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Summary

SUMMARY

ZnO is one of the semiconductor materials that shows great potential in the
fabrication of ultraviolet (UV) light-emitting devices for diverse applications.
However, most of the high-quality ZnO thin films are fabricated on expensive
lattice-matched sapphire substrates at high temperature (>350 °C). They are not
suitable to be manufactured in large quantities and integrated with other silicon-
based devices. Besides that, the properties of the ZnO films grown at high
temperature are difficult to be modified by post-growth process. Therefore, we
proposed the use of filtered cathodic vacuum arc (FCVA) technique to fabricate
ZnO thin films and UV light-emitting devices. This is because the FCVA
technique has major advantages: 1) The lattice-matching requirement between the
substrate and the deposited film is not needed, 2) it is a low-temperature deposition
process (<350 °C) due to the high kinetic energies of the deposited species, 3) it
allows the fabrication of thin films on large substrates (as large as 6” in diameter),
4) it provides freedom of choices in the target materials for the fabrication of
doped and undoped films, since the stoichiometry of the deposited films are
independent of that of the targets, 5) it produces microparticle-free thin films, and
6) it is a cost-effective technique to fabricate thin films that is well established and

accepted by the industry for mass production.

In this thesis, we report the fabrication of ZnO thin-film planar and ridge
waveguides on Si at low deposition temperature by the FCVA technique. In

addition, we have investigated the net optical gains and confinement characteristics
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Summary

of the ZnO waveguides on Si. This study is important to the realization of ZnO UV

light-emitting devices on Si in the ZnO research arena and in this work.

In this work, one category of the ZnO UV light-emitting devices that we have
targeted to fabricate is the ZnO UV random laser. Its lasing mechanism is based on
light scattering from the disordered grains that act as scatterers. Although it has
been demonstrated, the sizes and distributions of the scatterers are difficult to
control in the ZnO epilayers. In order to overcome this problem, we fabricated
ZnO epilayers and they were used to embed with ZnO nanorod arrays. With the
designed sizes and distributions of the ZnO nanorods acting as scatterers of light,
the ZnO epilayers provide optical gains to them and result in random lasing action

that is not observed in either alone.

Furthermore, this work has realized random lasing action in a ZnO thin-film ridge
structure on Si fabricated by the FCVA technique at low deposition temperature. A
post-growth annealing method has been proposed in the generation of disordered
grains to act as scatterers in the random lasing action. The random lasing cavities
inside the annealed ZnO films are effectively manipulated by the annealing
temperature and time. Moreover, coherent and incoherent random lasing cavities
were demonstrated in ZnO epilayers on Si by modification in the process and

material engineering, based on this post-growth annealing method.

Although ZnO UV random lasers have been fabricated, the cavities of the lasers
exhibit high losses and their output emission beams are not directional. Hence, in

this thesis, a capping layer has been used to eliminate the undesired lasing

VI
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Summary

characteristics. A low-loss and directional output ZnO thin-film ridge waveguide

random laser has been fabricated.

As aforesaid, the FCVA technique allows the fabrication of high-quality ZnO thin
films at low deposition temperature. However, there is no report in employing the
FCVA technique for the fabrication of high-quality UV ZnO light-emitting diodes
(LEDs). In this thesis, the fabrication of a heterojunction ZnO/SiC UV LED at low

deposition temperature by the FCVA method is described.

VII



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table of Contents
TABLE OF CONTENTS
ACKNOWLED GMENT S ..ottt e e e e e e e e e |
L0111 AN = R Vv
TABLE OF CONTENTS .ottt eea e e e Vil
LIST OF FIGURES ...ttt ettt e e e e e e e e e e Xl
LIST OF TABLES ... i e e e e e e e XV
NOMENCLATURES ...t e e e e eeeneen XV
CHAPTER 1 INErOUCEION ...ttt 1
L1 MIOTIVALION e 1
1.2 ODBJECLIVES ..euviiieniiriiiie ettt ettt ettt ettt sttt et et e sbe st nbe st e bt eaees 4
1.3 Major Contributions of the Thesis ........c.cceceereriiiiniriiniiicreeeeeeeees 6
1.4 Organization 0f the TheSiS.......ccccieriieciieiieiiecie et 8
CHAPTER 2 Deposition Techniques of Zinc Oxide Films ..........ccccooevvivnnnne 10
2.1 INETOAUCTION .....ceeiiiiieeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeee ettt ee et eeeeeeeeeeeeeeeeeeeaeeaaes 10
2.2 Zn0O Deposition TEChNIQUES .......c.eeecvieeiiiieiiiieiiee e e erreesereeeereeeeree e 10
2.3 Vacuum Arc Deposition Techniques.........cccvvevvieecireciieeiee e 17
2.3.1 Macroparticle CONtrol ..........coecuieiiieiiieieee e 19
2.3.2 Filtered Cathodic Vacuum Arc Deposition Technique............c.ccceen.e..e. 21
2.4 CONCIUSION .ottt eeeeeee et eeee e eeeeeeeeeeeeeeeeeeeeeeeenes 23
CHAPTER 3 ZNO WaVEQUITES .....c.eeitieiieieiieiie ettt 28
31 INtEOAUCTION .o 28
3.2 The ZnO Planar Waveguides on SiliCON..........ccccvereerieesieeneenienreereeneeen 28
3.2.1 Design of the ZnO Planar Waveguides on Silicon............ccceevverveennennee. 28
3.2.2 Fabrication of the ZnO Planar Waveguides on Silicon...........c.ccccvveneen. 30
3.2.3 Characterization of the ZnO Planar Waveguides on Silicon................... 32
3.3 The ZnO Ridge Waveguides on SiliCon .........cceeeeeeevcrererieescieesreeeiee e 36
3.3.1 Design of the ZnO Ridge Waveguides on Silicon ..........cccecceevvrreeennnnne. 36
3.3.2 Fabrication of the ZnO Ridge Waveguides on Silicon..........c.cceecuenenne. 37
3.3.3 Characterization of the ZnO Ridge Waveguides on Silicon and
DISCUSSION e 39
3 CONCIUSION ...t 43
CHAPTER 4 ZNO RaANAOM LASEIS ...ciiiicitiiieiciiiie ettt sian e siaan e 44
4.1 INEEOAUCTION ....eiiiieieeeeeeeeeee ettt e e e e ettt e e e e e eee e et eeeeseeeseaaaeeeeeeseaas 44
4.2 ZnO Nanorod Arrays Embedded in ZnO Epilayers...........cccceevvieviereennnenne. 47
4.2.1 Design of the ZnO Nanorod Arrays Embedded in ZnO Epilayers.......... 47

4.2.2 Fabrication of the ZnO Nanorods Arrays Embedded in ZnO Epilayers .49
4.2.3 Characterization of the ZnO Nanorod Arrays fabricated by Metalorganic

Vapor-phase Epitaxy SYStem ........cccoeiieiiiiiieiierieeiee et 50

4.2.4 Characterization of the ZnO Nanorod Arrays Embedded in ZnO

EPIIAY RIS .ottt 53
4.3 CONCIUSION ..ottt sttt nbe e 58




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table of Contents
CHAPTER 5 ZnO Thin-film Random LaSers .......cccccceveeiieiiiiiie e 60
5.1 INtrOAUCTION . ..cceeeeeeeeeeeeeeeeeeeeeeeeeeeee e 60
5.2 ZnO Thin-film Random LaSers......cccoovvvviiiiiiiiiiiiiiee 60
5.2.1 Design of the ZnO Thin-film Random Lasers............ccccocervrirnnnnnnne 60
5.2.2 Fabrication of the ZnO Thin-film Random Lasers.......ccccoeeeeeeeveveeeeennne.. 61
5.2.3 Characterization of ZnO Thin-film Random Lasers ......cccccoeeeeeeeeeeennne.. 63
5.3 Coherent and Incoherent ZnO Thin-film Random lasers ...........ccccceeeeveee.. 68

5.3.1 Design of the Coherent and Incoherent ZnO Thin-film Random Lasers 69
5.3.2 Fabrication of the Coherent and Incoherent ZnO Thin-film Random

| IS £ R 70
5.3.3 Characterization of the Coherent and Incoherent ZnO Thin-film Random
Lasers and DISCUSSION ....ceeeittieeeeeeeeeee et e e e e e eee et e e e e e eeeeeeeeeeeeeeeseaaans 71
5.4 CONCIUSION «.eeeiteeeeeeee e e et e e e e e e e e et eeeeeeseeeerrereeeeeeeseeaanns 76
CHAPTER 6 Low-loss and Directional Output ZnO Thin-film Ridge
Waveguide RANAOM LASEIS ......c.ccviieiiiiiiiecie ettt 78
6.1 INtrOAUCTION ..o 78
6.2 Low-loss and Directional Output ZnO Thin-film Ridge Waveguide Random
LS TS ettt ettt ettt ettt ————e e e e et et ———————aa1—— 79
6.2.1 Design of the Low-loss and Directional Output ZnO Thin-film Ridge
Waveguide Random Lasers..........cccveeveriieniienieniecieeseeseeeve e eie e e ens 79
6.2.2 Fabrication of the Low-loss and Directional Output ZnO Thin-film Ridge
Waveguide Random Lasers..........ccveeveriieniieiieiiecieeie e e 80
6.2.3 Characterization of the Low-loss and Directional Output ZnO Thin-film
Ridge Waveguide Random Lasers and DiScussion............ccceeeveeeveenieenreeennnnn 82
0.3 CONCIUSION ..o 92
CHAPTER 7 ZnO Heterojunctions Light-emitting Diodes............cccocvvvvinnne 93
T INOAUCTION .o 93
7.2 ZnO Heterojunction Light-emitting Diodes ..........cccoooeeiieiieniineeceeeee, 93
7.2.1 Design of the ZnO Heterojunction Light-emitting Diodes ..................... 93
7.2.2 Fabrication of the ZnO Heterojunction Light-emitting Diodes............... 95
7.2.3 Characterization of the ZnO Heterojunction Light-emitting Diodes and
DISCUSSION ..vveiieeeeeeeeeeeeeee ettt e e e e e e ettt e e e e s e e e aaaeeeeeesessssaaeeeaessessaanans 98
7.3 CONCIUSION «.ceoiiiiiieeeeee ettt e e e e e et e e e e s e e e e eaaaaeeeeesseaaas 105
CHAPTER 8 Conclusion and Recommendations for Future Research........ 107
8.1 CONCIUSION .ttt e e e e e e e e e ereeeeeeeeseeessenee 107
8.2 Recommendations for Future Research..........oooveveveeeeiiiiieeieieeeeeeeeeeeene 110
AUTHOR’S PUBLICATIONS (Related to this thesis) ........cc.ccoceveiiiniiiiennas 112
JOUINAL PAPETS.....viiiiiiiciiiiciee ettt sr e e ere e srraeeeraeenes 112
CONTErenCe PaPETS.....ccvieiieiieeiieeieeieetee ettt ettt e s ae e e ens 113
PatENl ..ottt e et e ettt e e ettaa—— 114
AUTHOR’S PUBLICATIONS (Not related to this thesis)..........c.cceecvrvenenne. 115
JOUINAL PAPETS....c.eviiiieiieciiciee ettt et 115
CONTEIENCE PAPEIS....oicviieiieiiieiiieieeteee ettt ettt te e eesveeeveeneesene e 116
APPENDIX A ZnO Properties and ZnO Nanorods...........cccceevevervennne. 117

IX



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table of Contents
Al CryStal STTUCTUTE ..coueieiiieiieeie ettt eenee s 117
A.2  Band Structure and Other ZnO Properties...........ccoceevererienervenennenn. 119
A3 ZNO NANOTOAS.....ccuviiiiiiieiiieeiee et ettt ettt e eeaveeeereeeeaveeeearee s 122
APPENDIX B PhotolumIneSCENCE.........coiiiiiiiieice s 123
B.l Optical SETUP....eccvieeeiieiieieeeece ettt ettt 123
B.2  Equipment COMMUNICALION .......eeeuvierreerieerieeereeieeseeereereeseeeseneenneenens 125
B.3  ENtire Layoul ...cccoviieiiieciee ettt ere e s arae e 127
B.4  Pulse Controlling CirCUit ........ccccveeercveeeriieeirieerieesrreeereeesereesneeesenaeenes 128
B.5  Software Program ........cccccceeviieiiiiiiniie e eree e s 131
APPENDIX C Variable Stripe Length Method Measurement............... 135
(O B @75 0121 B 1< 111 TS USSP 135
C.2  Measurement for VSL Method ...........cooveeiiiiiiiiiiiiicieccee e, 136
APPENDIX D Far- and Near-Field Profile ... 137
D.1  Far-Field Profile........cccoieiiiiiiiiieiecececeee et 137
D.2  Near-Field Profile .......c.cccoceeiiieiieiiicieceeeesee e 137
APPENDIX E Formation of UV and Visible Random Lasing Cavities at
Different Annealing Temperature and DUration............cc.ccoovvvvinivnenencnnnn. 139
APPENDIX F Loss in Gain Threshold Equation............ccccecvvenenienenn 142
APPENDIX G Derivation of Equation for One-mirror Random laser..144
APPENDIX H Electroluminescence Measurement...........ccecveverveennnnns 148
H.T  Optical SETUP....viiiiieiiie ettt ettt e et re e sere e streeseraeeereeesraeenes 148
H.2  Equipment COmMmMUNICALION ......cc.veeeriieerrieeriieerieeerreeeieeesereesneeeseveeenes 149
H.3  Entire [ayout.....ooooooiieieee e 150
H.4  Pulse Modulating CirCuit........ccceeeuieriirriieiierie e 151
H.5  Software Program ...........cccooiiiieiieiieeeeeee e 154
APPENDIX I Current-voltage and Light-voltage Measurement.......... 159
I.1 Experimental SEtUp ........ccceeiieiiiiieeiieeeeeeee e 159
1.2 Software Program ...........ccccoecieiiieriieieieceeeeeeee e 160
APPENDIX J Ideality Factor in the Diode Equation............c.ccoevvuvenee. 162
REFERENCES oo e e e e e e e e 164




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Figures
LIST OF FIGURES

Figure 2.1 Schematic diagram of the MOCVD deposition system [59]. ............... 11
Figure 2.2 Schematic diagram of the MBE deposition system [22]............c..c....... 12
Figure 2.3 Schematic diagram of the rf magnetron sputtering system [117].......... 14
Figure 2.4 Schematic diagram of the PLD system [157]. .c.ocooovveevieeviieeiieecieeenne, 16
Figure 2.5 Schematic diagram of the typical vacuum arc deposition system......... 18
Figure 2.6 Schematic diagram of the off-plane double-bend filter......................... 20
Figure 2.7 Schematic diagram of filter cathodic vacuum arc system [23]. ............ 21

Figure 2.8 RT photoluminescence (PL) spectra of ZnO films grown on quartz
substrate at various oxygen pressures: (A) 3.5x10™, (B) 5x10™, (C)
6.5x107, and (D) 8X10™ TOIT [23]. wvvveveeeeereeeeereeeeeeeeeeeeseseeseeeeeeene 24
Figure 3.1 Proposed schematic diagram of the thin-film ZnO planar waveguide.
ASE: amplified spontaneous emission. TM: transverse magnetic. TE:
trANSVETSE ClECIIIC. .vviuviiiiiiiiiierit ettt s 29
Figure 3.2 (a) Light-light curves for the two polarizations of the thin-film planar
waveguide and (b) the corresponding emission spectra of the two
polarizations at different pump intensities. .........ccoceevvererierereeniennenne. 32
Figure 3.3 Net optical gain versus pump intensities for TE and TM polarizations of
the ZnO thin-film planar waveguide...........ccccevvveeeciieeniieecie e, 33
Figure 3.4 Scanning electron microscope image of the cross-sectional ZnO/SiO,/Si
INEETTACES. .ttt 34
Figure 3.5 (a) Far-field profiles of both polarizations under pump intensity of ~1.3
MW/cm?. (b) Far-field profile of TE mode. (c) Far-field profile of TM
mode. The dotted lines indicate the location of the sample................... 35
Figure 3.6 Proposed schematic diagram of the thin-film ridge waveguide. ........... 36
Figure 3.7 Fabrication procedures of the proposed ZnO ridge waveguide. (a) The
SiO, buffer layer is formed on the silicon substrate by thermal
oxidation. (b) Deposition of ZnO thin film on a SiO, buffer layer by
FCVA. (c) Deposition of line masks on the ZnO thin film for the
preparation of plasma etching. (d) Formation of ridge waveguide after
plasma etching and removal of photoresist............cceeeverieriieniieeieens 37
Figure 3.8 (a) Light-light curves for both polarizations and (b) corresponding
spectra for the ZnO ridge waveguide. .........cceeeereiierieniercie e 40
Figure 3.9 Net optical gain of the ZnO ridge waveguide versus pump power for the
TE and TM polarizations. ..........ccceeeueeeueereerierieereenie e eveeeeeseee e e 41
Figure 3.10 (a) Near-field of the TE mode at <0.5 MW/cm® excitation. (b) Far-
field of the TE mode at ~I MW/cm? excitation. The dotted-dashed lines

indicated the location of the sample. .........cccevvvieiciiiincieeieeee e, 42
Figure 4.1 Proposed design of the ZnO nanorod arrays embedded in the ZnO
epilayers. TM: transverse magnetic. TE: transverse electric. ............... 47

Figure 4.2 (a) Unpolarized light-light curve and (b) corresponding emission spectra
for the ZnO nanorod arrays detected along the symmetric axis of the
nanorod. The inset shows that the ZnO nanorod arrays were excited by
a pump beam illuminated at an angle of 10° to surface normal of the

SAPPRITE SUDSLIALE. ...eeuvieiieiieeiieieeeteeie et ees 50
Figure 4.3 Emission spectra of the ZnO nanorod arrays detected parallel to the
surface of the SubStrate. .......c..coecveviiiiiiiiiiiiiiiiicccccee 52

Figure 4.4 Light-light curves and the corresponding emission spectra of the (a) TE
and (b) TM polarizations from the ZnO nanorod arrays embedded in the

XI



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Figures

ZnO epilayers. The insets of the top-left-hand side corner are the
emission spectra at various pump intensities and that on the bottom-
right-hand side corner is a schematic diagram showing the formation of
closed-loop path for light through recurrent scattering (dashed arrow)
and single-broad ASE spectra (solid arrow) in the sample................... 53
Figure 4.5 Spectra of the TE polarization radiate from 30° to 60 ° from the sample
surface. The pump intensity is 2 MW/cm? and the excitation area is
KEPt At 3X107 CIN. .o 55
Figure 4.6 Spectra of the TE polarization of the sample when the excitation area is
(from top to bottom) 3x107, 1.5x107, 1x10° and 5x10™* cm’. The
excitation intensity is 2.6 MW/CIN...........ooovmreeeeeeeeeeeeeeeeseeeeeseennae 56
Figure 4.7 Dependence of the threshold pump area (4,) on the threshold pump
power (Py) of the ZnO nanorod arrays embedded in the ZnO epilayers
for the TE polarization. ..........cceccveveiereiieiieiieeieeieeeeeee e 57
Figure 5.1 Schematic diagram of the ZnO thin-film random laser..............c.......... 61
Figure 5.2 Fabrication procedures of the proposed ZnO ridge waveguide random
laser. (a) The SiO; buffer layer is formed on the silicon substrate by
thermal oxidation, followed by the deposition of ZnO thin film on a
SiO, buffer layer by the FCVA technique. (b) The sample is post-
growth annealed. (c) Deposition of line masks on the ZnO thin film for
the preparation of plasma etching. (d) ZnO ridge waveguide random
laser is formed from plasma etching the photoresist unmask region and
the subsequent removal of photoresist line mask that protects the ridge.

