99.5 | - | - 100
Er/Si0,/Zn0O 0.9 | - 79.5 | 19.6 100

700 °C
Er/GeO,/ZnO 0.4 79.7 | ------ 19.9 100
4h

Er/GeO,/ZnO 2.6 74.7 22.7 10
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4.2.2.3 XRD Spectra of Er-doped GeO,/ZnO nanofibers

XRD spectra shown in Fig. 73 indicate that the concentration of Er’” in the nanofiber
can influence the crystal structure of GeOy/ZnO. For Er-doped GeOx nanofibers, the
amorphous Ge oxo species have transformed to GeO, crystals after annealing at 700 °C
(Spectrum a in Fig. 73). In the presence of Zn (18%wt), Ge (~81%wt) can form a Zn,GeO4
alloy phase. Spectrum b in Fig. 73 shows that the crystalline phases contain both Zn,GeO4

and GeO; crystals with 1%wt Er content. Compared with spectrum a, spectrum b

Er Content
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Figure 73. XRD spectra of Er/GeO,/ZnO nanofibers (1%wt and 6%wt Er) with same ratio
of Zn and Ge as well as Er/GeOy nanofibers (1%wt Er). All samples were annealed at
700 °C in air for 4 h.

reveals more broad peaks, which means a smaller crystallite size or more strain in this

296,297

system. When the Er content increases up to 6%wt, all characteristic peaks diminish
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(Fig. 73c). Such a sample can provide very strong Er’* PL. This result implies that Er
doping likely hinders crystallization of any new phases. Such a disordered phase
contributes to the reduction of Er-Er interactions and the striking Er’"PL even in very high

Er concentrations e.g. ~18%wt.
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4.3 Summary

In this Chapter, Er/Si0,/ZnO PVP nanofibers and Er/GeO/ZnO PEO nanofibers were
fabricated by electrospinning of selected sol-gel precursor solutions. These types of
nanofibers exhibited strong Er’" near IR photoluminescence at 1.54 pm after annealing to
remove the polymer template.

Photocarrier-mediated excitation processes were frequently observed in Er/Si0,/ZnO
nanofibers, with a composition and annealing temperature dependence. Not surprising, the
Er’" PL preferred a direct excitation mechanism with higher annealing temperature. The
room temperature quenching caused by Er-Er interactions does not have any remarkable
effects on the intensity of Er’* PL in the nanofibers described here, even with very high Er
concentrations (~18% wt) due to well-dispersed Er locations.

GeOy can significantly enhance Er’" PL. The high Er concentration in GeO,/ZnO
nanofibers possibly inhibits crystalline phase formation, which contributes to the more
uniform dispersion for Er (according to XRD spectral analysis). Thus the intensity of Er’®
PL was not diminished by increasing Er concentration, as compared with other literature
reports involving Er-implanted Si systems.”®**® Such an observation is also consistent

with results from Er/ZnO-modified GeNWs in Chapters II and III.
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CHAPTER V

The Fabrication of Fluorine-doped ZnO Nanowires

125



5.0 Overview

One of the most promising applications of doped ZnO nanostructures is with regard
to transparent conductivity. Transparent conductors are materials with low electrical
resistivity (~10* Q.cm) and high transmittance of visible light (>85%).7%% This
standard classifies thin metal films and metal oxide films as the best transparent
conductor materials. However, a large number of free electrons effect the transparence of
metals, thereby the requirement in the thickness of metal film is very strict. Large band
gap semiconducting metal oxides such as indium oxide, cadmium oxide, tin oxide and
zinc oxide can be doped with impurity atoms to reduce their resistivity while retaining
high transparency in the visible spectrum.””® Compared with others, ZnO has several
advantages including non-toxicity, widespread availability from natural sources, and
chemical stability. Al-doped ZnO transparent conductor films have been
commercialized.””" Unlike indium and other Group III elements as p-type dopants in
ZnO, fluorine and other n-type dopants have been studied far less. Fluorine-doped ZnO
is a good candidate to be used as a high quality transparent electrode in solar cell
applications.**

Studies have shown that oxygen chemisorbed on nanocrystal surface— serves as
traps for charge carriers, thus increasing the interfacial potential and lowering carrier
mobility. Doping with halogen atoms can be very effective in preventing oxygen

132,298,299

adsorption on surfaces. For example, an experimental strategy has been

developed for incorporating F ions into ZnO nanocrystalline films via oxidizing ZnF,
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film.*® The results indeed show that the presence of F ions inside and outside of
nanocrystals can effectively eliminate the well-known defect-associated visible emission.
ZnO NWs recently have been investigated intensively for potential applications in

108,130,131,133
o5 However, F-doped

FETs, sensors, solar cells, LEDs, lasers, H,-storage, etc.
ZnO NWs prepared through VLS mechanism have not been reported to our knowledge.
The improved electrical conductivity of ZnO NWs by F-doping is expected to be
conducive for electron collection in solar cells. In this work, F-doped ZnO nanowires were
fabricated by heating the mixture of ZnO powder, ZnF,, and carbon powder (or graphite

N1 Different substrates, including Si wafers,

powder), with or without a carrier gas (Ar).
graphite cloth, and sapphire ( all coated with Au catalyst) were used to grow ZnO NWs.
Furthermore, F-doped ZnO shell/ZnO core nanowires have also been synthesized by
chemical vapor deposition. As-prepared samples were characterized by a combination of
electron microscopies and X-ray diffraction (XRD) as described in previous chapters.

Low-temperature ZnO PL was recorded in the labs of Professor Strzhemechny using the

set-up described in Chapter II.

5.1 Experimental Methods
5.1.1 F-doped ZnO NW fabrication
In this work, two kinds of methods were used to fabricate F-doped ZnO NWs. In the

first one, a one end-sealed quartz reactor is used to grow F-doped ZnO NWs (without gas
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flow). When the temperature of the reactor has reached 880~900 °C, a source loaded
with the mixture of ZnO powder, carbon powder and ZnF, powder (mass ratio, 20:25:1)
was inserted into the reactor (22 mm) and located in the middle of the furnace. Another
boat containing a given substrate (Si, sapphire or graphite cloth, coated with 5~10 nm Au
catalyst) was then pushed into the reactor and left substrates 2~6 cm away from the
compound source. By increasing the temperature to 930 °C and maintaining it for 1h,

F-doped ZnO NWs could be formed on the substrates.

Furnace
Zn0&C

Substrates

Figure 74. Scheme of F-doped ZnO fabrication reactor.

In the second method, F-doped ZnO NWs were synthesized under conditions using
Ar carrier gas (50~190 sccm). The location of compound source and substrates (Si or
sapphire wafer) is shown in Fig. 74 with separation distances of 5~7 cm. A typical mass
ratio (ZnO:C:ZnF,) was 200:30:1. When the reactor temperature reaches 900 °C, O, is

introduced into the system at a flow ratio of 1/40 (relative to the amount of carrier gas).
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The white or gray F-doped ZnO NWs could be found after the reaction when a

temperature range from 900 to 950 °C for 20 min is used.