Figure 5.3 Light-light curve and the emission spectra of the sample after post-
growth annealing for 7, =1 MiN.........cccoccveriiieiiinieniecie e 63
Figure 5.4 Light-light curve and the emission spectra of the sample after post-
growth annealing for 7, =2 h. ....c.ccoviiiiiiiiiee e 65
Figure 5.5 Scanning electron microscope (SEM) images of ZnO thin films: (a) as-
grown, (b) 7, = 1 min, and (c) 7, = 2 h. (d) Emission spectra of the ZnO

thin films: (i) as-grown, (ii) 7, = 1 min, and (ii1) 7, =2 h. ..cccceeeeenees 66
Figure 5.6 Plot of 4. against P, for the post-growth samples with 7, = 1 min,
ANA T =2 N e 67

Figure 5.7 Proposed schematic of the two different configurations that give rise to
MgO film that is dominated in the (a) (220)-orientation and (b) (200)-
OTIENEALION. ....eiutiiriiieiteteeii ettt ettt ettt et sae e b e sae e 69

Figure 5.8 X-ray diffraction spectra (XRD) of the as-deposited and the annealed
(a) ZnO-MgO-Si and (b) ZnO-MgO-ZnO-Si samples. .........cccecueennenne 71

Figure 5.9 SEM images of the ZnO surface of the (a) annealed ZnO-MgO-Si
sample and (b) annealed ZnO-MgO-ZnO-Si sample............ccoeeueennennne. 73

Figure 5.10 (a) Light-light curves for the two polarizations of the annealed ZnO-
MgO-Si sample and (b) the corresponding emission spectra of the two
polarizations, with the MgO layer pre-annealed prior to the deposition
of the ZnO layer, followed by annealing of the entire sample. SE:
SPONtANEOUS CIMISSION. .vvveeerrreerereeerereeeereerreeesereeessseesssaeesseeessseesssseenens 74

Figure 5.11 (a) Light-light curves for the two polarizations of the annealed ZnO-
MgO-ZnO-Si sample and (b) the corresponding emission spectra of the
two polarizations, with the entire sample annealed at 900 °C for 3 h...75

Figure 6.1 Proposed schematic diagram of the ZnO thin-film ridge waveguide
random laser with a MgO capped layer. ........cccceeeieniiniieiieieieees 79

XII



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Figures

Figure 6.2 Scanning electron microscope image of the annealed ZnO thin film after
etching a ridge structure by ion-beam sputtering..............ccceeveeveennenne. 82
Figure 6.3 Transverse-electric (TE) emission far-fields of the samples (a) with and
(b) without MgO capped layer at pump intensity of 1.2 MW/cm®. The
dashed lines indicate the location of the sample...........c..ccceevveeneennnne. 83
Figure 6.4 Unpolarized (a) light-light curves and (b) emission spectra of the
samples with (O) and without (@) MgO capped layer measured at
TOOMMN tRIMPETALULE. ...eeeueveeerrreerereeeereesreeerreesseeessseeassseesseesssseessseesssesans 84
Figure 6.5 Schematic cross section of the annealed ZnO ridge waveguide with
MgO capped layer. The dashed arrows indicate light rays that are being
total internally reflected by the MgO capped and ZnxSi; 4O layers......85
Figure 6.6 Unpolarized (a) light-light curves and (b) emission spectra of the
samples coated with Al on one of the facets with (@) and without (H)
MgO capped layer measured at room temperature. .............cocveeeveennenns 86
Figure 6.7 Plots of P,,by versus L' for the samples with (dashed line) and without
(solid line) MgO capped layer where P; was measured from the
samples by varying L from 1 to 3 mm. by =0.77x10" cmW " is used in
thE PLOL. et e ens 88
Figure 6.8 Plots of Py, by (solid line) and Py,/Py (dashed line) versus L™'. The
solid line is obtained from linear regression fitting within 5% tolerance
(i.e., baPy £ 5 cm ™). by=0.77x10" cmW " is used in the plot. ......... 89
Figure 6.9 Schematic illustrations of the pumping scheme of random cavity with a
mirror proposed by (a) Feng and coworkers [268] and (b) our group..91
Figure 7.1 Proposed schematic diagram of the #-ZnO:Al/p-SiC (4H)
heterojunction LED structure and the suggested setup for light
ELECHION. ...ttt sttt 94
Figure 7.2 Fabrication procedures of the proposed ZnO heterojunction LED. (a)
Deposition of a ZnO:Al (3%) layer on the polished surface of the p-SiC
substrate by the FCVA technique. (b) Deposition of an Al layer, then a
Ti layer, by electron-beam evaporation. (¢) Undergoing rapid thermal
annealing with another identical sample stacked on top at 800 °C for 5
min in a N, environment. (d) Deposition of ZnO:Al (7%) layer on top
of the ZnO:Al (3%) layer by the FCVA technique............ccceevveeennnnns 96
Figure 7.3 Solid lines: current-voltage characteristics of the Al/Ti metallization on
p-SiC before and after rapid thermal annealing at 800 °C for 5 min.
Dash line: current-voltage characteristics of the Ni metallization on n-
ZNOIAL(TY0). ettt 99
Figure 7.4 Room-temperature electroluminescence (EL) spectra of the n-
Zn0:Al(3%)/p-SiC(4H) heterojunction LED at various forward biased
VOIEAZE. 1.eviivieciie ettt ettt ettt et e reestaeerbeesbeesne e 100
Figure 7.5 Room-temperature PL spectra of an annealed ZnO:Al(3%)/p-SiC and a
bare p-SiC(4H) substrate under the optical excitation by a frequency
tripled Nd:YAG laser (355 nm) at pulsed operation (6 ns, 10 Hz).....101
Figure 7.6 XRD pattern of the AlZnO thin film deposited on the SiC substrate at
I50°C. ettt 102
Figure 7.7 Room-temperature current-voltage and light-voltage characteristics of
the n-ZnO:Al(3%)/p-SiC(4H) heterojunction LED. The insert shows

the enlarged current —voltage curve at reverse biased. ....................... 103
Figure 7.8 Proposed electrical circuit model for the heterojunction LED for the
calculation of the ideal factor...........ccccoeviiieniieiiiniiicc 104

XIII



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Tables

LIST OF TABLES

Table 2.1 Characteristics of the different ZnO thin-film deposition techniques. ...26

XIV



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Nomenclatures
NOMENCLATURES
ASCII American Standard Code for Information Interchange
ASE Amplified Spontaneous Emission
BNC Bayonet Neill-Concelman
CPU Central Processing Unit
DEZn Diethylzinc
DI Deionized
EHP Electron Hole Plasma
EL Electroluminescence

FCVA Filtered Cathodic Vacuum Arc

FWHM Full Width at Half Maximum

GPIB General Purpose Interface Bus
GUI Graphical User Interface

IRQ Interrupt Request

LED Light-emitting diode

MBE Molecular Beam Epitaxy

MOCVD  Metalorganic Chemical Vapor Deposition
MOVPE  Metalorganic vapor-phase epitaxy

OPDB Off-plane Double-bend

PL Photoluminescence
PLD Pulse Laser Deposition
PMT Photomultiplier Tube
rf Radio Frequency

XV



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Nomenclatures
RT Room Temperature
RTA Rapid Thermal Annealing
SE Spontaneous Emission
SEL Surface-Emitting Lasers
SEM Scanning Electron Microscope
SSP Surelite Separation Package
TE Transverse Electric
™ Transverse Magnetic
uv Ultraviolet
VSL Variable Stripe Length
XRD X-ray Diffraction

XVI



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1 Introduction

CHAPTER 1 Introduction

1.1 Motivation

Ultraviolet (UV) light-emitting device is an indispensable and critical component
for diverse applications ranging from commercial [1] to military uses [2] and from
scientific [3,4,5] to biomedical technologies [6,7,8,9,10]. Hence, its importance has
stimulated research to focus on the wide bandgap materials, especially for
materials like diamond [11], SiC [12], BN [13], GaN [14], ZnO [15], ZnS [16] and
ZnSe [17], with a bandgap of approximately or above 3 eV. Among them ZnO (its
crystal structure, band diagram and other properties are given in APPENDIX A) is
a good candidate as a room-temperature UV lasing material [15], since it is
different from diamond [18], BN [13] and SiC [12] and has a direct bandgap, that
allows direct carrier recombination. Besides, it has a large exciton binding energy
of 60 meV [15], significantly larger than that of GaN [14], ZnS [16] and ZnSe
[15]. Although fabrication of high-quality ZnO films has been demonstrated
[19,20,21,22], they are required to deposit on lattice-matched substrates (as for
example, expensive sapphire with 2” in diameter) at high deposition temperature
(>350°C). This is because 1) sapphire has a similar hexagonal crystal structure to
that of the ZnO, and 2) high deposition temperature is required to ensure the high
diffusion rate of the constituent species that form a ZnO film with good crystalline
quality. The lattice-matching requirement makes the films difficult to integrate
with other silicon-based optoelectronic devices. Besides that, high deposition
temperature makes the properties and morphologies of the films difficult to be

modified by other post-growth processes. Hence, a filtered cathodic vacuum arc
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(FCVA) technique has been developed to deposit high-quality ZnO films on large
Si wafers at low deposition temperature [23,24,25,26]. It can also be employed as
one of the potential fabrication methods to mass-produce ZnO light-emitting
devices at a lower cost when compared to other techniques that have been

employed in the literature.

In the literature, the optically pumped lasers and the electrically powered light-
emitting diodes (LEDs) are two main categories among the other types of ZnO
light-emitting devices. In the category of optically pumped lasers, they are realized
and evolved from investigations and optimizations in the net optical gain of
epitaxial thin films and waveguides [27,28,29,30]. However, these investigations
are based on the findings in the ZnO thin films fabricated on expensive sapphire
substrates at high temperature. Notably, there is no detailed documentation in the
study of optical gain and confinement in ZnO thin films and waveguides on Si

substrate.

These ZnO waveguides [29,30] on silicon cannot achieve lasing action because
they do not have structures that provide enough optical feedback to sustain lasing.
Hence, periodically-organized hexagonal ZnO crystals [19], known as hexagonal
microcrystallies have been fabricated to form Fabry-Perot lasing cavity from the
facets of all hexagons that are parallel to those of the others. In contrast to these
periodic structures, highly disordered grains in ZnO films on fused silica substrate
has also been proposed [31] to achieve random lasing action with optical feedback
based on the scattering of light, but the ZnO films probably cannot be introduced

with scatterers of light that have designed sizes and distributions.




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1 Introduction

Another limitation in fabrication of the ZnO films is that the deposition process
requires high temperature (500 °C). As a result, the properties of the ZnO films are
difficult to be modified by post-growth process due to the high deposition
temperature. Although the ZnO film [31] has realized one out of the two different
types of random lasers, known as coherent random laser, the other type
(incoherent random laser) is difficult to be realized by different post-growth
processing procedures. These two different types of lasing cavities have different
characteristics and are important to the understanding of the random lasing
phenomena. Yet there is no detailed report on these two different types of random

lasing actions [32] and their formation conditions in the ZnO thin films.

Although the random lasers mentioned have the merit that they do not need to
form the Fabry-Perot lasing cavity or the hexagonal microcrystallites, they also
have their disadvantages. The major ones are that the lasing output emission beams
are not directional [33] and their cavities experience high losses [34]. These
characteristics are undesirable but there is no effective design to eliminate these
unwanted characteristics and to improve the conversion efficiency in the ZnO

random lasers.

Apart from the optically pumped ZnO UV lasers, it is equally important to make
ZnO UV LEDs that is the other major category of ZnO UV light-emitting devices
to be used in the wide range of applications [5,9,10]. Although the FCVA
technique has demonstrated using Al as substitutional elements for Zn to fabricate

Al-doped ZnO films that show n-type conductivity and exhibit UV
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photoluminescence (PL) at room temperature, there is no report in using this

simple technique to fabricate ZnO UV LEDs.

In addition to all the motives mentioned, it is necesary to improvise and design

experiments to characterise ZnO waveguides, random lasers and LEDs.

1.2 Objectives

The key objective of the thesis is to use the FCVA deposition method to fabricate
ZnO UV optical devices on lattice-mismatched substrates, especially Si, at low
deposition temperature. These ZnO UV optical devices are divided into three
different categories, as stated in the motivation and they are 1) optical waveguides,

2) optically pumped lasers and 3) LEDs.

1. Optical waveguides:

e In this category, the aim is to design and fabricate a ZnO waveguide on lattice-
mismatched Si substrate at a low deposition temperature. It is also important to
investigate the optical gain and the enhancement of the optical confinement
characteristics of the optical waveguide fabricated. Hence, the optical
waveguide can be used as a stepping-stone from which the optically pumped

Si-based lasers can be built on.

2. Optically pumped random lasers:
e In this second category, ZnO nanorod arrays with designed sizes and

distributions are introduced into ZnO epilayers that comprised of a ZnO and a
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MgO layer. 1) The nanorods are used to scatter light, and 2) the epilayers
provide gain to the light that scattered between nanorods and confine light to
be scattered inside the ZnO layer, to achieve random lasing action.

e Besides that, the exploration of a novel post-growth process that gives new
degrees of freedom and control to the formation of thin-film ZnO random laser
cavities on the Si substrates is the objective. Moreover, an original engineering
technique is developed to form random cavities in the ZnO thin films in order
to support coherent and incoherent random lasing action, based on the post-
growth process.

e  We propose a ZnO thin-film ridge waveguide structure deposited with a MgO
film on top as a cap layer, to reduce scattering losses and eliminate non-
directional beam emission in ZnO random lasers. Additionaly, Al is to be
coated on one of facets as an external optical feedback to improve the

conversion efficiency in random lasers.

3. Electrically powered LEDs:

e It is intended to design and fabricate an electrically powered ZnO
heterojunction LED using the FCVA technique. Al-doped ZnO is used as the
electron injection layer and p-SiC substrate is used as the hole injection layer to

realize the ZnO heterojunction LEDs.

Finally, we need to build experimental setups to determine PL characteristics and
field profiles of waveguides and lasers. Moreover, another experimental system is

required to study optical gains of waveguides. Finally, another set of apparatus has
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to be established to examine electroluminescence (EL), current-voltage and light-

voltage characteristics of electrically powered LEDs.

1.3 Major Contributions of the Thesis

Using the FCV A technique as a cost-effective method to fabricate the ZnO optical
devices on lattice-mismatched substrates, especially Si, at low deposition
temperature is the most significant achievement in this work. Other major
contributions are the realizations of the three categories of ZnO optical devices in

the objectives and are listed as follows:

1. Optical waveguides:

e 7ZnO planar and ridge waveguides on lattice-mismatched Si substsrates were
designed and fabricated by the cost-effective FCVA technique at a low
temperature of ~230 °C temperature. At this deposition temperature, the ZnO
films exhibit strong UV emission intensity that is ~60 times that of the visible
emission in the emission spectra [225], similar to the observation made in ZnO
films fabricated by other techniques at high temperature [212,213]. Moreover,
the net optical gains for both waveguides were also studied. It was
demonstrated that the ZnO ridge waveguide structure enhanced the optical

confinement characteristics when compared to the planar waveguide.
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2. Optically pumped random lasers:

e Random lasing action was realized in the ZnO nanorod arrays embedded in the
ZnO planar waveguide structure that provided optical gain to the low-density
ZnO nanorod arrays.

e A post-growth annealing method, effective in films deposited by the FCVA
technique at low deposition temperature, was developed to control the random
lasing cavities in the ZnO thin-film ridge waveguide laser. Moreover, coherent
and incoherent random lasing actions were realized in the ZnO epilayers on Si
substrates by varying the ZnO epilayers structures with different annealing
procedures.

e Low-loss and directional output was achieved from the ZnO thin-film ridge
waveguide random laser with a capping layer. It also provides a solution to the
problem of high-loss and non-directional emission characteristics inherent in
other random lasers. In addition, investigations of the improved efficiency of
the lasing characteristics with optical feedback from the ZnO thin-film ridge

waveguide laser with the capped layer were carried out.

3. Electrically powered LEDs:
o A n-ZnO:Al/p-SiC(4H) heterojunction LED was fabricated by the FCVA
technique at a low deposition temperature that exhibits UV emission in the EL

measurement at room temperature.

In order to characterize and examine the optical characteristics of the ZnO optical
devices, an experimental setup for photoluminescence measurement was

established. It is used to study transverse-electric and transverse-magnetic
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polarized emissions of the thin films. After modifying this system, it can also be
employed to investigate the optical gain of the thin films. Furthermore, another
setup was established to study near- and far-field emission profiles of the thin
films. Finally, a different experimental apparatus was assembled and setup into a
system to characterize EL properties of LEDs. It was also capable to measure
current-voltage and light-voltage characteristics of LEDs by modifying the

experimental setup.

1.4 Organization of the Thesis

The deposition techniques to fabricate ZnO thin films are reviewed in CHAPTER
2. CHAPTER 3 describes the FCVA low-temperature fabrication procedures of
ZnO films and the optical characteristics of ZnO planar and ridge waveguides on
Si substrates. In CHAPTER 4, amplified spontaneous emission characteristics of
ZnO nanorod arrays are studied. Besides, we proposed the realization of ZnO
epilayers embedded with ZnO nanorod arrays to achieving lasing. It is followed by
the optical characterization results that verify the random lasing action observed
from the ZnO nanorod arrays embedded in the ZnO epilayers. A post-growth
annealing method was proposed and realized, in CHAPTER 5, to control the
random lasing cavities formed in a ZnO thin-film ridge waveguide laser on Si
substrate fabricated by the FCVA technique. Moreover, the optical characteristics
that conform to the random laser theory are illustrated. In addition, variations in
the compositions of the epilayers on silicon with modified fabrication procedures
were hypothesized to realize coherent and incoherent random lasing actions in

ZnO thin films. Their deposition steps were revealed and the two different samples
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were verified by the optical characteristics given. CHAPTER 6 suggests the use of
a capping layer on the ZnO ridge waveguide random lasers to reduce the high
scattering losses and non-directional lasing emission. Its fabrication procedures
and the improved low-loss and directional emission characteristics of the ridge
waveguide random laser with the capping layer are presented. The enhanced
conversion efficiency is also investigated in this chapter on the capped sample with
improved external optical feedback in one of the facets. In CHAPTER 7, the
design and fabrication of n-ZnO:Al/p-SiC(4H) heterojunction LEDs are proposed.
Its fabrication procedures by the FCVA technique are disclosed and the EL, PL,
current-voltage and light-voltage characteristics of the LED are shown. Finally,

CHAPTER 8 gives the conclusions and the recommendations for future research.
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CHAPTER 2 Deposition Techniques of Zinc Oxide

Films

2.1 Introduction

ZnO thin films can be fabricated by different deposition techniques. As for
example, they are spray pyrolysis [35], screen printing [36], sol-gel [37], thermal
oxidation [38], reactive sputtering [39], radio frequency (rf) magnetron sputtering
[40], ion beam deposition [41], ion plating [42], cluster beam deposition [43],
plasma enhanced chemical vapor deposition [44], metalorganic chemical vapor
deposition (MOCVD) [45], atmospheric-pressure chemical vapor deposition [46],
low-pressure chemical vapor deposition [47], molecular beam epitaxy (MBE) [20],
liquid phase epitaxy [48], electrophoretic deposition [49] and pulse laser
deposition (PLD) [31]. Each of the fabrication technologies has its own unique
advantages and disadvantages in the fabrication of ZnO films. Hence, it is
necessary to study their strengths and weaknesses in order to develop an effective
technique to fabricate ZnO thin films to suit our applications. In our case, the
selected technique should fabricate components that allow the integration with
other silicon-based devices [50,51]. Moreover, the method should be simple and

cost-effective to suit for large-scale production.

2.2 ZnO Deposition Techniques

Most of the ZnO thin films have been fabricated by either MOCVD, MBE, PLD or

rf magnetron sputtering techniques. In the MOCVD technique, as shown in Figure

10
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2.1, its principle is similar to that of the chemical vapor deposition technique.
During the deposition process, atoms or molecules are deposited onto a substrate
by the decomposition of a chemical-vapor precursor species that contains the
material to be deposited. The choices of the precursors are mainly diethyl zinc
[52], dimethyl zinc [59], zinc acetate [53] or zinc acetylacetonate [21]. These
precursors are transported to close vicinity of a substrate surface at elevated
temperature (>350 °C), where they either reacted or oxidized to form ZnO
molecules layer by layer. The oxidants mostly used are water [54], nitrous oxide
[55], nitrogen peroxide [55], oxygen [45], carbon dioxide [52] or alcohols [56].
Among them, H,O, N,O, NO, and CO,, have an increased reaction rate with the

precursors when excited by a plasma [52] or an ultraviolet (UV) light [55,57,58].

Pyrex Dish

Figure 2.1 Schematic diagram of the MOCVD deposition system [59].

The ZnO films fabricated by MOCVD show good crystal quality [60], optical [61]
and electrical properties [62]. Moreover, the ZnO thin films that demonstrated p-

type behavior have been achieved by using NO [63,64,65], NH;3 [66] or P,Os [67]

11
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as dopant sources. For n-type ZnO films, AlCI3(6H,0) [68], triisopropylgallium
[69], triethylgallium [70,71] or BoHe [72] are widely used as dopant sources. In
this method, the fabrication of high-quality ZnO films requires high deposition
temperature  (>350 °C) [21,45,59,60,61,76,73] and expensive lattice-matching
sapphire =~ as  substrate to meet the lattice-matching  criterion
[21,52,60,61,62,74,75,76,77,78]. Their qualities are difficult to be matched by
growing ZnO films on Si substrates at low deposition temperature (<350 °C)

[55,59,79,80,81].

ED screen

|

Discharge
cavity
MFC|
Microwave plasma
power supplier Leak valve

Figure 2.2 Schematic diagram of the MBE deposition system [22].

Figure 2.2 shows the schematic diagram of the MBE deposition system. In contrast
to the MOCVD method, the MBE method requires no chemical reactions in the
deposition process. Moreover, the vaporized species travel at a relatively higher
velocity [82] to the substrate rather than in a slow laminar flow. In fact, the

velocity of the vaporized atoms or molecules is determined by the amount of

12
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thermal energy possessed rather than diffusion effect. In the fabrication of ZnO
films, a Zn metal is kept in a Knudsen effusion source cell. It is slowly evaporated
and directed onto a substrate that is held at a high temperature for reaction with the
species that contain the oxygen source. Most of the oxygen sources used are
generated from a rf plasma [83], an electron cyclotron resonance plasma [84,85],
nitrogen dioxide [86], hydrogen dioxide [87] or rf radical sources [22,88,89].
Moreover, a reflection high-energy electron diffraction system is usually used for
monitoring the surface during the deposition process. There are also shutters
between the sources and the substrates to control uniformity, composition,
thickness and interfaces of the different layers in the atomic scale. P-type ZnO
films have been demonstrated by using As [90], Ga + N [91,92], Li [93] or N
[94,95] as dopant sources. On the other hand, n-type ZnO films have been
demonstrated by this method using Ga [96,97] or Al [98,99] as dopant. Films
fabricated by this method exhibit high crystalline quality [19,20,93,100,101,102] at
high deposition temperature [19,22,83,86,87,88,89,93,100,101,102] (>350 °C).
Although there are films fabricated at lower temperature [84,85], these films have
to be grown on lattice-matched substrates. Hence, most of the high-quality ZnO
films are grown on expensive sapphire substrates
[19,20,22,83,84,85,86,88,89,101,102], ScAIMgO, substrates [100], ZnO crystal
substrates [93], and MgO- [103,104] or GaN-buffered [87,105] sapphire substrates.
Their crystalline quality is difficult to be achieved by growing the ZnO films on

lattice-mismatched Si substrates [106,107].

On the other hand, the high deposition temperature and the lattice matching

condition of the substrate required in the MBE and the MOCVD methods are not

13
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needed in the sputtering method. There are various kinds of sputtering technique to
fabricate ZnO films and they are -electron-cyclotron-resonance sputtering
[108,109], ion-beam sputtering [110], dual-ion-beam sputtering [111], helicon-
wave excited plasma [ 112 ], unbalance magnetron sputtering [ 113] and rf

magnetron sputtering [40,114,115,116,117,118, 119,120,121,122].

ubstrate

ﬁ:l . —gas input
Pump—

H———

] Match RF.

Box

Figure 2.3 Schematic diagram of the rf magnetron sputtering system [117].

Figure 2.3 shows the schematic of a rf magnetron sputtering system. ZnO
[40,114,118,119,120,121] is used as target material and is positioned in front of a
permanent magnet. Besides, GaN target [123], P,Os-doped ZnO target [124],
Nitrogen [123,126], GaAs wafer [125], or Be sheet [126] are used for the
fabrication of p-type ZnO films, whereas different kinds of doped ZnO targets are
used for the n-type fabrication. They are the Al,O3- [127,128,131], Al- [129],
Gay0s- [128,130,131,132], B,0s- [131], In,O3- [128,131] or GeO,-doped target
[128]. During the sputtering process, an ac-voltage is applied to the target. Plasma
is formed between two electrodes and well confined to the surface of the target

[133] due to the magnetic field. In the plasma, clouds of electrons are moving in a

14
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sea of relatively stationary ions. The electron cloud approach the electrodes for a
short period of time in each half biasing cycle. Hence, charged ions transfer their
momentum to the target. Atoms or molecules are ejected from the target and they
form a layer onto the substrate [134]. Since momentum transfer is the main
mechanism in depositing the species onto substrates, the lattice-matching condition
is not as critical as MBE and MOCVD. As a result, ZnO films can be fabricated on
diamond [40], Si [114,122], sapphire [115], GaAs [116] or fused silica [117]
substrates at low deposition temperature [40,117]. However, impurities are
probably presented in the deposited ZnO films due to the working gas pressure for
igniting the plasma and the sputtering process that takes place at both electrodes
and other surfaces inside the sputtering chamber exposed to the plasma [135].
Furthermore, in this method, the deposited films generally have the same
stoichiometry as the target [136]. As a result, most of the ZnO films are deposited
from a more expensive high-purity ZnO target instead of a Zn target. Although
ZnO films have been fabricated using a Zn target [116, 122], their crystalline
qualities are difficult to achieve better than that of the ZnO films fabricated from a

ZnO target [118].

Another well-known technique in fabricating ZnO thin films is PLD method. In
this method, Zn target [ 137 ] or Zn0O target
[31,138,139,140,141,142,143,144,157,159,160,161,162] are mostly used as the
target materials. For the fabrication of the p-type ZnO films, P,Os-doped target
[145,146,147], or, Ga-doped target and N [148,149,150] are used. Besides, Al,Os-
[151,152,153,154,155], Ga- [152] or Ga,Os-doped ZnO target [154,155,156] is

used in the fabrication of the n-type ZnO films.
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Figure 2.4 Schematic diagram of the PLD system [157].

Figure 2.4 shows the schematic diagram of the PLD system. The target material is
vaporized by the radiation of a KrF (248 nm) laser
[31,137,138,139,140,142,143,158,161,162,164], an ArF (193 nm) excimer laser
[157,158,159] or a Nd:YAG (355 nm) [141] pulse laser focused onto the target.
Moreover, lasers with femtosecond pulses [144,160,161] are employed to vaporize
the target. Lasers with these wavelengths and ultrashort pulses are used to prevent
melting the target that causes liquid droplets ejection and mircroscopic particles to
form onto the deposited films [140,162]. When the laser pump power is above a
certain threshold, a substantial amount of the target vaporizes and forms a plume.
It propagates in a direction perpendicular to the surface of the substrate that is
heated up and accumulates on the substrate surface and forms a thin film. In
contrast to MBE and MOCVD, due to the high kinetic energy of the species
emitted from the target [135], ZnO thin films can be deposited on substrates [31,
140,141,142,143,144,157,160,162] other than sapphire at lower deposition
temperature [141,142,143,144,157]. These species with improved surface mobility
enhances the growth of the crystalline ZnO films. Besides, the films that are

fabricated using a two-step [163] or multiple-step [164] procedures show good
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electrical and optical properties. Although the PLD technique can fabricate ZnO
thin films on lattice-mismatched substrate at low temperature, ablated species eject
from the target with high kinetic energy and bombard onto the substrate that
probably lead to crystallographic defects in the film [135]. Furthermore, despite
mircroscopic particulate is not detected in ZnO films fabricated by the PLD
technique, it is observed in films made of other materials [165]. When compared to
the MBE, MOCVD or rf magnetron sputtering techniques, the scalability of the

PLD deposition method to the wafer size is limited [136].

2.3 Vacuum Arc Deposition Techniques

Arc deposition technique is proposed to grow the ZnO thin films because: 1) The
requirement of substrate temperature during deposition is lower, 2) the fabrication
of ZnO thin films on lattice-mismatched and large substrates is possible, 3) the
fabricated films are free of the microscopic particulate, and 4) the ZnO thin films is
mass-produced at a lower cost. ZnO thin films have been fabricated using this
technique with modified deposition apparatus [166,167]. It is also shown that ZnO
thin films fabricated by this method have promising potential applications in field
emission displays [168], and solar cells [169]. However, the use of this method to
make ZnO UV optical devices (e.g. optical waveguides, lasers and light-emitting

diodes) has not been reported.
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Figure 2.5 Schematic diagram of the typical vacuum arc deposition system.

In fact, the arc plasma deposition technique was suggested a long time ago [170]
for coating thin films and had been developed [171,172,173] and investigated by
different research groups. Figure 2.5 shows the schematic diagram of the typical
vacuum arc deposition system. They comprise a deposition chamber, a target
chamber and a filter. The film deposition process is carried out in a vacuum
environment and, in this case, the deposition chamber is connected to a piping
linked to a pump. Inside the deposition chamber, where a substrate is positioned on
a substrate holder, there is a gas inlet to supply gas during the deposition process.
For some of the designs, a heating element is located in close vicinity to the
substrate area to control substrate temperature [174]. To reduce or eliminate
macroparticle contamination in the deposited films, the substrate can be connected
to a cathode of a biasing supply [175] and a shield [167,176] is located at some
distance away from the substrate to avoid the substrate to be in line-of-sight with

the target. Other than using substrate bias and a shield to filter out macroparticle,
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macroparticle filter [177,178,179] can also perform the task. This macroparticle
filter is usually located in between the deposition and target chamber. Inside the
target chamber, a shutter [180,181] is possibly present to decide the exposure time
of the substrate to the plasma and a target is connected to a negative terminal of a
vacuum arc supply [182]. This is known as the cathodic arc deposition technique.
Alternatively, the target can be connected to the anode [183,184] in the anodic arc
deposition technique. The vacuum arc power supply can either be in a continuous
[185] or pulse [179] operation. Besides that, the target is prevented from
overheating by a cooling system to reduce the presence of macroparticles in the
substrate. Furthermore, there are different designs to eliminate or lower the number

of macroparticles in the substrate.

2.3.1 Macroparticle Control

In a lot of vacuum arc deposition system setups, the target is connected to the
cathode. After triggering the vacuum arc [186,187], the current is concentrated at a
small number of discrete sites called cathode spots. These cathode spots are non-
stationary and macroparticles are generated [188] unless different arc modes
operation is employed [183,184,189]. However, the latter is not preferred in
applications where the generation of ions with high kinetic energies is crucial
[190]. Hence, significant interests have been focused to reduce the contamination
of macroparticles in the vacuum arc deposition technique. Field coils induced rapid
cathode spot motion [191] and reduction of arc current [192] have shown to reduce

macroparticle generation by lowering the target temperature [193], although the
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latter seems to be counterproductive. Besides, negative biasing to the substrate
[175] and manipulating the background pressure [192, 194 ] have been
demonstrated to lessen the macroparticle contamination. Steered and shielded arc
deposition methods [167,176] are also used in solving this problem. In the steered
arc deposition technique, a magnetic field guides the motion of the arc spot. In the
shielded arc deposition method, there is a shield in between the substrate and the
target, along the path of the plasma. Lastly, the conventional filter method, as for
example dome filter [195], classical 90-duct filter [196], 45°-duct filter [197], S-
duct filter [198], rectilinear filter [199], freestanding magnetic coil filter [200],
stroboscopic filter [201], Venetian blind filter [202] and rotating blade filter [203],
are used to filter out macroparticle. Among them, the more successful ones are the

magnetic filters [204].

Top view

Figure 2.6 Schematic diagram of the off-plane double-bend filter.

Therefore, a magnetic filter is used in our deposition technique where the plasma

ions are guided by a filtering-duct, as shown in Figure 2.6 known as an off-plane
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double-bend (OPDB) filter [205]. It has two-torus bends at 90° and 45° with
respect to axis of the cathodic vacuum arc source [206,207]. The exterior wall of
the filtering duct is surrounded by a set of magnetic coils for the generation of
magnetic field to guide the plasma ions, while its interior is equipped with baffles
that are designed to catch or to reflect macroparticles. The OPDB filter is effective
in eliminating macroparticle contamination in the deposited films with increasing
number of macroparticles hitting the walls of the plasma duct [205]. Concurrently,
the shape of the filter allows optimum output efficiency while keeping the losses of

plasma in the filter to a low level [205].

2.3.2 Filtered Cathodic Vacuum Arc Deposition Technique
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Figure 2.7 Schematic diagram of filter cathodic vacuum arc system [23].

Figure 2.7 shows the filter cathodic vacuum arc (FCVA) system that is used for the

deposition of the ZnO thin films. A Zn target with purity of 99.9% is used as the
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target material and it is connected to the cathode of a vacuum arc continuous
biasing supply. A Zn target is used instead of a ZnO target because: 1) it is more
economical, 2) it has a lower melting point such that a lower biasing voltage is
needed to trigger an arc, and 3) it is a conductor so that an arc can be sustained
more easily. On the other hand, the anode of the biasing supply is connected to the
trigger that is grounded. The cathodic arc deposition method is selected over the
anodic arc deposition because: 1) A higher percentage of the material evaporated
from the target is ionized [208], 2) the ions exist as multiple charge states in the
plasma [209], and 3) the kinetic energies of the ions generated are higher [190].
Furthermore, continuous biasing operation is preferred over pulsed operation since
it is more suitable in fabricating large-areas thick films with high quantity [204].
Moreover, cooling water is circulating in close proximity to the target to lower the
target temperature during deposition. This is to prevent the entire cathode/anode
apparatus from over heating and melting, and also reduce generation of

macroparticles [193].

When the trigger is rotated to strike and bring into contact with the target surface,
an arc is formed. It is self-sustained and confined by the cathode coil. The arc spot
is restricted to run on the target surface by the small gap between the target and the
isolated shield, otherwise it leads to the destruction of the isolated shield and the
contamination of the samples. The energetic plasma ions are then guided by the

magnetic filtering-duct before arriving at the substrate.
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2.4 Conclusion

Table 2.1 on pages 26 and 27 summerizes the characteristics of the different
deposition techniques discussed. The table shows that the FCVA technique has
many advantages over the other ZnO thin-film fabrication techniques. One of them
is that the energetic ions in the plasma have high kinetic energy and part of their
momentum is being transfered to the gas molecules. This momentum transfer
causes excitation, disassociation, and ionization of the background gas molecules
[210]. Hence, this technique allows the deposition of ZnO thin films on the lattice-
mismatched substrate at low deposition temperature (<350 °C) [23,24,25,26,211]
due to the energetic ions. The x-ray diffraction (XRD) patterns of the ZnO films on
Si fabricated by the FCVA technique at room temperature (RT) [23] shows a full
width at half maximum (FWHM) of 0.23° in the (002) peaks. The result is
compatible to that obtained by using other ZnO thin-film fabrication techniques on

Si substrates at elevated temperatures [79,106,122,140].

Besides, a Zn target [23,24,25,26,211] instead of a more expensive ZnO target can
be used since the ions inside the plasma can be steered and accelerated toward the
substrate that lead to the enhancement of adhesion, film density and composition
stoichiometry [204]. The flexibility in the choice of the target materials also
provides more degree of freedom in the doped ZnO films in the n-type fabrication

[211].

When compared to the PLD technique, the FCVA method also allows the

fabrication of thin films on a relatively large substrate with uniformity of better
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than +5 % over a 6” deposition area [205]. Moreover, having the OPDB filter and
other advantages mentioned, the FCVA technique can fabricate ZnO thin films on
Si substrates with electrical [211] and optical properties [26] comparable to those
fabricated by the other methods [212,213,214]. In conclusion, the FCVA technique
is a more suitable method that fits our objectives in the fabrication of the ZnO UV

optical devices.
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Figure 2.8 RT photoluminescence (PL) spectra of ZnO films grown on quartz
substrate at various oxygen pressures: (A) 3.5x10, (B) 5x10™, (C) 6.5x10™, and

(D) 8x10™ Torr [23].

Figure 2.8 gives the RT PL spectra of ZnO films deposited on quartz substrate at
different oxygen pressure in RT by the FCVA technique. It is shown that the PL
peak position of the samples prepared at oxygen pressures of 3.5x107, 5x107,
6.5><1O'4, and 8x10™ Torr are 3.32,3.31, 3.28 and 3.27 eV, respectively. Besides, a

broad deep level emission peak is observed around 2.03 eV. In addition, the PL
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peak FWHM is the lowest at 150 meV when the sample is deposited at oxygen

pressure of 5x10™.