5.1.2 F-doped ZnO/ZnO core-shell nanowire fabrication

ZnO shells were formed on the ZnO cores by Zn deposition, followed by annealing
in O,. CVD and PVD processes were used to make Zn coating on the surface of F-doped
ZnO NWs, respectively. In the CVD process, Zn precursor (zinc acetylacetonate hydrate,
Gelest) was sublimed at ~140 °C and then decomposed in the furnace (500 °C) to form a
surface layer onto F-doped ZnO NWs. The experimental setup is same as shown in Fig.
19a. In another procedure, 50 mg Zn granules (Aldrich, 100 mesh, 99.8%) were
evaporated at 440~500 °C in He gas (300 sccm), and then Zn vapor cooled down and

deposited onto the surface of F-doped ZnO NWs. The setup is same as shown in Fig. 19b.

5.2 Results and Discussion
5.2.1 F-doped ZnO NWs grown in method I (without carrier gas)
5.2.1.1 On Si or sapphire substrate
As described in Chapter I, ZnO is reduced by carbon to form Zn vapor at high
temperatures, and then Zn is condensed on the substrate at lower temperatures to form

ZnO NWs. However, carbon powder is easily consumed in oxygen-rich surroundings at
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high temperature. The compound source boat had to be inserted into the reactor when the
temperature was ready in method I because one end of reactor is open to air. Usually a
cork stopper was used to seal the reactor after source and wafer boats were placed into
the reactor. Additionally, the ZnF, melting point (872 °C) needs to be considered for the
selection of reaction temperature. The presence of ZnF, vapor is necessary to fulfill
F-doping. Therefore boats were inserted into the reactor at 880~900 °C. The reaction

temperature is important to successfully synthesize nanowires, which is directly related

Figure 75. SEM images of F-doped ZnO NWs in different magnification. Scale bars in
(a) (b) (¢) and (d) are 1 mm, 50 um, 10 um and 50 pum, respectively.

to the vapor composition in the reactor, especially in the region between the sealed end
and the deposition area. Although a wide range of reaction temperatures have been

used(from 680 to 1100 °C) for ZnO NWs fabrication via CVD methods,”>*" the
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optimum temperature is found to be about 930 °C. As-grown F-doped ZnO NWs are
shown in Fig. 75. The average NW diameter is ~440 nm, with sizes ranging from 150 nm
to 800 nm. Increasing amounts of ZnO/C/ZnF, has a remarkable impact on the
morphology of ZnO NWs, including the formation of bigger feature sizes (~1.7 um) in
Fig. 76(a), increasing amount of undesired particles (b), more nanobelts (c) and nanorods
(d). High concentrations of Zn in the gas phase (relative to a lower O, concentration)

always results in larger size, Zn-rich nanostructures.

Figure 76. SEM images of ZnO NWs with large amount of compound sources (100 mg
Zn0O, 50 mg C). Scale bars in (a)(b)(c) and (d) are 20 um, 20 um, 20 um and 10 pm,
respectively.

In this work, the typical amount of ZnO mass used was about 20~40 mg with the

same amount of carbon powder. If the reaction temperature is increased, the deposition
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area can move toward the low temperature area. Such an effect can also be achieved by
increasing the amount of ZnO/C used, which is useful to locate the suitable position for
optimal ZnO NW growth. ZnO NWs only grow in the deposition area near the open end
of the reactor. Toward the sealed end, ZnO formed in the type of nanorods as shown in

Fig. 77. In a reactor containing water vapor, the morphology of ZnO looks flocked (Fig.

78).

the source boat (compound sources: 40 mg ZnO, 30 mg C, 2 mg ZnF, ). Scale bars in (a)
and (b) are 10 um and 50 um, respectively.

s ¥ i = ]
3 Sl 4 AR : PN SR 4
Figure 78. SEM images of flocked F-doped ZnO NWs. Scale bars in (a) and (b) are 20
um and 10 um, respectively.
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In a given reactor, the diameter and the volume contained in the furnace are the most
important parameters, which determine the operational flexibility of experiments. For
example, it is found that if the reaction temperature was higher than 950 °C, large ZnO
microwires (3-9 um) with rough surfaces could be found in the side of deposition area
near the open end of the reactor. A possible reason is that higher temperatures shrink the
effective deposition area, and thus Zn vapor concentrations continuously supply the rapid
growth of ZnO at high temperatures and high O, concentrations to form such microwires

as shown in Fig. 79.

Figure 79. SEM images of micron-scale F-doped ZnO NWs. Scale bars in (a)(b)(c) and
(d) are I mm, 20 pm, 20 pm and 5 pm, respectively.

Nanowires usually have preferential growth directions, e. g. ZnO NWs grow along
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the (001) direction, which can be affected by the substrate used to grow nanowires. ZnO
can grow epitaxially on a- and c-plane sapphire (lattice constant a = 0.475 nm, ¢ =1.294
nm), due to their hexagonal crystal structures and very small lattice mismatch
(<0.08%).""* However, here we did not find any remarkable difference between Si
wafers and sapphire in terms of morphologies of ZnO NWs, perhaps because rapid NW

growth inhibited the epitaxial seeding process.

5.2.1.2 On graphite cloth

Under the conditions utilized, F-doped ZnO NWs grown on Si or sapphire
possessed relatively large widths (~440 nm). Reducing the size of Au catalyst from 10
nm to 2 nm did not generate an effective reduction in NW width. Graphite cloth exhibits
a capacity to limit the size of GeNWs as mentioned in Chapter II, because the curved
surface of graphite fibers hinders the Au diffusion to form big islands. Another
predictable effect is that the reducing surface of graphite fibers could slow down ZnO
NWs growth, for the O, concentration would be decreased by the reaction of graphite
and O,. F-doped ZnO NWs grown on graphite cloth are shown in Fig. 80. F-doped ZnO
NWs display very good coverage and uniform size distribution on this substrate. The
average diameter is ~154 nm, much less than that on Si or sapphire substrates. In areas of
the reactor closer to the source boat, the diameter of ZnO NWs became larger with

needle-like shape, as shown in Fig. 80d. The base of ZnO needles is ~800 nm.
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Figure 80. SEM images of F-doped ZnO NWs grown on graphite cloth.

5.2.1.3 Morphology and composition of F-doped ZnO NWs characterized by HRTEM
and EDX

TEM images of F-doped ZnO NWs (on Si wafers) are shown in Fig. 81 at different
magnifications. The HRTEM image shows a nanowire with a (002) growth direction.
However, an EDX spectrum (Fig. 82) indicates that these F-doped ZnO NWs are

zinc-rich with varying ratios of Zn & O. The typical F content was about 2~6%(wt).
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Figure 81. TEM images of F-doped ZnO NWs grown on Si wafer.

Element Weight % Atomic %

ZfLa
0 K 17.1 45.2

F K 0.8 1.8

ZnK 82.1 53.0

Total 100.0 100.0

ZnKa

o
SE1 ————100.0nm

Figure 82. EDX spectrum of F-doped ZnO NWs grown on Si wafer.
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F-doped ZnO NWs grown on graphite cloth often remain with the Au catalyst at the
tip as shown in Fig. 83, which confirms that the Au catalyst controls the size of as-grown
nanowires. A distinct core-shell structure (Fig. 84) is found by using TEM to
characterize those samples having been annealed in O, at 700 °C for 1h. Both core and
shell grow along the (001) plane, thereby two (001) spots can be found in the fast Fourier
transform (FFT) image. However, it is hard to identify which process (synthesis or
preannealing) that contributes to the formation of such a structure based on this one

observation.