It is observed that the intensity ratio of the UV emission peak to that of the visible
emission peak is compatible to the intensity ratio obtained from ZnO films
fabricated at elevated temperature on lattice-matched sapphire substrate by other
deposition methods [77,21, 215 ,22,118]. This indicated that although other
deposition techniques can fabricate ZnO films on lattice-mismatch substrate and
exhibit PL [143,81,107,122] similar to our FCVA technique, their deposition of
ZnO requires be carried out at elevated temperature [143,81,107,122]. In addition,
a ZnO buffer layer is needed to improved their ZnO films’ quality [107] and some
of their ZnO films exhibit high visible emission [143,81]. Hence, the FCVA
technique is one of the most potential methods in depositing high-quality thin films

at low temperature on lattice-mismatched substrate.
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CHAPTER 3 ZnO Waveguides

3.1 Introduction

Optical gain of ZnO thin films deposited on sapphire by the various techniques has
been investigated intensively [27,28,29,30]. However, these ZnO films under
investigation are fabricated on expensive sapphire substrates at a high deposition
temperature (>350 °C). Although ZnO thin films have been fabricated on Si
substrates at lower deposition temperature (<350 °C) [216,217], there is no detailed
report on the investigations of optical gain and confinement characteristic on them.
Therefore, it is important to carry out the investigations, particularly for the ZnO
films on Si at low temperature fabricated by the filtered cathodic vacuum arc
(FCVA) technique. The results can be used as a reference for the realization of

ZnO waveguide lasers fabricated on Si by the FCVA technique.

3.2 The ZnO Planar Waveguides on Silicon

3.2.1 Design of the ZnO Planar Waveguides on Silicon

A thin-film waveguide is selected as the geometry under investigation in this thesis
for its simple fabrication steps. Moreover, when the thin-film waveguide is used in
the development of the waveguide lasers, it allows: 1) simple focusing optics [218]
or without the need of optics at all [219], 2) good thermal handling with effective
cooling [220] from the large surface of the slab, 3) the fabrication to be carried out

by the well-established thin-film deposition technology, 4) high component density
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[221], and 5) integration with other planar devices in different applications

[222,223].
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Figure 3.1 Proposed schematic diagram of the thin-film ZnO planar waveguide.
ASE: amplified spontaneous emission. TM: transverse magnetic. TE: transverse

electric.

Figure 3.1 shows the proposed schematic diagram of a ZnO planar waveguide. A
layer of SiO, buffer layer is inserted between the ZnO thin-film layer and the Si
substrate. SiO; is selected as the buffer layer because it has a smaller refractive
index (1.45) than that of the ZnO film and a low absorption loss due to its wide
energy gap [27]. Moreover, it can be grown on Si substrate easily by thermal

oxidation [224]. The thickness of the SiO, buffer layer is selected so that more
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pumping energy is being refracted back into the ZnO layer, while optimizing the
oxidation time in making this layer. As for the ZnO film thickness, it is chosen to
minimize the number of modes and to optimize the pump and signal intensities

confined inside the waveguide.

3.2.2 Fabrication of the ZnO Planar Waveguides on Silicon

A piece of n-type (100) Si substrate was cleaned in the sequence by acetone,
alcohol and deionized (DI) water in an ultrasonic bath. Following that, the Si wafer
was pushed into the center portion of a quartz tube that was opened at both ends
and inside a standard Lindberg-type furnace. This was to ensure the uniformity of
the thermal gradient on the Si substrate so that the thickness of SiO, layer to be
formed was uniform. The Si wafer was heated from room temperature to 1100 °C
with ramp rate of ~20 °C/min so as to prevent the wafer from cracking. After ~10
hrs [224], a layer of 420 nm-thick SiO, was grown on the Si substrate by dry
thermal oxidation (thermal oxidation that is carried out in the moisture-free
oxygen). Before the wafer was taken out, the furnace was off and cooled to room
temperature. Next, the sample was cleaned using the same procedures mentioned
before. Then the sample was clipped onto a sample holder inside a FCVA
chamber. It was noted that the entire wafer was in good physical contact with the
sample holder. This was to guarantee uniform substrate heating by the heater that
was located at the back of the sample holder. Before the deposition process, the
chamber was pumped down to the typical base pressure of ~2 x 10 Torr and the
heater was switched on. The substrate temperature was set to 230 °C because ZnO

thin films grown at this temperature had a larger intensity ratio of the ultraviolet
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(UV) emission peak to that of the visible emission peak [225] when compare to
films fabricated at other temperature. Higher deposition temperature (>230 °C) is
not desirable since it propably causes more oxygen to be incorporated into the film
and lead to more oxygen interstitial sites. On the other hand, lowering the
deposition temperature is not preferred as the crystalline quality of the film is
affected [225]. When the desired substrate temperature was reached, a zinc target
(with purity of 99.9%) was manually struck to ignite an arc and to generate the
plasma. The arc current was ~60 A and the toroidal magnetic field was ~40 mT to
guide the plasma. The magnetic field is produced by three sections of copper coils
wrapped around the off-plane double-bend filter. They are the focusing coil, the
filtering coil and the anode coil. Each of them is powered by three individual sets
of power supply, biasing at 3.6, 29.2 and 2.5 V, respectively. The corresponding
current that flows through the coils is 12, 20 and 10 A. At the deposition rate of
~0.53 nm/s, a layer of ZnO thin film of thickness ~160 nm was deposited on top of
the SiO, layer in ~5 min. During the deposition process, the oxygen partial
pressure was ~2 x 10 Torr. The pressure was slightly higher than that of our
previous publication [225] because a higher pressure reduced the stress and the
deposition rate of the ZnO films [23,226]. This lowered the surface roughness
[227] that is a critical issue to improve the light confinement in the waveguide. At
the specified conditions, the ZnO thin films have optical properties compatible
with other techniques. After the deposition, the sample was cooled to room
temperature before the chamber was purged and opened. The sample was then

cleaved into a dimension of 5 mm x 5 mm.
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3.2.3 Characterization of the ZnO Planar Waveguides on Silicon
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Figure 3.2 (a) Light-light curves for the two polarizations of the thin-film planar
waveguide and (b) the corresponding emission spectra of the two polarizations at

different pump intensities.

Figure 3.2 shows the light-light curves and the corresponding spectra for the two
polarizations of the thin-film ZnO planar waveguide at different pump intensities.
The details of the experimental setup are given in the APPENDIX B. The TE and
TM directions are defined as the directions that are parallel and perpendicular to
the lateral direction, respectively, as indicated in Figure 3.1. From the light-light
curves, the optical intensities for both polarizations increase with the increase of
the input pump power. Moreover, it is noted that the TE polarized output
intensities double that of the TM mode, meaning that the TM modes are strongly

suppressed. The emission spectra of the TE (TM) mode stretch from ~375 to ~395
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nm (~370 to ~390 nm). The emission mechanism is made up of two recombination
processes and they are namely exciton-exciton scattering and electron hole plasma
(EHP) recombination [27] (Details about the two emission mechanisms are given
in APPENDIX A). However, the latter is the main recombination process due to
the fact that the excitation intensities are greater than the gain threshold in Figure
3.3, accompanied with the shifting of emission peak in the emission spectra
(Figure 3.2). There is no threshold in the light-light curves for both polarizations
and no distinct lasing modes in the spectra, indicating that lasing is not observed

from the sample.
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Figure 3.3 Net optical gain versus pump intensities for TE and TM polarizations of

the ZnO thin-film planar waveguide.
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Figure 3.3 (on the previous page 33) shows the variation of the net optical gain at
different input pump power obtained by the variable stripe length (VSL) method
[228], as summarized in APPENDIX C. As the input pump power is intensified,
the net optical gain is enhanced for both polarizations. For both polarizations, the
net optical gain is improved by ~60 cm™ for every unit MW/cm? input power rise.
The TE and TM mode have a zero net optical gain at input power of ~0.75 and
~1.03 MW/cm?, respectively. Moreover, it is noted that the TE mode is of ~20 cm’
! more than the TM mode at the same excitation power. The higher TE net optical

gain explains that the TM mode is being suppressed by the waveguide.

Figure 3.4 Scanning electron microscope image of the cross-sectional ZnO/SiO,/Si

interfaces.

The scanning electron microscope image of the cross-sectional view of the thin-
film planar waveguide is shown in Figure 3.4. It shows clearly the three different
layers. They are the ~160 nm-thick ZnO layer, the ~420 nm-thick SiO, layer and

the Si substrate. The ZnO and SiO; interface is smooth, implying that the FCVA
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technique is capable of fabricating ZnO films on lattice-mismatched Si with a

smooth interface.

Figure 3.5 (a) gives the far-field profiles of both polarizations observed from the
waveguide illuminated by an excitation stripe at a pumping intensity of ~1.3
MW/cm?, using the setup given in the APPENDIX D. There are two round bright
spots of different intensities noted. They are originated from the fundamental
modes of the two polarizations, emitted at different angles due to the roughness of
the facet. While the brighter spot is originated from the TE polarized emission, the
dimmer spot comes from the TM polarized emission of the planar waveguide, as

given in Figure 3.5 (b) and (c).

two polarizations emitted
from the device’s facet TE far field TH far field

location of sample location of sample location of sample

Figure 3.5 (a) Far-field profiles of both polarizations under pump intensity of ~1.3
MW/cm?. (b) Far-field profile of TE mode. (c) Far-field profile of TM mode. The

dotted lines indicate the location of the sample.
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3.3 The ZnO Ridge Waveguides on Silicon

3.3.1 Design of the ZnO Ridge Waveguides on Silicon

In order to improve the optical characteristics of the planar ZnO waveguide in
section 3.2, it is modified into a ridge waveguide. The ridge design is used
because: 1) It is simple to be implemented by lithographic techniques, 2) it
improves the confinement of light in the lateral direction, 3) it can be easily
integrated with other optical and electrical components, and 4) its geometry is

similar to that of the excitation pump strip.
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Figure 3.6 Proposed schematic diagram of the thin-film ridge waveguide.

Figure 3.6 shows the proposed schematic diagram of the thin-film ridge

waveguide. Other than the criterions stated in section 3.2.1 have to be considered,
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the etching depth and the width of the ridge waveguide have to be considered so
that the number of modes within the ridge is minimized and the confinements of
the signal and pump intensities are optimized. At the same time, the overlapping of

the signal and pump intensities is maximized.

3.3.2 Fabrication of the ZnO Ridge Waveguides on Silicon
(a) (b)

(d) (¢)
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s e
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Figure 3.7 Fabrication procedures of the proposed ZnO ridge waveguide. (a) The
Si0, buffer layer is formed on the silicon substrate by thermal oxidation. (b)
Deposition of ZnO thin film on a SiO; buffer layer by FCVA. (c) Deposition of
line masks on the ZnO thin film for the preparation of plasma etching. (d)

Formation of ridge waveguide after plasma etching and removal of photoresist.

The fabrication procedures of the proposed ZnO ridge waveguide are shown in

Figure 3.7. In Figure 3.7 (a), first, a piece of Si substrate underwent thermal
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oxidation at 1100 °C for ~10 hrs [224] to form a SiO; layer of thickness 420 nm on
a Si substrate. Subsequently, as shown in Figure 3.7 (b), a ~160 nm-thick ZnO thin
film was deposited on top of the SiO, layer by the FCVA technique. The
experiment procedures and parameters remained unchanged as they were stated in
section 3.2.2. A drop of photoresist (AZ5214) was spread on top of the ZnO thin
film that was placed on the vacuum chuck of a spin coater (Specialty Coating
System, inc. model no. P6204). It was then evenly spin coated onto the ZnO thin
film at 4000 rpm for 30 s. The estimated thickness of the photoresist was ~1.41
pm. After spin coating, the thin-film sample was pre-baked on a hotplate
(Heidolph MR 3003 control G) at 90 °C for 2 min. Using a mask aligner (Quintel
Corporation Q4000-4), a mask was aligned with the thin-film sample. The pattern
on the mask was strips with width of 2 pm and separations of 500 um. It was
necessary to note that the strips were aligned perpendicularly to the facet of the
thin-film sample. While the thin-film sample was in contact position with the
mask, the photoresist was exposed with ultraviolet light for ~30 s. The lamp
current was ~4 A and the lamp voltage was ~40 V. The lamp power and intensity
were ~160 W and ~16 MW/cm?, respectively. Subsequently, the thin-film sample
was developed in a developer (AZ 300 MIF) for ~15 s and a photoresist strip
pattern was obtained on the thin-film sample. Before the thin-film sample was
hard-baked for ~3 min at 120 °C on the same hotplate, the sample was rinsed in DI
water for ~30 s. It was ensured that the entire photolithographic process was
carried out in room temperature and humidity of ~20 °C and ~40 %, respectively.
Next, the photoresist pattern was checked using a microscope (Olympus BX 60).
This was to guarantee that the unwanted pattern was totally removed and

photoresist stripes were developed on the ZnO thin-film layer as shown Figure 3.7
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(c). With the stripes pattern transferred, the unmasked region of the ZnO thin film
was etched using plasma. This method is used because the band-edge
photoluminescence of ZnO film can be enhanced by hydrogen-containing plasma
etching [229]. The sample was placed onto a water-cooled copper electrode inside
a stainless steel chamber. With impedance matched to an impedance network, the
electrode was capacitatively coupled to a 13.56 MHz radio frequency generator.
The measured radio frequency power was ~120 W and the thin-film sample was
self-biased to —300 V. The thin-film sample was exposed to H,/CH4/Ar (10/30/5)
plasma, where the numbers represent the gas flow in standard cubic centimeters
per minute [ 230 ]. A magnetic field intensity of ~150 Gs was applied
perpendicularly to the thin film to increase the surface plasma density. During the
etching process, the working pressure was at ~45 x 10™* Torr and the etching rate
was ~6 nm/min. After ~990 s, ridges with height, width and separation of 100 nm,
2 um and 500 um, respectively, were formed on the ZnO thin film, as illustrated in

Figure 3.7 (d).

3.3.3 Characterization of the ZnO Ridge Waveguides on Silicon and

Discussion

Figure 3.8 on the next page gives the light-light curves and the corresponding
spectra for the thin-film ridge waveguide. In the light-light curves, the output
power of both polarizations increases linearly with the increase in excitation pump
power. The polarized TE optical intensities are higher than that of the TM mode.
When Figure 3.8 (a) is compared to Figure 3.2 (a) of the planar waveguide, the

polarized TE output intensity of the ridge waveguide is doubled that of the planar
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waveguide. Furthermore, it is observed that in the TM mode, the optical intensity

of the ridge waveguide is ~3.5 times more than that of the planar waveguide.

These results imply that the confinement in the lateral direction is being improved

by the ridge structure. In Figure 3.8 (b), except for the difference in optical

intensities, spectra for both polarizations are similar to that in Figure 3.2 (b). The

EHP recombination process predominates the exciton-exciton scattering process in

the recombination mechanisms [27], since the emission peak stretches from ~370

to ~395 nm in the emission spectra.
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Figure 3.8 (a) Light-light curves for both polarizations and (b) corresponding

spectra for the ZnO ridge waveguide.
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The variation of the net optical gain for both polarizations of the ZnO ridge
waveguide at different pump power is shown Figure 3.9. The net optical gain of
both polarizations approximates a linear relationship with the increase in input
power and gives a positive slope of ~60 cm/MW. The gradients of the two curves
are similar to that obtained in Figure 3.3. Moreover, the net optical gain of the
waveguide with the ridge structure for both polarizations approximately doubles
that of the planar waveguide at the same excitation power. It is also noted that the
zero net optical gains of the TE and TM modes are ~0.43 and ~0.59 MW/cm?,

respectively. They are reduced by ~0.6 times when compared to that of the planar

waveguide.
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Figure 3.9 Net optical gain of the ZnO ridge waveguide versus pump power for the

TE and TM polarizations.
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Figure 3.10 (a) Near-field of the TE mode at <0.5 MW/cm® excitation. (b) Far-
field of the TE mode at ~1 MW/cm? excitation. The dotted-dashed lines indicated

the location of the sample.

Figure 3.10 (a) shows the near-field of the TE mode of the ridge waveguide. It is
observed when an excitation beam, of diameter and pump intensity of 9 um and
<0.5 MW/cm?, respectively, illuminates onto several ridges. The image indicates
that the emission is mainly confined inside the ridges, showing that the waveguide
is effective in confining and guiding light. This is also reflected from the singular
bright spot observed in the far-field of the TE mode under the excitation of a pump

strip at pump intensity of ~I MW/cm?, as given in Figure 3.10 (b).
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3.4 Conclusion

In conclusion, our results show that the prepared thin-film waveguides exhibit
amplified spontaneous emission with TE and TM peak intensity wavelength at
~385 and ~380 nm, respectively. It is also evident that the waveguides show single
mode for both polarizations, with the TM mode suppressed. Furthermore, it is
observed that the use of ridge waveguide is capable to enhance the optical
characteristics of the ZnO films. Its net optical gain is ~100 cm™ (~50 cm™) in the
TE (TM) polarization at pump intensity of ~ 1.75 MW/cm? and they are ~1.6 times
(~2 times) larger than that of the planar waveguide. Apart from having larger net
optical gain, the excitation power required to achieve a zero net optical gain in the
ridge waveguide is reduced by ~0.6 times for both polarizations. These
improvements show that the coupling between the signal and the pump wave is

further improved in the ridge waveguide.

To summarize this chapter, it is demonstrated that the FCVA technique can
fabricate device-quality silicon-based ZnO thin-film waveguides on the lattice-
mismatched SiO; buffer layer. In addition, the waveguide is fabricated at low
substrate temperature (~230°C) on large substrates (~6” in diameter in the system).
More importantly, this cost-effective fabrication technique can be used as an
advantageous approach for mass-production. Hence, the FCVA technique is the
stepping-stone to develop and advance the making and integration of other optical

and electrical silicon-based devices.
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CHAPTER 4 ZnO Random Lasers

4.1 Introduction

Amplified spontaneous emission (ASE) is observed in the waveguides mentioned
in CHAPTER 3 and yet no lasing is observed. This is because in order to fabricate
conventional Fabry Perot cavity, two parallel smooth facets have to be realized
[231]. These facets, however, are difficult to realize by cleaving the ZnO thin films
without further polishing. The reason is due to the fact that ZnO films (i.e.,
wurtzite structure) growth on Si substrate has no (100) plane perpendicular to the
substrate surface [232,233]. Therefore, it is difficult to cleave a smooth facet as if
GaAs or InP films parallel to the growth direction. Hence, to introduce a feedback
mechanism for lasing in ZnO materials, hexagonal ZnO microcrystallites [19] with
parallel facets have been fabricated on sapphire to form the Fabry-Perot lasing
cavities. In contrast to the feedback presented from these orderly structures, lasing
action has also been demonstrated in ZnO polycrystalline thin films [31] and ZnO
powder films [32]. When light waves travel in these active random media, the
directions of propagation of each light wave are changed as it interacts with a
scatterer [234]. A scattered light wave lost its initial direction completely after
traveling an average distance of /;, known as the transport mean free path. This
distance is related to the average distance that light travels between two
consecutive scattering events, know as the scattering mean free path (/) by the
equation (4.1),

/

l = 5 .,
" 1-{cos 6)

(4.1)
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where (cos 6) is the average cosine of the scattering angle. The value of {cos &) is
0, since the wavelength of the scattered light is of dimension much greater than
that of the scatterer. Hence, the relation

=1, (4.2)

is resulted [235].