Figure 83. TEM images of F-doped ZnO NWs grown on graphite cloth.
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Figure 84. (a) HRTEM images of F-doped ZnO core-shell NW grown on graphite cloth,
with higher magnifications (b), and the corresponding FFT image.

5.2.2 F-doped ZnO NWs grown by method Il (with carrier gas)

The goal of this new method was to give better control over the vapor composition,
which significantly impacts the morphology of products. With method I, no ZnO NW
arrays could be fabricated even on sapphire substrates (c- or a-plane). Carrier gas can
dilute the reactant composition in the gas phase in order to control the growth rate of
nanowires. Various carrier gas rates were investigated and the optimal gas flow was
found to be ~ 60 sccm, in conjunction with a reaction temperature of 930 °C for 20 min.
The corresponding mass ratio of ZnO/graphite powder/ZnF, is 300:45:2. The
morphology of F-doped ZnO NWs grown on Si substrates in method II is shown in Fig.

85a. However, we also find that ZnO NWs (Figs. 85b, c¢) grow vertically without a
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predeposited ZnO buffer layer.” It is interesting to note that the XRD spectrum (Fig. 86)
shows that these ZnO NW arrays did not have any preferential growth epitaxy. In
contrast, ZnO NW arrays with or without F-doping on c-sapphire both reveal[ a

preferential growth along the (002) direction.

Figure 85. SEM images of ZnO NWs grown on Si wafer. (a) With F-doping. (b)(c)
Without F-doping. Image (b) is the view of image (c) with 40° tilt.
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Figure 86. XRD spectra of ZnO NW arrays on Si wafer and c-sapphire substrates.
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Fig. 87 shows the morphology of F-doped ZnO NW arrays grown on c- and a- plane
sapphire substrates. O, could not be introduced to the reaction system until the reaction
temperature is up to 900 °C (beyond the melting point of ZnF,, 872 °C) for F-doping.
Thus the composition in the gas phase is dynamic during nanowire growth, which caused
complicated shifts of reaction equilibrium involved in the carbon thermal reduction (as
described in Chapter I). For example, the reaction between the ZnO and carbon is
reversible above 900 °C, which may cause a large amount of reevaporation (ZnO NWs
formed react with CO and produce Zn vapor). Therefore, more precise experimental

control is necessary to make results more repeatable in the fabrication of F-doped ZnO

I ’ q'
l' !‘; i AN b
Figure 87. SEM images of F-doped ZnO NW arrays. (a)(b) On c-plane sapphire. (c)(d)
On a-plane sapphire. Images of (b) (¢) and (d) were obtained with 40° tilt.
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Additionally, the fabrication of ZnO NWs was conducted at atmospheric pressure in
this work. Previous work has shown that the pressure of the reactor system strongly
affects the supersaturation level of the vapor which is critical to the morphology of ZnO
NWs.”%% The supersaturation level seems to be higher at low pressures and decreases
at higher pressures. At low pressures, this higher supersaturation leads to secondary
nucleation and different types of growth since the environment is far away from thermal
equilibrium. This non-equilibrium kinetic growth may create a low-surface-energy tip
that allows molecules to diffuse away easily to energetic side surfaces causing the
growth of nanobelts and sheets and platelets, which affects the morphology of ZnO NW

236
arrays.

5.2.3 Photoluminescence of F-doped ZnO NWs

For the F-doped ZnO NWs prepared in these studies, ZnO UV/visible PL
measurements only show defect PL in the visible. Low F-doped (4%wt) ZnO NWs (~150
nm) at 8K and undoped ZnO NW arrays share the highest light emission measured
because of higher PL efficiency at low temperature and lower carrier scattering in
undoped samples (Fig. 88 @ and ®). ZnO NWs with similar F-doping exhibit same
level of light emission, except for a small size-dependent red shift can be observed in the
sample with bigger size (~600 nm).

Halogen doping has been used to reduce the number of oxygen vacancies during
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ZnO growth.'***”

Heavily doped fluorine could also reduce the emission due to the
increased impurity scattering and structure defects scattering. These impacts contribute

to the poor visible PL of heavily F-doped ZnO NWs (Fig. 88®).

PL Intensity (x 10-9)

1 &)

0 T T T T T T T T
18 20 22 24 26 2.8 3.0 32 34

Photon Energy (eV)

Figure 88. ZnO UV/visible photoluminescence spectra. (1) Low F-doped (4%wt) at 8K
(2) ZnO NW arrays; (3) Low F-doped (4%wt); (4) Low F-doped (4%wt) ZnO NWs with
relatively larger sizes (~600 nm); (5) Heavily F-doped (20%wt).

5.2.4 F-doped ZnO/ZnO core-shell nanowires
5.2.4.1 Zn/ZnO shell using Zn granules (PVD)

Compared with the results of Zn deposition on GeNWs (described in Chapter III),
the ZnO core surface seems less reactive, presumably reflecting a lower surface energy
than that of GeNWs. Usually a ~10 nm Zn coating could be formed in the former within
lh of vapor exposure, while only a 2.5~5 nm Zn shell was obtained in a 3 h reaction

period as shown in Fig. 89. The HRTEM image shows that the interface between
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amorphous Zn layer and ZnO NW displays a tendency of crystal growth along the (001)
plane. However, the identification of core-shell boundary in this case becomes
challenging due to their same crystal structure. Some distinct ZnO/F-doped ZnO

core-shell structures are shown in Fig. 90 after annealing in O, for 1h at 600 °C.

Figure 89. F-doped ZnO N'Ws with Zn shell by evaporating Zn granule at 460 °C, 3h
(before annealing in O;).

The thicknesses of ZnO shells are 5 nm, 2.7 nm, 2.7 nm and 2.9 nm in Figs. 90a, b, c
and d, respectively. The duration for Zn evaporation for all samples was 3 h. Compared
with the NW morphologies of Fig. 89, the Zn shell in these structures had transformed to
a single crystal after annealing, which caused contrast with the zinc-rich nanowire core.

Usually ZnO has a preferential growth epitaxy (001), as shown in Figs. 90c, d. Some
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nicks could be observed on the shell perhaps because of Zn diffusion driven by a
requirement to reduce surface energy. The shell in (d) shows a different diffraction
pattern from (c). The reason is that the spots of (001) planes were absent with the

diffraction of the core.

Figure 90. HRTEM i'rﬁages of annealed F-doped ZnO core/ZnO shell NWs (PVD
process).

5.2.4.2 Zn/ZnO shell using Zn precursors (CVD)
Zn shells formed by CVD were not very stable under the TEM beam as shown in

Figs. 91a,b. The thickness of shell is ~4 nm with the use of 10 mg Zn precursor.
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Although the Zn shell looks more uniform than that in Fig. 89, the core-shell structure

and crystal growth is poor, compared with those described in Fig. 90.

Figure 91. TEM images of F-doped ZnO NWs ith n shell CVD (10 mg Zn
precursor used). (a) (b) before annealing; (c) (d) after annealing at 600 °C for 1 h.

5.2.4.3 Composition analysis

Fig. 92 shows the EDX spectrum, linescan and map of ZnO/F-doped ZnO core-shell
nanowires. The oxygen content was higher than the Zn content after annealing at 600 °C.
The EDX mapping indicates the presence of fluorine with a uniform distribution.

However, linescans could not locate the fluorine distribution along the cross section due
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to the low resolution and very thin shell.

oK

Element Weight % Atomic % Zn
24.1 53.9

ZnLa

O K

F K Fuh 6.6
N ZnL 72.4 39.6
Total 100.0 100.0

1.00 2.00 3.00 4.00 5.00 6.00 7.00 .00 keV

Figure 92. EDX spectrum, linescan and mapping on ZnO/F-doped ZnO NWs (annealing
at 600 °C for 1 h).

146



5.3 Summary

In this chapter, F-doped ZnO nanowires were fabricated on different substrates by
CVD methods using two types of experimental procedures: with or without carrier gas
(Ar). In method I, use of graphite cloth substrates reveals better size-control (with an
average diameter ~154 nm) than other substrates. No ZnO NW arrays could be observed
on sapphire substrates due to very rapid growth rates.

In method II, F-doped ZnO NWs and arrays were synthesized in an Ar carrier gas
with O,. HRTEM images show clear single crystal structures from as-prepared
nanowires, although they are zinc-rich, as measured by EDX. The fluorine content can be
controlled by the amount of ZnF, used. ZnO UV/visible PL spectra indicate that
F-doping diminished the intensity of defect light emission at ~2.4 eV.

ZnO/F-doped ZnO core-shell NWs were fabricated either by PVD or CVD processes,
as well as a subsequent annealing in O,. Compared with the CVD procedure, the PVD
method provides better crystalline shell structures after annealing, although the
morphology of as-grown nanowires looks not as uniform as CVD before annealing,
because the agglomeration of small liquid Zn droplets could increase the roughness of

surface layer before annealing. The typical shell thickness ranges from 2~5 nm.
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CHAPTER VI.

Electrochemical Fabrication of Porous Ge Nanowires
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6.0 Overview

Porous semiconductors elicit great interest as a consequence of their
increased surface area and nanostructured features, thereby creating materials with
opportunities for enhanced performance in optics, solar energy, and drug
delivery/biosensing platforms. Traditional fabrication methods for semiconductors such
as silicon (Si) have emphasized anodic or open circuit electrochemistry from bulk single
crystals, thereby producing supported thin films or freestanding microparticles of the
given matrix.'”> Contrasting with a number of studies on porosifying bulk material, the
notion of creating one dimensional (1D) structures of even higher surface
areas/porosities by porosifying nanowires is a difficult challenge, and has only recently
been addressed in the case of etching silicon NWs.>**% Although sharing some rather
special characteristics with Si, Ge is not etched as easily with regards to control of

232, 233
h.”>

morphology in terms of pore nucleation and growt The corresponding

mechanism has been studied for bulk Ge, but controversies and confusion still
remain, =% 2%

In this work, porous Ge nanowires (GeNWs) were fabricated by anodization of
undoped single crystalline GeNWs (grown on Si wafer or graphite cloth) using ethanolic
HCI with or without an initial cathodic Cu electrodeposition step. Based on periodic
pit/pore structures shown on the surface of etched nanowires, it is demonstrated that

these structures reflect carrier diffusion whose periodic localization corresponds to the

GeNW surface energy barrier in a given electrolyte in the Ge oxidation reaction during
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the anodization process. A new mechanism is put forth to interpret experimental results,
which highlights the role of a anodic etching in the nanowire. The morphology of
etched nanowires was principally characterized by SEM, TEM, and PL measurements, as
described in previous chapters. The necessary bias for etching was provided by a

Keithley 236 source measure unit.

6.1 Experimental Methods
6.1.1 Anodization

The germanium nanowires used in these experiments were grown using the vapor
transport method as described in Chapter III. Samples were grown on 5 x 15 mm
gold-coated (100) Si wafers or graphite cloth (GC) surfaces through a VLS approach;
GeNWs (average diameter: 60 nm on Si wafer; 30 nm on GC substrate) were etched in a
Pyrex electrolytic cell (Fig. 93). The substrate containing GeNWs was placed into the
electrolyte vertically and served as anode. A 5x15 mm platinum foil as cathode was
located 1 cm away from the anode in a parallel fashion. Ethanolic HCI solutions (varying
from 1:1 to 1:16 of 37.5% HCIL:EtOH v/v) were used as the electrolyte. Anodization
proceeded under a constant current or voltage. GeNWs were sonicated in acetone after
etching and dispersed onto Cu grids for TEM characterization immediately to minimize

surface oxidation of the etched nanostructures.
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Figure 93. Schematic view of the GeNW anodization setup.

6.1.2 Copper electrodeposition

In selected experiments, a copper deposition step was added to the GeNW/substrate
surface by applying cathodic bias to a saturated Cu(NOj3),, CuSOs, or CuCl, solution
before anodization; the magnitude of applied bias selected for a given experiment is

identical to the magnitude of anodic bias in the subsequent HCI etching step.

6.2 Results and Discussion
6.2.1 Anodization of GeNWs on GC substrate.

GeNWs grown on Si and GC substrates are shown in the TEM images of Fig. 94.
These images indicate that the surface of GeNWs is smooth before anodization. The

average diameter of GeNWs on GC is ~ 30 nm with a relative narrow size distribution,
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ranging from 4 nm to 40 nm. A few GeNWs over 100 nm could be observed by
increasing the reaction temperature or prolonging reaction duration in the fabrication
process. For GeNWs grown on Si wafer substrates, large diameter nanowires were a little
easier to obtain by the use of larger Au catalyst thicknesses up to 10~15 nm. However,
most nanowires possess sizes in the 20~60 nm range as shown in Figs. 94c, d (4~10

times smaller than the wider GeNWs in Fig. 94c).

Figure 94. TEM images of GeNWs before anodization on: (a) (b) GC substrates; (c) (d)
Si wafer. The scale bars are 1 pum, 100 nm, 200 nm and 100 nm in (a) (b) (¢) and (d),
respectively.

Preliminary experiments indicated that GeNWs on graphite cloth substrates quickly

oxidized and dissolved into etchant within 1 min under etching conditions of high HCl
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concentration (> 1:4) and etching current density higher than 13 mA/cm®. Some current
or voltage oscillations were observed, so the etching condition only refers to the steady
state values (current or voltage) in each experiment. Fig. 95 exhibits morphologies of
ctched GeNWs at a current density of 13 mA/cm®, where ectched GeNWs
(diameters >100 nm) reveal roughened surfaces with pores. Fig. 95e shows pit arrays due
to the relatively larger size of the nanowire (~ 200 nm). However, no etched surfaces

were observed for GeNWs in the size range from 20~40 nm.

Figure 95. TEM images of GeNWs after anodization (13 mA/cm?, HCI:EtOH=1:2, 1
min).
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Figure 96. TEM images of etched GeNWs grown on GC substrates (6.5 mA/cm?,
HCIL:EtOH=1:2, 2 min).

Upon reducing current density values to 6.5 mA/cm®, more pore arrays and networks
could be formed, but the disordered morphologies and curve shapes hindered further
analysis (Fig. 96). The etched nanostructures with pore networks could dissolve partially
at conditions with high current density and high HCI concentration.