In addition to the characteristic that the directions of propagation of light waves are
randomized in these active random media, the intensity of light waves is amplified.
Besides, it is possible for a photon to trigger the formation of another photon via
stimulated emission. The path length over which a photon travels before
generating another photon is defined as the generation length (/) and it is
approximated to the gain length (/, = path length over which the light intensity is
amplified by a factor of e) [236]. Once this gain length equals to the average path
length (/,., = average distance that a photon travels before leaving the medium), the
number of photons increase rapidly [236]. Mathematically, it is shown that the
solution to the diffusion equation, including optical gain, increases exponentially
[237]. At this threshold condition, a critical volume (V) is hypothesized by the

relation [236],

Vi~ Ll or Vi ~ 117, (4.3)

based on the fact that /, = /; in equation (4.2). After this threshold, a photon will
multiply itself in a geometric progression (1, 2, 4, 8, 16.....) and this give rise to
lasing with incoherent feedback [238]. For this type of laser, there exists a

threshold when the light emission intensities are plotted against the corresponding
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pumping powers (light-light curve). This sudden change in the gradient of the
light-light curve is due to the drastic increase of photon density. It is also observed
that above the threshold, suddenly spectral narrowing takes place. This is because
the gain lengths are different for different wavelengths and the criterion ly = /,, is
first achieved for the range of wavelengths that have shorter gain lengths, leading

to a rapid increase of photons at these wavelengths [238].

On the other hand, when the scattered light waves return to the point through
different paths where they are originated from, closed-loop paths are formed.
These paths interfere [239] with each other and the phase shift requirement along
these closed-loop paths is 2m 7z, where m is an integer. Hence, coherent random
lasing is resulted as the amplification of light intensities in these paths equals to
that of the loss. This coherent lasing phenomenon is different from that of the
incoherent lasing in which the phase shift requirement is not met [238]. Moreover,
a threshold is observed in the light-light curve, accompanied with distinct sharp
peaks appearing in the emission spectrum. The number of sharp peaks increases as
the pump power increases because more closed-loop cavities are having the gain
greater than the loss [236]. Another characteristic for this type of laser is that these
lasing peaks in the emission spectra can also be detected and changed with
different observation angles. This is because the scattering paths that form
different laser cavities with different lasing modes can be positioned in different

orientations [32].

Although lasing is demonstrated from the disordered structures, the distributions

and sizes of the scatterers are difficult to be controlled in epilayer films. Hence,
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one of the methods is to introduce scatterers into the planar waveguide described in
CHAPTER 3 to achieve random lasing. In addition, it is important that the

distributions and sizes of the scatterers can be designed and controlled in advance.

4.2 ZnO Nanorod Arrays Embedded in ZnO Epilayers

4.2.1 Design of the ZnO Nanorod Arrays Embedded in ZnO Epilayers

L [y anorod b effective refractive index
= /41 (O] R S— —
4 MgO| 1.9
sapphire R
cross section 710 layer |
deposited pu?;qujnllight excitation 200nm thick
ZnO area | / MgO layer
deposited \ ‘”/K)OHIH thick
MgO
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ZnO -,
nanoro lasing
L
= Y
: f transverse confinement
Sapphire of light inside the slab

waveguide

Figure 4.1 Proposed design of the ZnO nanorod arrays embedded in the ZnO

epilayers. TM: transverse magnetic. TE: transverse electric.

The proposed random laser design of the ZnO planar waveguide introduced with
scatterers is shown in Figure 4.1. It comprises of ZnO nanorod arrays embedded in
the ZnO epilayers. The ZnO nanorod arrays are employed as scatterers for random

lasing action because distributions and sizes of the nanorods can be easily
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manipulated by the different growth methods and it have shown potential in
nanodevice applications (APPENDIX A). On the other hand, the MgO and ZnO
thin-film layers form the planar waveguide and act as the gain medium. The
waveguide provides gain to the light that is scattering in between the ZnO
nanorods, inside the epilayers. This causes a decrease in the gain length of the
scattered light. It also leads to a reduction in the scattering mean free length,
meaning that the average distance between two scattering events is shortened.
Furthermore, it changes the contrast in the refractive index between the ZnO
nanorods and the ZnO epilayers. From the inset of Figure 4.1, the effective
refractive index of the ZnO epilayers without the ZnO nanorod is ~1.99 [240],
since the refractive indices of MgO and ZnO are ~ 1.76 and 2.1, respectively.
Next, MgO are used as the material for the epilayer because: 1) It has a refractive
index lower than that of ZnO, leading to total internal reflection of light into the
ZnO thin film and confinement of light to propagate in the direction parallel to the
substrate surface, 2) it has a low absorption loss, 3) it can be fabricated by the
filtered cathodic vacuum arc (FCVA) technique at a low deposition temperature
(~230 °C) that is independent of the thermal oxidation step (~1100 °C) for the SiO,
growth, and 4) the investigation of this material provides important informations

and links to the findings that are going to be discussed in section 5.3.
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4.2.2 Fabrication of the ZnO Nanorods Arrays Embedded in ZnO

Epilayers

The vertically aligned hexagonal ZnO nanorod arrays were fabricated by the
metalorganic vapor-phase epitaxy (MOVPE) system from our collaborator. In the
fabrication process, no metal catalyst was used and a thin ZnO layer was grown at
low temperature on an AlL,O; (001) substrate as a buffer layer prior to the
fabrication of the ZnO nanorods. The reactants were diethylzinc (DEZn) and
oxygen and their flow rates were in the range of 20-100 and 0.5-5 standard cubic
centimeters per minute, respectively. Argon was used as a carrier gas. The DEZn
bubbler temperature and the growth temperature were —15-0 °C and 400-500 °C,
respectively [241]. The hexagonal ZnO nanorods grown by this method have
diameter, length, and density of 70 nm, 2 pum, and 1.7 x 10" nanorods/cm?,

respectively [242].

A layer of MgO of thickness 700 nm was deposited onto the ZnO nanorods arrays
by the FCVA technique, prepared by a high-purity Mg target (99.9 % in purity).
After that, using a high-purity Zn target (99.9 % in purity), a 200 nm-thick ZnO
thin film was deposited. During the deposition of the MgO and the ZnO thin films,
the arc current, the substrate temperature and the oxygen partial pressure were set
to 60 A, 230 °C and 3 x 10™ torr, respectively. The substrate temperature was
chosen to optimize the optical performance in the ultraviolet region [225]. The
oxygen partial pressure was different to that used to prepare the SiO,-buffered
waveguide, described in CHAPTER 3; to reduce the stress induced between the

ZnO and the MgO thin films [23,226]. This was because the difference in the

49



ATTENTION: The Singapore Copyright Act applies to the use of this doc!

Chapter 5 ZnO Thin-film Random Lasers

thermal expansion coefficient for ZnO (~5 x 10°%/ °C) [243] and MgO (~11 x 10/
°C) [244] was larger than that between ZnO and SiO, (~0.5 x 10°% °C) [245].
Other procedures and parameters were identical as they were discussed in section

3.2.2.

4.2.3 Characterization of the ZnO Nanorod Arrays fabricated by

Metalorganic Vapor-phase Epitaxy System

Output power (a.u.)

Figure 4.2 (a) Unpolarized light-light curve and (b) corresponding emission spectra
for the ZnO nanorod arrays detected along the symmetric axis of the nanorod. The

inset shows that the ZnO nanorod arrays were excited by a pump beam illuminated
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at an angle of 10° to surface normal of the sapphire substrate.
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Before the deposition of the ZnO epilayers to embed the ZnO nanorods, the light-
light curve and the corresponding spectra for the ZnO nanorod arrays were
obtained, as shown in Figure 4.2 on the previous page. This was necessary to
check that the sample without the ZnO epilayers did not exhibit lasing. The
excitation beam was illuminated onto the sample at an angle of 10° to the surface
normal of the sapphire substrate, to couple light effectively into the nanorods, as
illustrated in the inset of Figure 4.2 (a). The emission from the facets of the
nanorods was collimated into the monochromator through an objective lens. From
Figure 4.2 (a), it is noted that the emission output intensity increases linearly with
the increase of the input pump power. At pumping intensities of 3 MW/cm?, 955
kW/cm®, 454 kW/cm?® and 52 kW/em?, the corresponding emission output spectra
A, B, C and D are observed as shown in Figure 4.2. The emission spectra stretch
from ~370 to ~410 nm and they indicate that the electron hole plasma process is
the main process behind the recombination mechanism. Besides, there is no lasing
mode observed in the spectra since the threshold gain is lower than the theoretical
value that is required to sustain Fabry-Perot lasing. Moreover, similar results are

obtained for pump beam incident at other angles (10° - 80° to the surface normal).
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Figure 4.3 Emission spectra of the ZnO nanorod arrays detected parallel to the

surface of the substrate.

The emission spectra of the ZnO nanorod arrays are shown in Figure 4.3. This is to
check that the ZnO nanorod arrays alone cannot give rise to random lasing. It is
observed that the output intensity is increased at a higher excitation pump power.
Furthermore, the sample shows only ASE without any lasing mode, even at a
higher pump excitation power of 3.33 MW/cm®. Random lasing is not supported in
the ZnO nanorod arrays due to the low density of nanorods. The air spaces in
between the sparsely distributed nanorods have weak scattering strength. It takes a
long distance before light is scattered from one nanorod to another. Due to the long
distance, the intensity of the scattered light is drastically reduced when it is
scattered onto another nanorod. Therefore, without the ZnO epilayers, either

Fabry-Perot or random lasing does not take place in the ZnO nanorods.
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4.2.4 Characterization of the ZnO Nanorod Arrays Embedded in ZnO

2.5

Epilayers
Excitation
| ’5 Area=3.0x10-3¢m? A
< . TE
:
—~ % B
= 5
= g M broad ASE spectra
-
% L losed-1 ath
T T T T T T T Clozed-100
& 365 a75 385 395 405 ___p_Il
a 7] Wavelength (nm)
= Eﬁ% { ;
o * = \,@".
. B I
threshold ! /
- -
1? 77
0.0 0.5 1.0 1.5 2.0
Pump power (MW/cm?)
(a)
| Excitation
- Area=3.0x10~cm? A
3 A
B g
o E /\\\\\
£ C
s | &
= D
= W%
E- T T T T T T T T
g 365 75 385 395
Wavelength (nm)
threshold
0.0 0.5 1.0 1.5 2.0
Pump power (MW/cm?)

Figure 4.4 Light-light curves and the corresponding emission spectra of the (a) TE
and (b) TM polarizations from the ZnO nanorod arrays embedded in the ZnO

epilayers. The insets of the top-left-hand side corner are the emission spectra at

(b)
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various pump intensities and that on the bottom-right-hand side corner is a
schematic diagram showing the formation of closed-loop path for light through
recurrent scattering (dashed arrow) and single-broad ASE spectra (solid arrow) in

the sample.

In this section, we study the optical characteristics of ZnO nanorods after the ZnO
epilayers were deposited and embedded into the ZnO nanorods. The light-light
curves and the corresponding emission spectra of both polarizations from the ZnO
nanorods embedded in the ZnO epilayers are shown in Figure 4.4 (a) and (b) on
the previous page. The TE (TM) direction is defined as the direction that is parallel
(perpendicular) to the surface of the sapphire substrate. From the light-light curves,
there is a threshold at ~800 kW/cm® and ~1.6 MW/ecm® for the TE and TM
polarization, respectively. Below these thresholds, both polarizations have a
single-broad emission spectra with a full-width half maximum of ~15 nm. The
single-broad emission peak in the spectra is the ASE that is sustained by the slab
waveguide, as indicated by the solid arrows of the inset in the lower-right-hand
side corner of the Figure 4.4 (a). Above these thresholds, the emission output for
both polarizations increases rapidly as the pump power intensifies. At the same
time, sharp peaks with a linewidth of less than 0.4 nm appear in the spectra for
both polarizations, as shown in the insets of the upper-left-hand side corner in
Figure 4.4 (a) and (b). These peaks are the lasing modes of the laser emission
output [246]. Besides, more peaks emerge with the further increase in the pump
power intensity, typically noted in random laser [32,247]. These lasing peaks are
not strong enough to suppress the spontaneous emission peak propably due to the

small excitation area. The peaks are not Fabry-Perot lasing modes from the slab
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waveguide, but they are caused by the formation of the closed-loop optical paths,
shown by the dashed arrows of the inset in the lower-right-hand side corner of the
Figure 4.4 (a). The ZnO nanorod arrays scatter light into different directions and
when the scattered light returns to the starting point where it is originated from,
then a closed-loop path is formed. The solid arrows indicate the light scattered
inside the ZnO epilayers that are unable to form closed-loop path, causing the

broad emission spectra.
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Figure 4.5 Spectra of the TE polarization radiate from 30 ° to 60 ° from the sample
surface. The pump intensity is 2 MW/cm? and the excitation area is kept at 3x107

2
cm .

Similar sharp emission peaks are observed in the spectra collected at different

angles to the surface of the sample, as shown in the inset of Figure 4.5. The
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excitation intensity and the excitation area are kept at 2 MW/cm® and 3x10~cm?,
respectively. These lasing modes are recorded in different observation angles (6)
and this is one of the characteristics of random laser [248]. Moreover, it is noted
that different emission spectrum are detected at different observation angles and
the emission spectra shows more lasing peaks as the observation angle decreases.
This is because the propagation of light waves is most efficient in the direction

parallel to the sample surface and confined by the waveguide formed from the ZnO

epilayers.
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Figure 4.6 Spectra of the TE polarization of the sample when the excitation area is
(from top to bottom) 3x107, 1.5x107, 1x10 and 5x10* cm? The excitation

intensity is 2.6 MW/cm?.

Figure 4.6 shows changes in the emission spectra of the ZnO nanorod arrays

embedded in the ZnO epilayers with different excitation areas of 3x107, 1.5x107,
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1x10~ and 5x10™ cm?® while the pump intensity is kept at 2.6 MW/cm®. It is noted
that below the critical area of 1x10° c¢cm?, no lasing mode emerges from the
spectrum. However, as the excitation area is larger than 1x10~ cm? sharp peaks
with a linewidth of less than 0.4 nm appear in the spectrum. This is because there
exists a critical excitation area below which optical amplification is not sufficient
to sustain lasing [249]. Furthermore, it is observed that when the excitation area is
increased, there are more lasing peaks observed in the spectrum. This correlation is
established, based on the fact that the larger the excitation area, the greater number

of closed-loop paths of scattering light can be formed.
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Figure 4.7 Dependence of the threshold pump area (4,) on the threshold pump
power (Py,) of the ZnO nanorod arrays embedded in the ZnO epilayers for the TE

polarization.
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Other than the measurement mentioned, the relationship between the threshold
pump area (4,) and the threshold pump power (Py) is also another important
characteristic of random laser action. On the previous page, Figure 4.7 shows the

dependence of A4, on Py, of the sample for the TE polarization. In the figure,

different values of A4 are plotted against the corresponding P,' and the
relationship is a straight line. As the value of P, is increased, the value of 4"

increases proportionally. Their relationship can be explained by the random laser
theory. It is known that the critical volume Vy;, = 4, (threshold excitation area) x d
(thickness of ZnO) is related to the threshold gain length (/;) and the scattering
mean-free path (/) of the highly disordered gain media by V, ~ (s Zg)3/2 [32], as
given in equation (4.3). Besides, optical gain (g) is proportional to lg'1 and
threshold pump intensity (Py) is proportional to lg'1 [235]. Hence, lg'1 can be

expressed as I, ~ (O9g/0P)Py, where dg/OP is is a constant. Therefore, 42 is
linearly related to P," by the equation (4.4),
AP ~1.d7"(0g/oP)"' B, (4.4)

and the relationship implies that the lasing threshold characteristics of the ZnO

nanorods embedded in the ZnO epilayers agreed with the random laser theory.

4.3 Conclusion

In conclusion, coherent random lasing takes place after the deposition of ZnO layer
is because of 1) the ZnO and MgO thin-film layers act as a waveguide to confine
the scattering of light inside the ZnO layer (i.e., MgO has a smaller refractive

index than ZnO), and 2) the ZnO thin-film layer provides sufficient gain to the
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light scattered between nanorods. In this case, the distributions and sizes of the
scatterers can be controlled before they are embedded into the ZnO epilayers.
Random lasing action is the mechanism behind the lasing phenomenon that takes
place inside the sample because: 1) after the pump lasing threshold intensities (TE
at ~800 MW/cm? and TM at ~1.6 MW/cm?), the number of lasing peaks observed
in the emission spectra increases as the pump intensity increases, 2) the lasing
peaks in the spectrum do not have a constant mode spacing, 3) different emission
spectrum with lasing peaks can be detected with different observation angles, 4)
the pump lasing threshold is reduced when the excitation area is increased, and 5)
the relationship between the lasing threshold and the excitation area agrees well

with that of the random laser theory, as given in equation (4.3).
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CHAPTER 5 ZnO Thin-film Random Lasers

5.1 Introduction

Lasing is demonstrated from the ZnO nanorod arrays embedded in epilayers.
However, it is difficult to integrate with other silicon-based electrical and optical
components. Moreover, it requires the use of expensive sapphire substrates and the
involvement of the filtered cathodic vacuum arc (FCVA) and metalorganic vapor-
phase epitaxy (MOVPE) technique to realize random lasing, meaning higher costs
and more parameters to be optimized. Therefore, we proposed to post-growth
anneal the ZnO films on Si in this chapter, as deposited by the FCVA technique, to

realize random lasing.

5.2 ZnO Thin-film Random Lasers

5.2.1 Design of the ZnO Thin-film Random Lasers

In CHAPTER 3, the SiO,-buffered ZnO ridge waveguide fabricated by the filtered
cathodic vacuum arc (FCVA) method offers good optical gain and emission
intensity. It also provides optical confinement in the lateral and transverse
directions. Hence, the proposed ZnO thin-film random lasers fabricated by the
FCVA technique is based on the ridge structure, as shown in Figure 5.1. Moreover,
a post-growth annealing method is proposed to generate ZnO grains and voids

[250,251] and it is efficient in low-temperature deposition FCVA technique. The
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development of grains and voids increases the randomness and the refractive index
contrast of the ZnO films, leading to the strong scattering of light [252]. The
developed disordered grains act as the multiple scatterers and change the
propagation directions of light. They lead to the formation of the closed-loop paths
of light in the ZnO thin films, as indicated by the yellow arrows in Figure 5.1.
More importantly, the annealing temperature and time [251] are capable of
controlling the development of grains and voids, and indirectly manipulating the

random lasing cavities.