With decreasing HCI concentration, both Ge oxidation and dissolution slowed down,
which enabled pits to be observed on the surface of GeNWs, even with very small NW
widths (~4 nm). If GeNWs were cleaved into smaller fragments during the anodization
and settled at the bottom of the electrolytic cell, these lost GeNWs could not be collected
for TEM characterization. This is presumably the reason why no small etched GeNW

could be found in the etching conditions with large current density and high HCl
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concentration as mentioned above (Figs. 95 and 96). Usually pits distribute
preferentially on one side of a given nanowire, instead of both sides as shown in Fig. 97.
The reason is that electrical field determines the preferential etching direction.
Additionally, this result matches the traditional electrochemical theory that mass transfer
(diffusion and convection) has remarkable effects on the reaction and dissolution at the

% HCl is consumed in the anode process. The supply of HCI at the

solid-liquid interface.
GeNW surface is determined by its mass transfer. The side of GeNWs toward the
platinum electrode is more open to the electrolyte with less spatial hindrance from

GeNW networks, which contributes to better mass transfer and faster dissolution than the

opposite side.

Figure 97. TEM images of etched GeNWs grown on GC substrates (6.5 mA/cm’,
HCIL:EtOH=1:16, 1.5 min).

HRTEM images shown in Fig. 98 display some structural details of an etched
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GeNW surface. The anodization did not considerably damage the crystalline structure of
GeNWs. The amorphous layer caused by anodization is only ~1 nm in the left image, and
~2 nm in the right. No thick oxide layer can be found, which means that the oxidation

process is the control step, instead of the dissolution step.

HCIL:EtOH=1:16, 1.5 min).

By keeping HCI concentration (1:16) constant and reducing current density to 0.65
mA/cm” with a longer etch duration of 10 min, etched GeNWs only show rough surfaces
without apparent pits or wave-like morphologies (Fig. 99). The maximum roughness is
only about ~2 nm. In other words, a Ge oxidation reaction tends to occur only in the
surface with the less depth of the etched features due to lower current density and electric
field. Such a uniform etching made it possible to observe etched GeNWs with very small

diameter (~6 nm) without losing them due to fragmentation.
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HCIL:EtOH=1:16, 10 min).
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If current density is decreased further to 0.065 mA/cm®in 1:16 electrolyte (along
with an increased duration to 20 min), a tendency toward more uniform surface etching
became more apparent as shown in Fig. 100. Numerous thin GeNWs (< 5 nm) could be
found. For GeNWs larger than 10 nm wide, it is difficult to determine the impact of such

a low current density. However, if the size of GeNWs is less than 5 nm, the single crystal

Figure 101. HRTEM images of etched GeNWs with a size less than 5 nm. (0.065
mA/cm®, HCL:EtOH=1:16, 10 min).

structures explored by HRTEM images could still provide details about the preferential

etching direction as labeled by white arrows in Fig. 101 due to the higher sensitivity to
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the diminishing diameter. Because chemical, electroless and anodic etching phenomena
can take place simultaneously or successively,””* by combining the above observations
above, we suggest that mainly anodic-etching contributes to the pore arrays and network
formation with preferential etching direction and location. The application of strong bias

should reduce open circuit chemical reduction (dissolution) of nanowire thickness.

6.2.2 Anodization of GeNWs on Si wafer substrates

Although graphite cloth possesses large internal spaces for ideal mass transfer,
GeNWs grown on this substrate have a small size range, mainly with diameters less than
30 nm. The curved surface of graphite fibers hinders gold catalyst diffusion from
forming big islands on the surface of graphite fiber, which in turn limits the size of
GeNWs. More commonly, a Si wafer was used as substrate to grow GeNWs. Preliminary
experiments indicated that the entire GeNW layer peeled from the Si wafer substrate and
floated over the etchant at anodic current densities greater than 26 mA/cm” within 2 min.
The bright and polished wafer surface was exposed after etching. TEM images showed
that these delaminated GeNWs (collected by filter paper) remain smooth without any

visual pits (Fig. 102).
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e [
Figure 102. TEM images of GeNWs peeled from Si wafer (39 mA/cm® 2 min,
HCIL:EtOH=1:2).

Upon decreasing the current density to 13~26 mA/cm’ in a 1:1 etchant for 5 min,
GeNWs were broken into small pieces, forming dendritic bundles (Fig. 103a). Black
arrows highlight the etched features in each position. The black circled area of Fig. 103a
was magnified and shown in the HRTEM image of Fig. 103b. It revealed that those small
fragments retain their crystal character without an obvious oxide layer. An etched GeNW
fragment exhibits a highly curved morphology (Fig. 103c). The front tip of the core has
been sharpened without loss of the single crystal structure, while pore wall framework is
amorphous. A high etching current density (26 mA/cm?) is preferred to form porous
structures, as discussed above, although it also dissolves them quickly. As a dislocation
structure, twin nanowires like one in Fig. 81d, are observed to be etched through one or
both sides of boundary preferentially. A possible reason is that the interface in twinned
GeNWs works as a screen and confines electron motions to two separate sides. Among
etched GeNWs with twin structures, no evidence was observed that pits formed just on

the boundary.
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Figure 103. TEM images of Ge NWs etched in 1:.1 HCl/etHanol. Current dénsity and
duration in (a) (b): 13 mA/cm?, 5 min; (¢) 26 mA/cm?, 5 min; (d) 6.5 mA/cm?, 20 min
(the black arrow refers to a twin boundary.)

Usually the etching process of GeNWs on Si wafers needs a longer duration (> 5
min) to provide visible etching effects due to a slower etching rate than that on GC
substrates. So a high HCI concentration (> 1:4) with corresponding high current density
(13~26 mA/cm?) is helpful to cause deep etching on GeNWs, but with a dissolution of

etched structures. A high current density (13~26 mA/cm?) and low HCI concentration (<
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1:12) can create pore arrays similar to those on GC substrates as shown in Fig. 98.
However, decreasing the working current density to a low value (< 6.5 mA/cm?) usually
results in no observable etched features on the GeNW surface. These observations

indicate that high HCI concentrations are not preferred in porous GeNW fabrication.

6.2.3 Anodization of GeNWs grown on Si wafer with Cu electrodeposition.

In selected experiments, a thin layer of copper was electrodeposited on the surface of
NWs and substrates by using a saturated Cu salt solution (Cu(NO3),, CuSOys, or CuCl,)
as Cu source in a cathodic process. The main objective for the introduction of copper
plating firstly is to stabilize the base of nanowires attached to Si wafer substrates, which
prevents GeNWs from peeling off before they are etched adequately according to the
preliminary experiments using high current densities. Left untreated, the contact interface
between substrates and GeNWs becomes an accumulation area for electrons because at
high current densities electrons would rather move along the substrate surface than
penetrate a given GeNW. Increased carrier injection of these point contacts leads to
structural instabilities and NW delamination. The electrodeposition is a self-selective
process to cover these oxidation-active areas preferentially with Cu, and then works as a
passivation mask in the anodization that follows. Additionally, copper electrodeposition
results in preferential GeNW oxidation because germanium is of a lower standard

electrode potential (Ge/Ge* 0.26V) than copper (Cu/Cu’* 0.34V).
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Figure 104. SEM images of GeNWs after electrodeposition in saturated Cu(NOs), with
6.5 mA/cm” current density for 5min. (a) Si wafer edge (scale bar, 5 um) and (b) central
area (scale bar, 20 um).

SEM images (Fig. 104) show that copper was mainly deposited onto the edge of a
given Si wafer, and little on the surface of GeNWs. It means that bare Si wafer is the
most active area for particle deposition in the cathodic process. Therefore, in the opposite
process of anodization, the Si surface should be also an active area for electrons passing
through, which decreases the current diffusion through GeNWs. Passivation in such
areas could increase the etching current moving through GeNWs correspondingly. The
copper coating would presumably be oxidized again in the subsequent anodization
process. TEM images and EDX spectra of etched GeNWs did not detect the presence of
Cu unless the anodization duration was less than that used in the Cu cathodization

process.
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Figure 105. TEM images of etched GeNWs with Cu electrodeposition in saturated
Cu(NOs), with anodization conditions: (a) (b) 13 mA/cm?, 20 min, 1:1; (c) 13 mA/cm?,
15 min, 1:2; (d) (e) 6.5 mA/ecm?®, 30 min, 1:1. The current density in Cu plating was the
same as that in the following anodization process and the duration was 5 min.

With the assistance of Cu electrodeposition, effective etching on GeNWs increases.
TEM images in Fig. 105 exhibit pore arrays on GeNWs (fabrication conditions: 6.5~13
mA/cm?®, 1:1 or 1:2 ethanolic HCI). The periodic feature spacing (dgs) between two
neighbor pores in a etched GeNW ranges from 200 to 300 nm. The angle of pores
reflects the spatial position of each GeNW in the electric field direction because the
preferential etching is assumed to be determined by the electric field. Other GeNWs
etched under similar conditions show morphologies including only pits along one side

(Figs. 106a, b), etched at both middle areas and sidewalls (Figs. 106c, d, and e), and
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heavily etched GeNWs (Figs. 106f, g).

200 nm 100 nm

Figure 106. Other morphologies of etched GeNWs with Cu electrodeposition in
saturated Cu(NO3), with anodization conditions: (a) (b) (c) 13 mA/cm?, 5 min, 1:1; (d)
13 mA/cm?, 12 min, 1:2; (e) (f) (g) 6.5 mA/cm?®, 30 min, 1:1; The current density in Cu
plating was same as that in the following anodization process and the duration was 5
min.

Experiments in Figs. 105,106 were conducted in high HCI electrolyte concentrations
(1:1~2). Etched structures from GeNWs with diameters less than 60 nm were rarely
observed. According to the measurement of etched depths in these NWs ranging from
50~80 nm, it is believed that those small GeNWs have been dispersed into the
electrolytic cell, such that only relatively larger diameter of GeNWs remain. In this

experimental system, the morphology of etched GeNWs differ in thousands of ways
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from heavily etched to little etched because of the variations in charge density at a given
nanowire surface. Based on our goal to fabricate porous GeNWs, thus pit arrays and
porous networks were used as a standard to evaluate the impacts of etchant and bias
applied. Although we observed numerous pore arrays in high HCI etchant with various
current densities from 5.5~13 mA/cm” and duration from 3 min to 30 min, pore networks

were never observed for this substrate.

5 nm
|

0.2 m  oud ™Y _ ﬁﬁ-
Figure 107. TEM images of etched GeNWs with an initial Cu electrodeposition in
saturated Cu(NOs),; with anodization conditions: 1.3 mA/cmz, 30 min, 1:12. The current
density in Cu plating was the same as that in the following anodization process and its
duration was 30 min.
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In contrast, porous GeNWs can be fabricated in highly diluted etchant (< 1:12) with
low current densities. Figs. 107a,c exhibit an etched GeNW with single crystal core and
etched helical shell under constant current density (1.3 mA/cm?). The same core could be
seen in the spine-like etched GeNW in Figs. 107d,e, but not f. Although the structures of
porous GeNWs are much more complicated to analyze in terms of etching direction than

pore arrays, this periodic feature could always be found in such structures.

50 nm

Figure 108. TEM images of etched GeNWs with an initial Cu electrodeposition step in
saturated Cu(NOs),; anodization conditions: (a) (b) 4V, 10 min, 1:12. (c) 4V, 20 min,
1:12. (d) 4V, 10 min, 1:12. (e) (f) 8V, 30 min, 1:16. The voltage and duration in Cu
plating was the same as that in the following anodization process.
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Under constant voltage, porous GeNWs could be also obtained using voltage values
from 4~8 V as shown in Fig. 108. In this approach, the current always diminished
gradually during anodization, which is helpful to protect the sidewalls in etched porous
networks (because of oxidation), but at a cost of pore penetration depth, compared with

constant current (Fig. 107).

6.2.4 Helical structures of etched GeNWs.
Helical structures were always associated with a strong anodic bias (13 mA/cm?)
applied with the assistance of Cu plating. However, it is hard to believe that such an

ordered structure could be provided by random electrochemical oxidation process (based

Figure 109. TEM images of etched GeNWs with an initial Cu electrodeposition step in
saturated Cu(NOs),; anodization conditions: 26 mA/cm?, 20 s, and then, 4V, 5 min, 1:16.
Cu plating: 1.3 mA/cm?*, 10 min.
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on a traditional mechanism), and some curved Ge nanoribbons formed in the VLS
process also made it difficult to confirm if the helical structure resulted from anodization.

This confusion eventually was resolved by the analysis of additional HRTEM images.

Figure 110. TEM images of etched GeNWs with an initial Cu electrodeposition step in
saturated Cu(NOs),; anodization conditions: 20 V, 20 s, followed by 4V, 5 min, 1:16. Cu
plating: 1.3 mA/cm” , 10 min. The white circle in the top left image corresponds to the
right HRTEM image.

Figs. 109 and 110 show two GeNWs with a helical track caused by etching. Two extra
factors, high current density (26 mA/cm?) or high voltage (20 V) for only 20 seconds,
mainly contributed to the formation of a helix (rather than Cu plating, lower bias and
HCI concentration). The helical structures include amorphous ribbons and single crystal

GeNW cores. The HRTEM image in Fig. 109 indicates that the single crystal core was
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etching and without damaging the surrounding ribbon. Fig. 109c shows that the core was
dissolved in that particular area. The formation of a helical ribbon structure can be seen
in the HRTEM image (Fig. 110), where the etched track surrounds the single crystal

GeNW core growing along (110) direction with an angle of 32°.