Pump
intensity

L
>~
mnealed Zinc oxid
SiQ, (buffer layer

bstrat

Figure 5.1 Schematic diagram of the ZnO thin-film random laser.

5.2.2 Fabrication of the ZnO Thin-film Random Lasers

The ZnO thin-film random laser was fabricated according to the procedures shown
in Figure 5.2. First, in Figure 5.2 (a), a Si substrate was thermally oxidized to form
a SiO; layer (420 nm) on itself, a ZnO thin-film layer (200 nm) was fabricated on

top by following the steps and procedures stated in section 3.2.2. Next, the sample
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underwent post-growth annealing in a quartz tube that was opened at both ends and
inside a standard Lindberg-type furnace for the development of grains and voids
shown in Figure 5.2 (b). After the sample was placed inside the quartz tube that
was located at the center of furnace, temperature of the furnace was set to heat up
from room temperature to 900 °C within ~20 min. Then the furnace temperature
dwelled for a period of time, T,, at a constant temperature of 900 °C. Following
that, the sample was cooled down to room temperature before it was taken out of
the furnace. The annealing temperature profile was selected to reduce the thermal
strain and stress developed at the Si/SiO; and the SiO,/Zn0O interfaces. Besides, T,
was chosen to be 900 °C so that it was higher than the ZnO growth temperature for
the effective developments of ZnO grains and voids that were critical to the
formation of the random scatterers in random lasing. Finally, photoresist lines
were coated on the annealed ZnO planar waveguide, followed by plasma etching
with the procedures and parameters stated in section 3.3.2. After the removal of
photoresist, the ZnO ridge waveguide random laser was formed, as shown in

Figure 5.2 (¢).

(a) (b) ()

G Sisubstrate I:l 810, buffer I:l As grown Zn0 I:l Annealed ZnO

Figure 5.2 Fabrication procedures of the proposed ZnO ridge waveguide random
laser. (a) The SiO; buffer layer is formed on the silicon substrate by thermal

oxidation, followed by the deposition of ZnO thin film on a SiO, buffer layer by
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the FCVA technique. (b) The sample is post-growth annealed. (c) Deposition of
line masks on the ZnO thin film for the preparation of plasma etching. (d) ZnO
ridge waveguide random laser is formed from plasma etching the photoresist
unmask region and the subsequent removal of photoresist line mask that protects

the ridge.

5.2.3 Characterization of ZnO Thin-film Random Lasers
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Figure 5.3 Light-light curve and the emission spectra of the sample after post-

growth annealing for 7, = 1 min.

The light-light curves and the emission spectra of the sample with 7, = 1 min are

shown in Figure 5.3. The TE and the TM polarizations are defined as the directions
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that are parallel and perpendicular to the surface of the substrate, respectively, as
illustrated in the inset. At pump intensities below ~0.35 MW/cm?, both light-light
curves increase slowly and linearly with the increase in pump powers. Besides, a
broad spontaneous emission peak is noted for both polarizations from the spectra,
stretching from ~370 to ~410 nm. It shows that the electron hole plasma (EHP)
process is the dominant mechanism behind the recombination process [27].
However, when the excitation power exceeds this threshold (~0.35 MW/cm?) for
the transverse-electric (TE) polarization, the slope of the light-light curve increases
suddenly. This variation in gradient is caused by the lasing peaks (linewidth less
than 0.4 nm) that emerge from the spectra. They appear at ~390 nm of the board
spectra that have a FWHM of ~15 nm. The number of lasing TE modes increases
as pump power increases because more lasing cavities can be formed with higher
optical gain to overcome the scattering losses. Although more lasing modes are
formed, they cannot suppress the amplified spontaneous emission (ASE) peak
observed in the as-growth sample, due to the optical confinement of the ridge
waveguide structure. Another reason is that the grains and the voids of the ZnO
thin-film waveguide laser are not well developed within a short period of
annealing time (7, = 1 minute). Hence, the contrast in the reflectivity is not large
and the laser cavities inside the ZnO thin films are weakly formed. As for the
transverse-magnetic (TM) polarization, the change in the light-light curve gradient

and the presence of lasing modes in the spectra are not noted.
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Figure 5.4 Light-light curve and the emission spectra of the sample after post-

growth annealing for 7, =2 h.

Figure 5.4 shows the light-light curves and the emission spectra of the sample with
T, = 2 h. A broad emission peak is noted below the pump intensity of ~0.33
MW/cm®. Above it, lasing peaks are observed in both polarizations from the
spectra at ~390 nm, each having a linewdith of less than 0.4 nm. This is
accompanied with the increase of slope in the light-light curves for both
polarizations. The number of lasing modes increases with the increase of pump
intensities. As the pump power is ~0.42 MW/cm?, a second group of lasing modes
at around 400 nm are noted and it causes the slope of the light-light curve to
increase further. This is triggered by the formation of a second group of laser

cavities with higher losses by the higher optical excitation. Besides, the intensities
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ratio of the lasing peaks to that of the ASE peak is larger for the sample with 7, = 2
h than that of the sample with 7, = 1 min. The lasing modes are stronger in the
sample with T, = 2 h because the ZnO voids and the grains of the waveguide laser
are well developed and the reflectivity contrast between the grains and the voids is

large.
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Figure 5.5 Scanning electron microscope (SEM) images of ZnO thin films: (a) as-
grown, (b) 7, = 1 min, and (c) 7, = 2 h. (d) Emission spectra of the ZnO thin films:

(i) as-grown, (ii) 7, = 1 min, and (iii) 7, = 2 h.

Figure 5.5 (a) shows the SEM images of the as-growth sample. The ZnO grains of
the as-growth sample are small and packed together closely. In Figure 5.5 (b) and
(c) gives the ZnO thin films that are annealed at 900 °C for 7, = 1 min and 7, = 2
h, respectively. For the case of 7, = 1 min, the corresponding grains and voids start
to develop with average grain size of about ~100 nm. The underdeveloped grains

and voids lead to the small intensities ratio between the lasing peaks and the ASE
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peak in the emission spectrum. For the case of 7, = 2 h, the average grain size is
about ~170 nm. The fully developed grains and voids in the ZnO thin film leads to
the strong lasing modes when compare with the sample for 7, = 1 min. Figure 5.5
(d) shows the emission spectra of ZnO films: (i) as-grown, (ii) 7, = 1 min, and (iii)
T, =2 h. It is observed that the ultraviolet (UV) ASE peak intensity in Figure 5.5
(d) (ii) is ~20 times of that in Figure (d) (i). This increment is due to the
enhancement of UV ASE by annealing. On the contrary, prolong annealing will
degrade the UV ASE as shown in Figure 5.5 (d) (iii), which shows that the
corresponding UV ASE peak intensity is ~0.4 time of that in Figure 5.5 (d) (ii).
Besides, it is noted that the emission intensity of the lasing peak in Figure 5.5 (d)

(iii) is ~2 times to that obtained in Figure 5.5 (d) (ii).
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Figure 5.6 Plot of 4. against P,"' for the post-growth samples with 7, = 1 min,

th

and T, =2 h.

Plot of the dependence of threshold pump area (4,;) on pump threshold (Py) of the
post-growth samples with 7, = 1 min, and 7, = 2 h for the TE polarization is

shown in Figure 5.6. For both samples, the graphs are straight lines that conform
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to the equation (4.4) in consistency to the random laser theory. The gradients of
the lines for samples with 7, = 1 min and 7, = 2 h are ~6.3x107 and ~3.6x107
MWem 23, respectively. The sample annealed for a longer time has a smaller
gradient, meaning that the scattering length is shorter in equation (4.4), assuming
that 0g/JP is a constant. These values of gradient are smaller compared to that of

the ZnO nanorods embedded in the ZnO epilayers (~2x10 MWem™?). Hence, the
results reflect that the scattering length is in the ascending order of the annealed

samples with 7, =2 h, 7, = 1 min and the nanorods embedded in the epilayers.

5.3 Coherent and Incoherent ZnO Thin-film Random lasers

Closed-loop paths are formed and coherent random lasing action is observed
[253,254] in both the ZnO nanorods embedded in the ZnO epilayers and the
annealed ZnO thin-film lasers. In fact, there is another kind of random lasing
action known as the incoherent random lasing [255]. As discussed in CHAPTER 4,
when photons are excited in an active random medium, each photon may cause
one or more photons to be produced by stimulated emission before leaving the
medium. As the photon number increases drastically, incoherent random lasing
action is resulted [238]. These two types of random lasing action are demonstrated
and their formation conditions determined in ZnO powder [238]. However, there is
no report on similar investigation being performed on ZnO thin films, although
thin-film random laser has a greater commercial value. Therefore, it is proposed to
study the conditions that cause the two types of random lasing action in the ZnO

epilayers on silicon substrates.
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5.3.1 Design of the Coherent and Incoherent ZnO Thin-film Random

Lasers

In the design of the coherent and incoherent ZnO thin-film random lasers, MgO is
selected as the buffer layer. It is used as the buffer material, since the ZnO epilayer
comprised with a thin-film MgO layer has demonstrated to provide gain and
induce random lasing actions in the ZnO nanorod arrays embedded in it, in
CHAPTER 4. The results imply that the MgO-buffered ZnO thin-film silicon-

based device is comparable to that made from the SiO, buffer layer.

Silicon Silicon

(@) (b)

Figure 5.7 Proposed schematic of the two different configurations that give rise to

MgO film that is dominated in the (a) (220)-orientation and (b) (200)-orientation.

For the fabrication of incoherent random laser, a ZnO thin film is to be deposited
onto the sample as shown in Figure 5.7 (a), followed by annealing. The deposition
of the MgO film on (100)-oriented Si is to be done at low deposition temperature
in order to obtain MgO film to be in the (220)-orientation [256]. The MgO film is
required to be in the (220)-orientation so that the MgO grains will not undergo
drastic development due to its low grain boundary mobility [257]. After the MgO
deposition, annealing is carried out before the deposition of the ZnO layer. This is

to ensure that the MgO grains are well developed and do not have much change in
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size during the second annealing. Hence, the ZnO grains and voids will not
experience significant development due to the well-developed underlying layer.
This leads to incoherent random lasing due to weak scattering strength. Next, MgO
films that are strongly dominated in the (200)-orientation have been demonstrated
[258] by annealing of MgO film grown on sapphire, but sapphire is expensive and
not compatible to other silicon-base devices. Hence, a MgO thin film is grown on a
thin layer of ZnO on a Si substrate, as shown in Figure 5.7 (b). Since ZnO has a
structure resembling that of sapphire, it is anticipated that MgO films grown on
ZnO thin films behave similarly. As a result, when annealing is carried out for the
sample with a thin-film ZnO layer deposited on top, the sample gives rise to the
formation of a coherent random laser. In contrast to the incoherent random laser,
the MgO film of this sample is required to be (200)-oriented. Under this condition,
the ZnO grains and voids, responsible for light scattering, are well developed as
the sample undergoes annealing. In these random lasers, buffer layers with
different orientations are used and different processing procedures are carried out.
This is to induce differences in: 1) the adhesion force between the MgO and ZnO
interface, and 2) the mobility of grain boundary [257,259], leading to the

difference in size of the ZnO grains and voids.

5.3.2 Fabrication of the Coherent and Incoherent ZnO Thin-film

Random Lasers

In the fabrication of the proposed incoherent random waveguide laser, a layer of

MgO (800 nm) was deposited on a Si substrate, using the method in section 4.2.2.
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Following that the sample was annealed at 900 °C inside a standard Lindberg-type
furnace for 1 h. Subsequently, a layer of ZnO of thickness 200 nm was grown on
top of the MgO layer by the FCVA technique. The fabrication parameters and
procedures were identical to that of the MgO fabrication, but a Zn (99.9%) target
was used instead of the Mg target. Next, the entire sample was annealed at 900 °C

for 3 h inside the Lindberg-type furnace in open air.

For fabricating the proposed ZnO coherent waveguide laser, a ~80 nm-thick ZnO
layer was deposited on a silicon substrate. Then a layer of MgO (800 nm),
followed by a layer of ZnO (200 nm), was coated on top of the ZnO layer, using
the procedures and the parameters discussed in section 4.2.2. The entire sample

was annealed at 900 °C for 3 h.

5.3.3 Characterization of the Coherent and Incoherent ZnO Thin-film

Random Lasers and Discussion

700 Me© MeO
it 200 g
—~ | Zno MgO —~ | (002) (200) (220)
o (220) o
= | (002) = ded
—— — anneale
ey J‘Il annealed B iy _HJL__Q. , A
a2 z
é E as-gIoOWI
' as-grown .,mJLW ___J‘L J\_ b
30 40 50 60 30 0 40 50 60
20 (Degree) 20 (Degree)
(a) (b)

Figure 5.8 X-ray diffraction spectra (XRD) of the as-deposited and the annealed

(a) ZnO-MgO-Si and (b) ZnO-MgO-ZnO-Si samples.
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Figure 5.8 on the previous page shows the XRD patterns for the as-deposited and
annealed (a) ZnO-MgO-Si and (b) ZnO-MgO-ZnO-Si samples. In Figure 5.8 (a),
there are two sharp peaks noted in both the as-deposited and annealed samples, at
20 = ~62.3° and ~34.4°. They correspond to the (220)-oriented MgO and the c-
axis (002)-oriented ZnO thin films, respectively. Besides, it is noted that after
annealing, the ZnO and MgO average grain size experiences an insignificant
change of about ~4 and ~5 nm, respectively, when compared to the as-deposited
sample. Using the Scherrer formula, the average grain size (d) of the ZnO epilayers
is estimated, as shown by the equation (5.1) [260] below:

09
Bcos(0,)’

(5.1)
where A (~0.154 nm) is the x-ray wavelength, &5 is the Bragg diffraction angle and
B is the full-width at half-maximum (FWHM) of a diffraction peak in the XRD
spectrum. One of the reasons for the slow grain enlargement in the second
annealing stage is that the MgO grain size is stabilized after the pre-annealed step.
Therefore, the ZnO grain growth is hampered by the small variation in the grain
size inside the MgO thin-film layer. Hence, the ZnO grains in the upper epilayer
are held back from growing by this force. In contrast to the samples without the
ZnO thin film in between the Si and MgO layer, three prominent peaks are noted
in the XRD patterns in Figure 5.8 (b). Apart from the peaks at 26 = ~62.0° and
~34.5° that are observed in the ZnO-MgO-Si samples Figure 5.8(a), there is an
additional peak at 26 = ~43.0° that corresponds to the (200)-oriented MgO thin
films in the ZnO-MgO-ZnO-Si samples. Besides that, the peak at 26 = ~62.0° is at

a lower intensity and surpassed by the intensities of the other two peaks (26 =

~34.5° and ~43°) in the as grown samples. Moreover, the intensities of those two
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peaks become stronger for the annealed samples, accompanied by the reduction of
the FWHM of their peaks. On the contrary, the peak at 260 = ~62.0° is being
suppressed. From the equation (5.1), the difference in the average grain size before
and after annealing are ~34 and ~39 nm for the (002)-oriented ZnO and the (200)-
oriented MgO films, respectively. The enlargement of MgO grains in the (200)-
oriented MgO film is attributed to its high mobility of grain boundary [257,259].
Furthermore, there is no pre-annealing process as an intermediate step so that the
MgO grains can be well developed. As for the growth of ZnO grains, it is

unrestricted by the low adhesion force at the ZnO/MgO interface, due to the (200)

orientation of the MgO films.

(b)

Figure 5.9 SEM images of the ZnO surface of the (a) annealed ZnO-MgO-Si

sample and (b) annealed ZnO-MgO-ZnO-Si sample.

The SEM images of the ZnO surface of the (a) annealed ZnO-MgO-Si sample and
(b) annealed ZnO-MgO-ZnO-Si sample are shown in Figure 5.9. They show that
the ZnO grains in the annealed ZnO-MgO-ZnO-Si sample are larger and better

developed than the annealed ZnO-MgO-Si sample.
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Figure 5.10 (a) Light-light curves for the two polarizations of the annealed ZnO-
MgO-Si sample and (b) the corresponding emission spectra of the two
polarizations, with the MgO layer pre-annealed prior to the deposition of the ZnO

layer, followed by annealing of the entire sample. SE: spontaneous emission.

The light-light curves for the two polarizations of the annealed ZnO-MgO-Si
sample and the corresponding emission spectra of the two polarizations are shown
in Figure 5.10. For both polarizations, there is a threshold observed at ~0.3
MW/cm®. Below their thresholds, the light-light curves for both polarizations
increase gradually with the increase in pump power. Above their thresholds, their
intensities rise rapidly with the narrowing of linewidth noted in the corresponding
spectra. It is noted that the spectral linewidth reduces from ~11 to ~4 nm. The
sudden variation in the gradient of the light-light curves with linewidth narrowing
in the spectra suggests that incoherent random lasing is demonstrated inside the

ZnO-MgO-Si sample.
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Figure 5.11 (a) Light-light curves for the two polarizations of the annealed ZnO-

MgO-ZnO-Si sample and (b) the corresponding emission spectra of the two

polarizations, with the entire sample annealed at 900 °C for 3 h.

The light-light curves and the corresponding emission spectra for the two

polarizations of the ZnO-MgO-ZnO-Si sample annealed at 900 °C for 3 h are

shown in Figure 5.11. It is noted that there is a threshold at ~0.48 MW/cm® for

both polarizations, after which the gradient of two light-light curves is increased.

This is attributed to the appearance of lasing modes with linewidth less than ~0.4

nm in the spectra for both polarizations. With further increase in the pump

intensity, the number of sharp peaks from the spectra increases.
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5.4 Conclusion

To conclude, the post-growth annealed ZnO films (for 7, = 1 min and 2 h) exhibit
random laser characteristics that: 1) there exist a lasing threshold intensity (for (i)
T, =2 h: TE and TM at ~0.33 MW/cm?, and for (i) 7, = 1 min: TE at ~0.35
MW/cm?), after which the number of lasing peaks in the emission spectrum
increases as the pump intensiy increases, 2) no constant mode spacing is observed
in the lasing emission spectrum, 3) at different observation angles, different lasing
emission spectrum is observed, 4) the lasing threshold increases as the pump area
reduces and below a critical size, lasing stops, and 5) for different excitation areas,
each lasing threshold is related to the corresponding excitation area by the equation
(4.3). Therefore, it is shown that the post-growth annealing method effectively
generates a highly disordered medium that leads to random lasing with the
development of grains and voids. Besides, it is shown that different UV and visible
lasing cavities can be formed by controlling the annealing temperature and time
(APPENDIX E). Hence, it has been demonstrated that the FCVA technique is one
of the most efficient methods in the production of highly disordered ZnO thin
films. The reason behind is that the development of grains and voids is most
effective by post-growth annealing ZnO film that is deposited at low temperature

[261].