6.2.5 Photoluminescence of etched GeNWs.

Typical room temperature PL measurements in the UV/Visible of etched GeNWs
reveal two peaks at 2.94 eV (420 nm) and 2.32 eV (534 nm) respectively (Fig. 111). Both
emission features are enhanced in terms of intensity at low temperature (8K), with the
2.94 eV peak more prominently affected. The 2.32 eV is assigned to etching defects
(dangling bonds) because the PL intensity diminished in low temperature. Sun and
Tolbert et al. reported that hexagonal nanoporous Ge provides light emission at 1.2~1.3
eV, and a strong PL at 2.0 eV for GeO,.””' Mei et al. reported that GeNWs did not show
any PL at room temperature.’”’ A weak PL feature at 3.19 ¢V (389 nm) was observed
only at 77 K, which was attributed to the Ge oxide at the tip of the nanorods. Su et al.
observed three peaks at 471 nm (2.63 eV), 448 nm (2.76 eV) and 411 nm(3.02 eV) in the
room-temperature PL measurements from GeO, nanowire arrays.”® In our experiment,
HRTEM images indicate that the amorphous layer on the surface of etched GeNWs is
less than 3 nm. Additionally, the PL measured for these etched NWs was conducted in a

vacuum environment. Therefore, it strongly believed that the PL of etched GeNWs at
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2.94 eV results from etched porous GeNWs.
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Figure 111. PL of etched GeNWs, with a Ax = 325 nm at both room temperature and 8K.

6.2.6 Electrochemical anodization mechanism.

Analysis of etching mechanisms in bulk single crystals is often challenging due to
issues with sample preparation for TEM (ion milling, polishing etc.). In contrast, a great
advantage in examing GeNWs porosification is that direct observations of etching effects
could be characterized by HRTEM without extensive sample preparation. The foregoing
data presentation has shown that chemical etching in ethanolic HCI only provides a slow
and uniform dissolution of the surface of GeNWs with diminishing bias, while pore
formation prefers the application of strong bias. Reducing HCI concentration is a critical

step to the fabrication of porous GeNW networks. It means that chemical etching is
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necessary, but must be restrained strictly in such an anodization process. Therefore, it is
important to highlight the role of anodic bias in the electrochemical etching mechanism.

The frequent observation of pore arrays on the surface of etched GeNWs indicates
that the etching process expresses a periodic behavior. One assumption is that at the
beginning of pit array formation, pit nucleation areas on the surface of GeNWs have the
highest electron hole (h") density, and separated at fixed distances. In other words, those
areas which have sufficient electrical potential to overcome surface energy barrier,
permit Ge oxidation and dissolution. The simplest answer to a symmetric potential
distribution is that carrier transport in GeNWs occurs with a periodic wave-like potential.

In a study of electrochemical potential distribution along a quantum wire connected
with two electron reservoirs, Pernas and Flores et al found that for a perfect 1D chain,
the electrochemical potential oscillates around a zero mean value along the chain, with a
wavelength related to the Fermi wavelength of the free electrons.’”~' According to De
Broglie equation,” the wavelength (L) of electrons is correlated to their momentum (p)
as:

A= g (6.1)
where h is Planck's constant. Since the kinetic energy (E) of an electron with mass (m) is
related to its momentum by the classical relation:
E=L 6.2)

Therefore, the relationship of energy and wavelength of electrons is given by:
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(6.3)

We measured drs values on GeNWs with etched pore arrays without consideration of
specific anodization conditions, and then employed these values (ranging from 25 nm to
450 nm) as Fermi wavelength (A) in Eq. 6.3. The result shows that the energy level is
size-dependent as shown in Fig. 112. The surface energy barrier of GeNWs increases
exponentially with GeNW diameter descending when their diameters are smaller than 38
nm. Such a size effect is predominant over any other etching conditions at this stage. As
a specific illustration of the clear size-dependence of dgs, the dps values measured from a
GeNW shown in Fig. 113 decrease from 113 nm to 70 nm, corresponding to descending

GeNW diameters from 79 nm to 55 nm.
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Figure 112. Size-dependent surface energy barrier distribution (electron mass
m,=9.1x10°" kg) .
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Figure 113. TEM image of etched GeNW with the size-dependent feature spacing
distribution. Etching conditions is same as that in Fig. 110.

Figure 114. Schematic view of the impact of electric field on pore locations.

Fig. 114 shows the impact of electric field on pore location. For example, if the
GeNWs are normal to the electric field, holes are pushed to one side, thus pores only
form on the side (Figs. 114a,b). If NWs are parallel to the electric field, pores can form

on both sides (Figs. 114c,d). Helical structures (Figs. 109,110) indicates that the pore
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location change from one side to another side periodically with the mode in Fig. 114d,
rather than c. Therefore, for GeNWs normal to the electric field, the pore location should
be formed with the mode in Fig. 91a, but not b. Thus the dgs just corresponds to one
Fermi wavelength.

By comparing the periodic feature spacing (dgs) with the observed diameter of the
etched structure, a dgs is 0.5~2.5 times as much as that of nanowire diameter (Fig. 114).
It means that pore arrays could be formed only when the Fermi wavelength of electrons
in a given GeNW is close to its diameter. If the ratio of drs/dnw (GeNW diameter) is <1,

pore networks can be formed.
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Figure 115. Relationship between feature size (pore distance) and GeNW diameter.
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6.3 Summary

In this work, the fabrication of porous Ge nanowires by the anodization of Ge
nanowires (grown on Si substrates or graphite fibers) using ethanolic HCl as an
electrolyte is described. With a decreasing of applied bias, the morphology of etched
GeNWs characterized by HRTEM display a transition from pore array and network
formation, surface roughness to uniform oxidation on the surface. Porous GeNWs were
fabricated by anodizing GeNW on Si wafer substrates in a low ratio of HCI & EtOH
(<1:12) with current densities ranging from 1.3~6.5 mA/cm’ or constant voltage (4~8 V).
An initial cathodic Cu electrodeposition (CBD) step is critical to the pore formation by
stabilizing the nanowires and passivating the Si surface. Periodic pore structures are the
most significant properties on etched GeNWs with feature spacing (dgs) from 20~450
nm.

By looking at pores as the active area of Ge oxidation reactions, (where holes have
higher energy), pore formation involves a discrete electron potential distribution along
ID GeNWs. Potential charge distribution in the NWs studies suggest that the
electrochemical potential oscillates around a zero mean value along the chain, with a
wavelength related to the Fermi wavelength of the conduction band electrons. Therefore,
the pore arrays reflect such a potential distribution along GeNWs and the dgs values
correspond to the Fermi wavelength of carriers in an anodization process.

Based on feature spacing values (drs), the electron energy was calculated. Using a

simple De Broglie mode, it was found that the surface potential energy is
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diameter-dependent with an exponential increase at a threshold diameter of ~ 38 nm.
Therefore, it is more difficult to form a pore network structure in NWs with diameters
close to the minimal NW diameter threshold. A strong bias is necessary to fabricate
porous GeNWs in such cases. When the Fermi wavelength of carriers is less than the

diameter of GeNWs, porous GeNWs with networks can be formed.

177



V1l Concluding Remarks

The work presented in this dissertation focused on the fabrication of one
dimensional  nanostructures, including Er/Zn-modified core-shell ~GeNWs,
Ge/Er-modified ZnO tetrapods, Er/ZnO/Si and Ge oxide nanofibers, and F-doped ZnO
core/ZnO shell NWs, and their characterization by using SEM, HRTEM, XRD and PL
measurements. In addition, porous GeNWs were fabricated by electrochemical
anodization.

In Chapter II, ZnO/Er-modified core-shell GeNWs were fabricated by using a CVD
or PVD process to form a surface layer onto the surface of GeNWs. The nature of the Zn
source significantly impacted on the crystalline structure and photophysical properties of
ZnO/Er/Ge NWs. The PVD process used to form Zn shells can provide high
concentrations of ZnO in the surface during annealing by inhibiting Ge diffusion towards
the shell and zinc germanate formation, which is helpful to ZnO UV/visible PL. The
CVD process provided more appropriate conditions to form Zn,GeO,, which diminished
ZnO luminescence. Dual wavelength light emission is observed in as-prepared
nanostructures fabricated by using both CVD and PVD processes. Heavily ZnO coated
Er/Ge NWs (Zn precursor) exhibits very strong Er’” ion and ZnO UV/visible PL. It is
found that 2~ 3 % (wt) Er concentrations and the Zn/Er/Ge sandwich structure were
preferred for optical dual wavelength light emission (Er and ZnO PL).

In Chapter III, ZnO TPs were fabricated by Zn granule evaporation in air at 990 °C.
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Er’" doped ZnO tetrapods, both with and without a germanium (Ge) sensitizer layer, are
found to emit at both the UV/visible and near-infrared. Considerable enhancement of
Er’" PL was made possible by Ge deposition, with the most significant enhancement
observed when the erbium ions are deposited closer to the outer surface (Er**/Ge/ZnO).
Energy transfer between ZnO and Er’" took place with a wavelength of 520 nm verified
by ZnO PL spectra, with Ge deposition again facilitating the process. Compared with
other systems that have been investigated, the Er'” PL associated with ZnO TP
apparently shows more Stark splitting.

Chapter IV describes the fabrication of Er/SiO,/ZnO PVP nanofibers and
Er/GeOy/ZnO PEO nanofibers by using electrospinning of selected sol-gel precursor
solutions. These nanofibers exhibited strong Er’" near IR photoluminescence at 1.54 um
after annealing to remove the polymer template. Photocarrier-mediated excitation
processes were observed in Er/SiO,/ZnO nanofibers, with a composition and annealing
temperature dependence. Higher annealing temperatures resulted in Er’* PL following a
direct ligand field excitation mechanism. Room temperature near IR PL quenching was
not observed even with very high Er concentrations (~18% wt) due to well-dispersed Er
locations and very disordered crystalline structures in as-prepared nanofibers.

In Chapter V, F-doped ZnO nanowires were fabricated on different substrates by a
carbon thermal evaporation process. F-doped ZnO NWs grown on graphite cloth
substrates possess smaller widths (~154 nm) than those on Si or sapphire substrates in

the process without a carrier gas. In the gas flow of Ar and O,, F-doped ZnO NW arrays
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were synthesized with a preferential growth direction along the (002) planes. The
fluorine content can be controlled by the amount of ZnF, used. UV/visible PL spectra
indicate that F-doping diminished the intensity of defect light emission at ~2.4 eV.
ZnO/F-doped ZnO core-shell NWs were fabricated either by PVD or CVD processes.
Compared with the CVD procedure, the PVD method provides better crystalline shell
structures after annealing, with a typical shell thickness ranges from 2~5 nm.

In Chapter VI, porous Ge nanowires were fabricated by the anodization of Ge
nanowires in ethanolic HCI electrolyte. A transition from pore arrays/networks to
roughened surfaces to polished surfaces was observed with a decreasing of applied bias.
Porous GeNWs can be fabricated by anodizing GeNWs grown on Si wafer substrates in
low ratio of HCI:EtOH (<1:12) with current densities ranging from 1.3~6.5 mA/cm” or
constant voltage (4~8 V). An initial cathodic Cu electrodeposition step can be used to
stabilize the nanowires and passivate the Si surface, which contributes to a more
effective anodic etching.

For the periodic features in etched GeNWs with feature spacing (drs) ranging from
20~450 nm, one possible reason is that the electrochemical potential along GeNWs is not
uniform. Previous work suggested that the electrochemical potential along 1D quantum
wire, as a function of bias intensity, could have oscillations with a wavelength related to
the Fermi wavelength of the free electrons. Therefore, the pore arrays reflect such a
potential distribution along GeNWs and the dps values correspond to the Fermi

wavelength of carriers in an anodization process. Based on a simple De Broglie model,
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the electron energy was calculated by using feature spacing values (drs) as the Fermi
wavelength. It was found that the surface potential energy is size-dependent with an
exponential increase at a threshold diameter of ~ 38 nm. Therefore, it is more difficult to
form a pore network structure in NWs with diameters close to a minimal NW diameter
threshold. A strong bias is necessary to fabricate porous GeNWs in such case. When the
Fermi wavelength of carriers is < the diameter of GeNWs, porous GeNWs with networks
can be formed.

The studies in this dissertation reveal a potential for as-prepared Ge or/and ZnO

based nanostructures to be used in photoelectronics and photovoltaics, etc.
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ABSTRACT

FABRICATION AND OPTICAL PROPERTIES OF ()
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Nanomaterials have attracted great attention in the past two decades due to their
superior mechanical, thermal, chemical, electrical and optical properties entirely different
from bulk materials, which lead to numerous potential applications in nanodevices and
nanoelectronics, such as FETs, LEDs, single electron memory devices, spin polarized
electronics, quantum computing, sensors, photonic crystals/devices, solar cells etc.

Based on the previous work on Er-doped GeNWs, a core-shell nanostructure was
built by introducing Zn/ZnO shell onto Er-doped GeNWs. It was found that Zn sources and
corresponding surface modification processes (CVD and PVD) have important impact on
Er’” PL and ZnO UV/visible PL due to Zn,GeOy formation, which were confirmed by
HRTEM and XRD measurements. In another work, Ge and Er were used to modify the
surface of ZnO tetrapods. Both strong ZnO visible PL and Er’" PL were observed;
considerable enhancement of Er’” PL was made possible by Ge deposition as a sensitizer

layer. The Zn,GeO4 phase observed could either separate from the ZnO phase or mix



uniformly with the ZnO phase. As a control system, Er/GeO,/ZnO nanofibers were
fabricated by electrospinning of selected sol-gel precursor solutions. These types of
nanofibers exhibited strong Er’* near IR PL at 1.54 um after annealing to remove the
polymer template. XRD spectra indicate that the Er/Ge/Zn mixture likely forms a
disordered phase, especially with high Er*" concentrations, which contributes to the strong
Er’* PL with the reduction of Er-Er interactions.

In another work, the fabrication of F-doped ZnO nanowires was investigated on
different substrates with or without carrier gas (Ar). ZnO UV/visible PL spectra indicate
that F-doping diminished the intensity of defect light emission at ~2.4 eV. Furthermore,
ZnO/F-doped ZnO core-shell NWs were fabricated either by PVD or CVD processes; the
PVD method provides better crystalline shell structures after annealing.

The last work describes the fabrication of porous Ge nanowires by the anodization of
Ge nanowires (grown on Si substrates) using ethanolic HCI as an electrolyte. An initial
cathodic Cu electrodeposition step is found to provide useful kinetic control of the pore
morphology and to stabilize the nanowires attached to the Si surface. A systematic
evaluation of the role of electrolyte composition, current/voltage density, and its duration
on the resultant Ge NW morphology and structure have been carried out. Preliminary
photoluminescence (PL) measurements suggest strong emission in the visible region. The
electrochemical anodization mechanism is discussed involving the periodic localization

of pores and a varying potential distribution of free electrons along 1D GeNWs.
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