Furthermore, the sample with the MgO buffer layer preferred in the (220)-
orientation and with the pre-annealed treatment, it shows incoherent feedback from
the underdeveloped ZnO grains and voids. On the contrary, for the sample with

(200)-orientated MgO dominated in the buffer layer and without the pre-annealing
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step, coherent random lasing is achieved in the sample. This is realized by the
well-developed grains and voids formed during the annealing of the entire sample.
Coherent random lasing action is resulted in the sample. Therefore, it is shown that
different material and process engineering of the ZnO epilayers brings about
coherent and incoherent random lasing actions inside the ZnO epilayers. It is also
equally important that the FCVA method is capable of growing the ZnO epilayer
on MgO buffer that forms the random lasers. This implies that the technique can be
generalized as a method for the fabrication of random lasers with coherent and
incoherent feedbacks on different types of substrates. In addition, the use of MgO
buffer layer other than SiO; opens up the possibility of inducing different levels of
stress or strain at the ZnO and buffer interface. It is believed that the different
stress or strain conditions in the ZnO/buffer interface determine either the EHP or
free exciton radiative recombination process to dominate [262]. This unleashes the
feasibility of fabricating random lasers with different lasing wavelengths with

different materials as buffer layers.
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CHAPTER 6 Low-loss and Directional Output ZnO

Thin-film Ridge Waveguide Random Lasers

6.1 Introduction

In CHAPTERS 4 and 5, it is shown that ZnO structures can achieve lasing through
scattering even in the absence of mirrors that provide feedback for the cavity.
Besides that, the simple material and process engineering of the samples is
discussed to generate the different random lasing cavities. Although these random
lasers pose a different perspective and open up new possibilities in the ZnO
ultraviolet (UV) laser research, the undesired emission characteristics of random
laser remains. The major disadvantages of random lasers are that they have high
scattering losses [34], non-axial and non-directional emission output [33] caused
by the scattered optical paths within the lasing cavities that can be formed in any
orientations. These shortcomings have to be overcome by new designs to make the
thin-film ZnO random lasers, or all random lasers in general, to be compatible to

the conventional facet-emitted lasers.

Therefore, dye solution [263] has been used to show directional emission in the
backward direction of the pump beam. Furthermore, there are reports in using the
two-photon pumping model [264] and reflective mirrors [265,266,267] to reduce
the lasing threshold and improve on the control of the random laser emission
output direction. In this chapter, we proposed the use of a capped layer to improve
on the lasing threshold and the direction control in ZnO random lasers. This is

possible because the capped layer can prevent non-axial emission and reduces
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scattering loss, in the highly disordered ZnO thin-film ridge waveguide. The
improved efficiency of the lasing characteristics from the optical feedback of the

random lasers is also investigated.

6.2 Low-loss and Directional Output ZnO Thin-film Ridge Waveguide

Random Lasers

6.2.1 Design of the Low-loss and Directional Output ZnO Thin-film

Ridge Waveguide Random Lasers

\{ump intensity ) \
\( L N
K I

& SiO, (buffer layer)

‘Annealed
ZnoO

Transverse
£

Silicon substrate

L ongitudinal

Figure 6.1 Proposed schematic diagram of the ZnO thin-film ridge waveguide

random laser with a MgO capped layer.

Figure 6.1 shows the proposed schematic diagram of the ZnO thin-film ridge
waveguide random laser with a MgO capped layer. First, the annealed ridge

waveguide random laser design is used to confine the closed-loop paths of light to
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be formed inside the ridge. Moreover, most closed-loops are made up of scattered
optical paths that are along the longitudinal direction under excitation. This is
based on the assumption that the gain length is longer than the width of the ridge,
resulting coherent feedback unlikely to be established in that direction. On the
other hand, the gain length is shorter than the length of the ridge, causing a higher
probability of having the oscillation cavities observed in the longitudinal direction.
Hence, all or majority of the random lasing outputs are guided in the intended
direction. Secondly, a cap layer is deposited on top of the ridge waveguide to
reduce the scattering loss of the random laser, as shown by the schematic in Figure
6.1. In addition, MgO is selected as the material for this cap layer. This is because
the refractive index of MgO (1.75) is smaller than that of the ZnO thin-film layer

(2.1) so that total internal reflection can be achieved inside the ZnO active layer.

6.2.2 Fabrication of the Low-loss and Directional Output ZnO Thin-film

Ridge Waveguide Random Lasers

First, an annealed ZnO ridge waveguide random laser was made. Its fabrication
procedures and parameters were identical to that described in Figure 5.2 (a) and
(b). A SiO; buffer layer (~420 nm) was formed on a Si substrate by thermal dry
oxidation. Subsequently, a ZnO film (~200 nm) was deposited on top of the SiO,
surface by the filtered cathodic vacuum arc (FCVA) technique and the entire
sample underwent post-growth annealing. Next, photoresist lines (AZ5214) were
coated on the annealed ZnO layer, as stated in Figure 5.2 (c). After that, the

unprotected ZnO thin film was being etched away by the ion-beam sputtering
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method. The chamber was pumped down to the typical base pressure of ~2 x 107
Torr. Then argon gas supply was subsequently switched on and its flow rate was
set to ~14 standard cubic centimeters per minute. During the etching process, the
chamber pressure, the ion-beam current and voltage were at ~1x107* Torr, ~100
mA and 800 V, respectively. The sample was etched for ~500 s at the etching rate
of ~12 nm/min. With the removal of the photoresist, ZnO ridges with height, width
and separation of 100 nm, 2 um and 500 pum, respectively, were formed. A
different method was used to etch the ZnO thin film to form the ridge structure.
This was to show that other than the plasma-enhanced chemical vapor deposition
technique, ion-beam sputtering was also capable of etching ZnO thin films
effectively. After the ridge structure was formed, the sample was optically
characterized. Following that, a MgO layer of thickness ~200 nm was deposited on
the surface of the ZnO ridge by the FCVA technique, using the parameters and
procedures described in section 4.2.2. With the MgO capped layer, the optical
properties were investigated. On the other hand, Al is to be deposited on one of the
facets of the sample, to act as a mirror and reflect the scattered light waves that
would have escaped from the facet of the sample without the Al coating. Before
the deposition of Al, the surface of the sample was coated with photoresist using
the procedures stated in Figure 5.2 (c). This was to prevent Al to be coated onto
the surface unintentionally, obstructing the optical excitation beam to shine on the
sample. Then a layer of Al was deposited onto the sample by the electron-beam
deposition technique. In prior to the deposition, a crucible with Al pellets was put
into the deposition chamber that was subsequently pumped down to a base

pressure of 3x10° Torr. During the deposition process, the pressure and the
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substrate temperature were at ~4x10°® Torr and 90 °C, respectively, with beam

current and voltage of 60 mA and 6 kV, respectively.

6.2.3 Characterization of the Low-loss and Directional Output ZnO

Thin-film Ridge Waveguide Random Lasers and Discussion

Figure 6.2 Scanning electron microscope image of the annealed ZnO thin film after

etching a ridge structure by ion-beam sputtering.

Figure 6.2 shows the scanning electron microscope image of the annealed ZnO
thin film after etching a ridge structure by the ion-beam sputtering technique. The
image shows that the two sidewalls of the ridge are well defined and clear cut. This
demonstrated that other than the plasma-enhanced chemical vapor deposition
technique, ion-beam sputtering is also capable of etching ZnO thin film effectively

and easily controlled by varying the ion-beam current and voltage.
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Figure 6.3 Transverse-electric (TE) emission far-fields of the samples (a) with and
(b) without MgO capped layer at pump intensity of 1.2 MW/cm®. The dashed lines

indicate the location of the sample.

Figure 6.3 shows the TE far-field emission profiles of the ridge waveguide random
lasers, (a) with and (b) without MgO-capped layer under excitation of a pump strip
at pump intensity of 1.2MW/cm®. A single circular bright emission spot is
observed in the profile for the sample with the MgO capped layers. This shows that
the MgO-capped layer is successful in redirecting and guiding light into the
intended direction. In contrast, multiple circular emission spots are noted from the
field profile for the sample without the MgO capped layer. Comparing these two
results, the ridge waveguide random laser with the MgO capped layer shows
superior performance in terms of yielding directional emission, instead of non-

axial emission in the sample without the MgO capped layer.
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Figure 6.4 Unpolarized (a) light-light curves and (b) emission spectra of the
samples with (o) and without (e) MgO capped layer measured at room

temperature.

The unpolarized light-light curves and corresponding emission spectra of the
samples with (0) and without (®) MgO capped layer are shown in Figure 6.4. In
Figure 6.4 (a), the unpolarized light-light curves for both the sample with and
without MgO capped layer show a threshold at ~0.61 and ~0.69 MW/cm?,
respectively. Above these thresholds, sharp peaks with linewidth of less than 0.4
nm emerges in each of the corresponding spectrum in Figure 6.4 (b). The number
of these peaks increases with the increase in the pump intensities. Results show
that both samples exhibit coherent random lasing. Besides, it is noted that the

threshold pump power is reduced by ~0.08 MW/cm® and the output emission
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intensity is increased by more than 2 times, with the introduction of the MgO
capped layer onto the sample. This implies that the MgO capped layer is capable of
redirecting the scattered light in the unwanted direction, into the ZnO thin-film

layer.
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Figure 6.5 Schematic cross section of the annealed ZnO ridge waveguide with
MgO capped layer. The dashed arrows indicate light rays that are being total

internally reflected by the MgO capped and Zn,Si; <O layers.

Figure 6.5 shows the cross sectional view of the annealed ZnO ridge waveguide
with the MgO capped layer. With the MgO capped layer, it demonstrates that most
of the scattered light rays, as indicated by the dashed arrows in Figure 6.5, are
either total internally reflected back into the active medium or guided in the

longitudinal direction. On the contrary, without the MgO capped layer, these light
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rays are scattered and escaped from the ridge sidewalls and ceiling, and the voids.
They are to be considered as the scattering loss. This brings about the relatively
higher pumping threshold, lower emission intensity and non-axial emission output,
when compared to the sample with the MgO capped layer. Furthermore, there is a
Zn,Si;.,0 layer in between the ZnO and SiO, interface that performs same function

of redirecting the scattering light into the desired direction.
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Figure 6.6 Unpolarized (a) light-light curves and (b) emission spectra of the
samples coated with Al on one of the facets with (e) and without (m) MgO capped

layer measured at room temperature.

Figure 6.6 shows the unpolarized (a) light-light curves and (b) emission spectra of
the samples coated with Al on one of the facets with () and without (m) MgO

capped layer measured at room temperature. In Figure 6.6 (a), there exist a pump
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threshold for both of the samples. They are at ~0.21 and ~0.26 MW/cm® for the
sample with (@) and without (m) MgO capped layer, respectively. Other than
showing that the MgO capped layer has an effect on lowering the threshold, it is
noted that the Al coating also produce the same outcome in lowering the threshold.
When they are compared to the sample without the Al coating in Figure 6.4 (a), the
pump thresholds are lowered by ~0.4 and ~0.43 MW/cm?, respectively, for the
samples with and without the MgO capped layer. Furthermore, with the Al coating,
the output emission intensities are increased by ~4 times for both samples
regardless of the presence of the MgO capped layers. In Figure 6.6 (b), the lasing
modes stretch from ~387 to ~397 nm in B and they are reduced to ~387 to ~392
nm in A. Besides, the number of lasing modes is reduced with improved feedback.
These results appear to disagree with that noted in Figure 6.4, where there is an
increase in the number of lasing modes and a wider spectral lasing range (Increase
from range ~387 to ~391 nm to ~387 to ~393 nm). The observation is probably
due to the excitation of another group of lasing cavities. They are closed-loop
paths that originally have a much higher losses without the feedback from the
MgO coating. The postulation is valid, judging by the difference in the wavelength
positions of the lasing peaks at pump intensity slightly above pump threshold in

Figure 6.6 (b) and Figure 6.4 (b).
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Figure 6.7 Plots of Pyby versus L™ for the samples with (dashed line) and without
(solid line) MgO capped layer where P, was measured from the samples by

varying L from 1 to 3 mm. by=0.77x10"> cmW ' is used in the plot.

Figure 6.7 shows the plots of Pyby versus L' for the samples with and without
MgO capped layer where the pump threshold (P;;) was measured from the samples
by varying their lengths (L) from 1 to 3 mm, with by = 0.77x10~ ¢cmW'. The
measured data points are plotted with 5 % tolerance error bars in the values of
P,by. Besides, the two sets of data that correspond to the samples with and without
the MgO capped layer are each fitted by a straight line, within the allowed
tolerance and the difference in the gradients of the two lines is limited to a
maximum of 1 %. These two fitted lines are given by equation (6.1)

byP,=a,, +xL", (6.1)

scat
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where o;.,s and y are the scattering loss and normalized cavity loss of the random
cavities, respectively. The details of arriving at this equation are given in
APPENDIX F. For the graph, it is noted that when L= 0, Pyby = Osear, and this
value can be obtained from the y-intercept of each fitted lines. Hence, ¢, for the
samples with and without MgO capped layer are found to be ~70 and ~127 cm ™',
respectively. This reduction in oy, caused by the MgO capped layer are
considered to be significant as the measured waveguide loss of the ZnO ridge
waveguide is ~45 cm . Moreover, the gradients of the two fitted lines are similar.
This implies that resonant conditions in the longitudinal direction remains
unchanged since they are not in resonance with the radiation fields, regardless the

presence of the MgO capped layer.
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Figure 6.8 Plots of Py xby (solid line) and Py, /Py, (dashed line) versus L. The
solid line is obtained from linear regression fitting within 5% tolerance (i.e., byP

+5cm ). by=0.77x10" cmW ' is used in the plot.
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In Figure 6.8 on the previous page, the solid straight line is fitted to the set of data
points that plot out Py, yby versus Lil, where Py, ) is the pump threshold of the
sample with the MgO- capped layer and coated with Al on one of the facets with
different length (L) and by is a constant (= 0.77 x 10° cm/W). It is obtained from a
linear regression fitting with 5 % tolerance of the Py, s values and still denoted by
the equation (6.1). This is because that the cavity loss of the Al coated samples is
comprised of the cavity loss of the Fabry-Perot cavity formed by the Al coating
and the random cavities. They are both proportional to L™ so that the cavity loss
for the sample with Al coating will be roughly proportional to L. Moreover, the
value of oy is not significantly affected by the change in the cavity loss or the
excitation strip length, but it is more dependent on the random cavities. From the
y-intercept of the graph, it is observed that the value of oscy is ~ 67 cm ', This
value is slightly less than that (@ = ~70 cm™') obtained from Figure 6.7 and the
amount of decrease is less than expected, possibly caused by the non-uniformity in
the direction and intensity of reflection distribution within the Al coated facet. The
reflectivity variation is probably affected by: 1) the roughness of the facet, and 2)
the non-uniform thickness of the Al layer that is resulted from the deposition of
thin films on a rough surface. Another observation noted between the samples with
and without the Al coating is that y reduces from ~43 to ~10 for the sample coated
with Al. With the optical feedback from the Al coating, the pump threshold of the
random cavities can be drastically reduced. On the other hand, in the same figure,
data plots of Py, »/ Py, versus L ! are fitted by the dashed line within 5 % tolerance
of the Py, /Py, values, where Py is the pump threshold of the sample with the
MgO-capped layer without the coating of Al. It is noted that Py, /Py increases

with the increase of L, appears to be in contradiction with the theoretical prediction
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obtained by Feng and coworkers [267]. In their model, they suggested that P, 3/ Py
decreases with the increase of L, with Py, /Py, and L related by the equation (6.2),
with the derivation given in the APPENDIX G,

Bam
P

th

™~

~Zete (6.2)

Wiy

where & is the localization length or the length of the closed-loop path formed, of
the lasing modes. Their results are different from our observations because the
localization lengths of the pump and the lasing light are identical in their model

and their pumping scheme [267] is different from ours.

Transverse (x)

Longitudinal (z)

(a) (b)

. Mirror Random cavity

Figure 6.9 Schematic illustrations of the pumping scheme of random cavity with a

mirror proposed by (a) Feng and coworkers [267] and (b) our group.

Figure 6.9 shows the schematic illustrations of the different pumping scheme of
random cavity with a mirror proposed by (a) Feng’s group [267] and (b) our group.

In their proposal, the excitation source is injected in the direction parallel to the
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longitudinal direction as shown in Figure 6.9 (a). For our group, the pump source
is parallel to the transverse axis as given in Figure 6.9 (b). As a result, the coupling
between the re-injected light and the lasing modes is most effective near to the

coated facet.

6.3 Conclusion

In conclusion, the problems of high scattering loss and in-directional optical output
in ZnO thin-film random cavities are solved. This is realized by the deposition of a
MgO capped layer on the annealed ZnO thin-film ridge waveguide laser. Further to
give out a bright directional emission beam, the sample with the MgO capped layer
has a lower pump threshold and higher emission intensity. In addition, the
scattering loss is reduced from ~127 to ~70 cm ', suggesting that the MgO capped
layer is effective in re-injecting the scattered light into the ZnO thin-film layer.
Furthermore, it is demonstrated that the pump threshold of the sample is reduced
with Al coating on one facet as optical feedback. The optical feedback shows to be

more effective for sample with a shorter length.

The proposed ZnO random lasers can achieve high-performance ultraviolet lasing
that is compatible with that of the conventional facet-emitted lasers. Besides, when
this design is integrated with strategy and design [268,269] that gives single-mode

high-power lasing characteristic, major disadvantages of random lasers are solved.

92



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 7 ZnO Heterojunction Light-emitting Diode

CHAPTER 7 ZnO Heterojunctions Light-emitting

Diodes

7.1 Introduction

We have demonstrated that the filter cathodic vacuum arc (FCVA) technique is
capable of fabricating ZnO ultraviolet (UV) waveguides and random lasers.
However, all of these light-emitting devices fabricated by the FCVA technique are
optically driven and there is no evidence that this technique is capable of making
electrically powered ZnO UV light-emitting devices. On the contrary, in this
chapter, we have shown that the FCVA technique is also capable of fabricating
heterojunction light-emitting diodes (LEDs) that is made up of two different types
of semiconductors. Al-doped ZnO and SiC are used as the n- and p-type materials.
This implies that it is one of the potential cost-effective techniques to fabricate

laser diodes in the furture.

7.2 ZnO Heterojunction Light-emitting Diodes

7.2.1 Design of the ZnO Heterojunction Light-emitting Diodes

Recently, we have demonstrated UV photoluminescence (PL) at room temperature
from n-ZnO:Al fabricated on lattice-mismatched substrates at low substrate
temperature (<150° C) [211]. In addition, the n-ZnO:Al films exhibit resistivity (<

8x10* Qcm) and carrier concentration (> 10*' cm ™) comparable to that of the n-
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Zn0O:Ga films [211,214]. Hence, we propose the fabrication of the n-ZnO:Al/p-
SiC(4H) heterojunction light-emitting diodes (LEDs) by the FCVA technique at

low deposition temperature (~150°C).
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Figure 7.1 Proposed schematic diagram of the #»-ZnO:Al/p-SiC (4H)

heterojunction LED structure and the suggested setup for light detection.

The fabrication of p-type ZnO remains a challenge to the ZnO research
communities [270] because the dopants may be compensated by defect [271] or
the low solubility of the dopant in the host material [272]. Hence, a heterojunction
approach is used to fabricate a p-n heterojunction LED. Figure 7.1 shows the
proposed schematic diagram of the n-ZnO:Al/p-SiC (4H) heterojunction LED
structure and the suggested setup for light detection. A p-doped single-side
polished 4H-SiC wafer, purchased from CREE Inc., is chosen to be the substrate
and the hole injection layer of the p-n heterojunction LED. This is because it has

high values of hole concentration (~ 1X10190m73) and carrier mobility (~120
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cm?/Vs). As for the electron injection layer, ZnO:Al (3%) is selected because of its
optimal level of carrier concentration (> 1x10*cm ™) and mobility (~7.2 cm?/Vs)
[211]. Then on top of the ZnO:Al (3%) layer, there is a ZnO:Al (7%) layer as the
transparent injector of electron. It is in contact with a coated quartz substrate by a
spring-loaded clip that pushed the device tight onto the quartz substrate, as shown
in Figure 7.1, for the setup in light detection. As a result, the metallization on the
ZnO:Al(7%) of the LED is not needed so that the fabrication procedures can be
simplified and the device can be reused in other characterization experiments. For
the contact on the SiC substrate, an Al layer is used because it has a large work
function (~4.28 eV) [273] and is inexpensive when compared to gold, while
having reasonably low resistivity of 2.65 x 10" Qcm [273]. Besides, Al/Ti contact
[274,275] has demonstrated to form good ohmic contact on SiC with low
resistivity. It is believed that the two elements in the Al/Ti contact individually
forms alloy with the SiC substrate [276] that leads to the ohmic resistance
characteristics. For the metalization on the coated quartz substrate, Ni is selected
as the material since it has been shown that it forms good ohmic contact with

ZnO:Al films [277].

7.2.2 Fabrication of the ZnO Heterojunction Light-emitting Diodes

In the fabrication of the ZnO heterojunction LED, first, a piece of p-SiC (4H) was
cleaned in the sequence as follows: acetone ultrasonic clean for 15 min; followed
by alcohol ultrasonic clean for 15 min; followed by deionized (DI) water rinse;

followed by a 5:1:1 mixture of HO:NH4OH:H,O0, heated to 80 °C for 15 min;
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followed by DI water rinse for 5 min; followed by a 1:50 mixture of HF:H,O for
15s; followed by DI water rinse for 25s; followed by a 5:1:1 mixture of
H,O:HCIL:H,0; heated to 80 °C for 15 min. After these steps, the substrate was
dried in a Lindberg box furnace at 110 °C for 30 min.
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Figure 7.2 Fabrication procedures of the proposed ZnO heterojunction LED. (a)
Deposition of a ZnO:Al (3%) layer on the polished surface of the p-SiC substrate
by the FCVA technique. (b) Deposition of an Al layer, then a Ti layer, by electron-
beam evaporation. (c) Undergoing rapid thermal annealing with another identical
sample stacked on top at 800 °C for 5 min in a N environment. (d) Deposition of

ZnO:Al (7%) layer on top of the ZnO:Al (3%) layer by the FCVA technique.

Next, on the polished side of the p-SiC substrate, a 100 nm-thick #-ZnO:Al (3%)
layer was fabricated by the FCVA technique, as shown in Figure 7.2 (a). A 3 at. %
of Al containing Zn target with was used. During the deposition process, the
substrate temperature and oxygen partial pressure were set to 150 °C and 5%x10™
Torr, respectively [211]. These conditions were used to produce the optimal level

of carrier concentration and mobility. Subsequently, the sample was placed into an
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electron-beam deposition chamber and it was then pumped down to a base
pressure of 3x10° Torr. The evaporation of Al pellets in a crucible was carried out
at a beam current of 60 mA and a beam voltage of 6 kV. During the deposition
process, the pressure and the substrate temperature were at ~4x10 Torr and 90 °C,
respectively. After a 25 nm-thick Al layer was coated on the unpolished side of the
p-SiC, the crucible holder was rotated to another crucible that contains Ti pellets.
Then the Ti evaporation process began when the base pressure returned to 3x10™°
Torr and the substrate temperature dropped to room temperature. The beam current
was 70 mA and the beam voltage was 7 kV. During the deposition process, the
pressure and the substrate temperature remained unchanged (i.e., ~4x10° Torr and
90 °C). The process was stopped when a Ti layer of thickness 150 nm was coated
on top of the Al layer, as shown in Figure 7.2 (b). The sample was taken out from
the chamber after the substrate temperature had dropped to room temperature.
Following that, as shown in Figure 7.2 (c), another identical sample was made and
it was stacked on top of the other sample (i.e., face-to face). With the two ZnO:Al
(3%) surfaces of the samples touching each other, both underwent rapid thermal
annealing (RTA). The annealing process was performed at ~800 °C for ~5 min in a
N> environment. The RTA process was to change contact behavior of the Al/Ti
contacts on the SiC to ohmiclike from Schottky behavior [275]. Moreover, the
change in the surface roughness of the thin films before and after annealing was
less significant in the face-to-face RTA process when compared to that of the films
without using the face-to-face approach [278]. Another advantage of adopting the
face-to-face RTA method was to suppress the defect-related deep-level emission
while improving the near-band-edge emission in the ZnO:Al films [278,279].

Finally, as shown in Figure 7.2 (d), a 50 nm-thick layer of ZnO:Al (7%) was
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deposited on top of the ZnO:Al (3%) layer by the FCVA technique. The
fabrication procedures and parameters of the ZnO:Al (7%) thin-film layer were the
same as those of the ZnO:Al (3%) thin-film layer, but a Zn target with 7 at. % of

Al was used.

As for the coated quartz substrate that was required for the setup in light detection,
a layer of ZnO:Al (7%) thin-film layer of thickness ~100 nm was deposited on a
quartz substrate, with the FCVA deposition parameters remained unchanged.
Following that, a photoresist layer was coated on top and exposed to UV radiation
through a mask with two rectangular patterns, of width, length and separation of 1
mm, 2 mm and 1.5 mm, respectively. The detailed experimental procedures and
conditions were given in section 3.3.2. Then, Ni was coated onto the unmask
regions by the electron-beam evaporation method discussed previously. During the
process, a beam current of 60 mA and a beam voltage of 7 kV were used to

evaporate the Ni pellets in a crucible.

7.2.3 Characterization of the ZnO Heterojunction Light-emitting

Diodes and Discussion

The solid lines in Figure 7.3 on the next page, give the current-voltage
characteristics of the Al/Ti metallization on p-SiC before and after rapid thermal
annealing at 800 °C for 5 min while the dash line shows the current-voltage
characteristics of the Ni metallization on n-ZnO:Al (7%). It is noted that they are

the current-voltage characteristics of two contacts of dimension 1x2 mm® and
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separation of 1.5 mm apart. For the solid lines, the Schottky behavior of the two

as-deposited Al/Ti contacts on the p-SiC is changed to ohmiclike behavior by RTA

for 5 min at 800 °C in a N, environment. It is observed that linear current-voltage

dependence of the Al/Ti metal-contact on the p-SiC has been achieved. The

contact resistivity of the Al/Ti metal-contact is relatively higher than expected

because of the fact that Al can be easily oxidized [273,275]. Besides, the linear

current-voltage dependence of the Ni contacts on the ZnO:Al (7%) layer is attained

even for the as-deposited film without the RTA process.
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Figure 7.3 Solid lines: current-voltage characteristics of the Al/Ti metallization on

p-SiC before and after rapid thermal annealing at 800 °C for 5 min. Dash line:

current-voltage characteristics of the Ni metallization on n-ZnO:Al(7%).
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Figure 7.4 Room-temperature electroluminescence (EL) spectra of the n-

600

Zn0:Al1(3%)/p-SiC(4H) heterojunction LED at various forward biased voltage.

Figure 7.4 shows the room-temperature EL spectra of the n-ZnO:Al(3%)/p-

SiC(4H) heterojunction LED under different forward biasing voltage. The details

in obtaining the EL spectra are stated in the APPENDIX H. When

under forward biased condition, at biasing voltage of 4.8 V, an UV emission peak
is noted at ~385nm. The emission intensity of the UV peak increases with the

increase of biasing voltage. At a forward biased voltage of 7.4 V, the full width at

the device is
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half maximum (FWHM) of the UV peak is ~20 nm. The UV EL peak implies that
the negligible influence of the heterointerface defect is surpassed by the effective
near-band-edge radiative recombination demonstrated by the device. Moreover, for
forward biased voltages greater than 6V, a weak defect peak that stretches between
~430 to ~530 nm and has a maxima at ~490 nm, is observed from the EL spectra.

This defect peak is probably due to the defect-related deep-level emission of the n-

ZnO:Al film.
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Figure 7.5 Room-temperature PL spectra of an annealed ZnO:Al(3%)/p-SiC and a

bare p-SiC(4H) substrate under the optical excitation by a frequency tripled

Nd:YAG laser (355 nm) at pulsed operation (6 ns, 10 Hz).

The room-temperature PL spectra of an annealed ZnO:Al(3%)/p-SiC and a bare p-
SiC(4H) substrate are given in Figure 7.5. The spectra show that there is no
measurable light emission noted from the p-SiC (4H) substrate as expected, since it

is an indirect-bandgap semiconductor. On the contrary, the annealed
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Zn0:Al(3%)/p-SiC sample displays a strong UV peak at ~380 nm and a weak
defect peak at ~490 nm in the PL spectrum. The strong emission peak at ~380 nm
indicates that the free exciton recombination (APPENDIX A) is the main
mechanism behind the radiative recombination process in the n-ZnO:Al(3%) film.
However, this predominant process is switched to exciton-exciton scattering when
it is under electrical excitation, as marked by the ~5 nm difference between EL
(~385 nm) and PL (~380 nm) emission peak position. The discrepancy is probably
caused by the more efficient excitation resulted from the optical pumping than that
of the electrical excitation. With optical pumping, the energy of photons can be
optimized according to the band gap of ZnO. Furthermore, the n-ZnO:Al(3%) film
shows c-axis orientation, that is vertical growth to the substrate, as indicated by the
X-ray diffraction (XRD) patterns in the Figure 7.6. This orientation (002) has the
lowest surface energy; hence the ZnO film resulted in this orientation to minimize
the surface energy within the deposited film and between the deposited film and

the substrate surface [25].
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Figure 7.6 XRD pattern of the AlZnO thin film deposited on the SiC substrate at

150°C.
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Figure 7.7 Room-temperature current-voltage and light-voltage characteristics of
the n-Zn0:Al(3%)/p-SiC(4H) heterojunction LED. The insert shows the enlarged

current —voltage curve at reverse biased.

The room-temperature current-voltage (—) and light-voltage (#4) characteristics of
the n-ZnO:Al(3%)/p-SiC(4H) heterojunction LED is shown in Figure 7.7. The
details of the experiment are illustrated in APPENDIX I. The current-voltage
characteristic of the heterojunction shows a rectifying behavior with a turn-on
voltage of ~3.8 V. The current increases exponentially as the biasing voltage
increases. As the biasing voltage increases to ~9 V, the measured current is ~3.3
mA. Moreover, it is noted that the current density (J) and the applied voltage (V)
show a ~J-V' relationship due to the effect of the large ohmic contact resistance,
below forward biasing voltage of 1.2 V. When the forward biased voltage is above
this value, a ~J-V* relationship is observed. This could be due to the space-charge

limited current, that is possibly related to the wide band-gap materials [280]. Next,
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when the heterojunction is in reverse biased condition, a small leakage current of
less than 107 pA is noted, for reverse biased voltages below 6V. For the light-
voltage characteristics, the optical intensity is not measurable below forward
biased of 3.8 V. After 3.8 V, the output intensity rises almost linearly with the
increase in the biasing voltage, signifying the recombination of electrons and

holes.
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Figure 7.8 Proposed electrical circuit model for the heterojunction LED for the

calculation of the ideal factor.

If 1, is the saturation current, Vp is the diode voltage, then the ideality factor (1) of

the heterojunction LED can be found from the ideal diode equation:
I=1,[exp(qV, /nkT)-1], (7.1)

where T (= 300K) is the temperature, ¢ is the electron charge and & is the Boltzman

constant. Using the circuit model as shown in Figure 7.8, Eq (7.1) is modified into:

7.2
Izla[exp(qVD/nkT)—l]Jr;—D, (7.2)

sh
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where the shunt resistance (Ry,) is included into the equation. The ideality factor is
calculated to be ~6, with the consideration of a series resistance (R) of ~1k Q2 and a
shunt resistance (Rg,) of greater than 50k Q. The calculation details are given in
APPENDIX J. The series resistance (R) is attributed to: 1) the large ohmic contact
resistance of the Al/Ti metal-contact on the p-SiC, 2) the resistance of SiC and 3)
the ZnO:Al layer. This large value of R also gives rise to the higher than expected
turn-on voltage of ~3.8 V (Figure 7.7), demonstrated by the heterojunction device.
Hence, an additional voltage across R is added to V' that is expected to be ~3.3 V,
since the band-gap of ZnO and p-SiC are ~3.3 and ~3.28 eV approximately.
Besides, Ry, is to show that there is current flowing directly from the n-ZnO:Al
layer to the Al/Ti metal-contact. This is propably due to insufficient masking on
the edge of the p-SiC, during the deposition processes of the n-ZnO:Al layer and

the Al/Ti metal-contact, to prevent them from in touching each other.

7.3 Conclusion

The fabrication of the n-ZnO:Al/p-SiC(4H) heterojunction LEDs by the FCVA
technique at low deposition temperature (~150°C) has been demonstrated. The
device shows diodelike rectifying current-voltage characteristics, with a turn-on
voltage of ~3.8 V. At ~7.4V, the device exhibits a UV EL peak at wavelength of
~385 nm at room temperature, with FWHM of ~20 nm. This implies that the
concentration of nonradiative defects of the n-ZnO:Al films is negligible. The n-
ZnO:Al films have: 1) low resistivity since the generation of the ionized Zn-Al
plasma takes place before the the oxidation of the deposited species, reducing the

chance of Al being oxidized, and 2) high crystalline quality because the removal of
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the micro-particle in the Zn-Al plasma by the double-bend design of the FCVA

technique is effective.

A ZnO UV LED with ZnO:Al-based active layer is demonstrated by the FCVA
technique at low deposition temperature. This proves that the FCVA technology is
capable of fabricating electrically pumped light-emitting devices at low deposition
temperature. Furthermore, the lattice-matching requirement is not necessary for
this method between the n- and p-type materials that make up the diode. Therefore,
the n-ZnO:Al film deems to be one of the potential candidates to be applied in the
fabrication of the ZnO UV LEDs and the future diode lasers, as the electron

injection layer and active layer.
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CHAPTER 8 Conclusion and Recommendations

for Future Research

8.1 Conclusion

The filtered cathodic vacuum arc (FCVA) technique allows the deposition of ZnO
films on lattice-mismatched substrates at low temperature with optical and
electrical properties that are comparable to other deposition techniques. The
following summarized the capabilities of FCVA deposition technique for the

fabrication of ZnO light emitting devices:

ZnO thin-film planar waveguides were fabricated on lattice-mismatched SiO,-
buffered Si substrates at ~230°C by the FCVA technique. The waveguides
exhibited amplified spontaneous emission with a peak wavelength at ~385 nm and
had a maximum net optical gain of ~70 cm in the TE polarization at pump
intensity of ~1.9 MW/cm®. The net optical gain was improved to 120cm™ by

introducing a ridge structure into the planar waveguide.

Apart from observing amplified spontaneous emission and waveguiding effect in
ZnO epilayers, we have also realized random lasing action in them, by embedding
ZnO nanorods inside. The ZnO epilayers were fabricated by the FCVA technique.
They were comprised of ZnO and MgO layers that did not exhibit random lasing.
On the other hand, the ZnO nanorods on sapphire substrate with the designed
distribution and sizes were also not capable of random lasing. However, when the

ZnO nanorods were embedded in the ZnO epilayers, random lasing was resulted
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from the strongly scattered optical waves inside the sample that experienced a
higher optical gain. The pump threshold intensities were ~800 kW/cm® and ~1.6
MW/cm® for the transverse-electric (TE) and transverse-magnetic (TM)

polarizations, respectively.

In order to allow the integration of our random laser with other silicon based
components, we proposed a post-growth annealing method to realize ultraviolet
(UV) ZnO thin-film random lasers on Si substrates fabricated by the FCVA
technique. The annealing temperature and duration controlled the development of
ZnO grains and voids that were responsible for the random lasing action. The
method is especially efficient for ZnO films deposited at low temperature in the
FCVA technique. For samples annealed at 900 °C for 1 min and 2 hrs, they showed
pump threshold intensities of ~0.35 and ~0.33 MW/cm? for the TE polarizations,
respectively. Moreover, coherent and incoherent random lasing actions in ZnO thin
films can be realized by the modification of material compositions and the
variation of fabrication processing steps, based on the post-growth annealing
method. Restrictions of growth in ZnO grains and voids were noted in the
annealing of ZnO films grown on a (220)-oriented MgO layer with pre-annealed
treatment. The underdeveloped ZnO grains and voids led to the formation of the
incoherent random lasing cavities. Conversely, it was proven that the ZnO grains
and voids experienced unrestricted growth in annealing on a (200)-orientated MgO
layer without pre-annealed treatment. Coherent random lasing cavities were

established from the well-developed grains and voids.

108



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 8 Conclusion and Recommendations for Future Research

Furthermore, the undesired characteristics of high scattering loss and non-
directional emission output in the ZnO thin-film random cavities have been
eradicated. It was achieved by a MgO capping layer on the annealed ZnO ridge
waveguide random laser. With this design, the sample emitted a bright directional
emission beam by the re-injection of the scattered light into the ZnO thin films
from the MgO capping layer. With the MgO capped layer, the scattering loss was
reduced from ~127 to ~70 cm . Furthermore, Al is coated on one of the facets of
the MgO-capped samples as optical feedback. It is shown that the pump threshold

is reduced and the optical feedback is more effective for shorter samples.

Other than realizing optically pumped UV ZnO devices, we designed and realized
an electrical n-ZnO:Al/p-SiC(4H) heterojunction light-emitting diode (LED) by
the FCVA technique at low deposition temperature (~150°C). At room
temperature, the device showed an UV electroluminescence peak at wavelength of
~385 nm with full width at half maximum of ~20 nm, at ~7.4V. The n-ZnO:Al
films fabricated by the FCVA method proves to be an efficient electron injection
layer that is difficult to be achieved by most of the deposition methods. In the
making of the n-ZnO:Al films, the oxidation is well suppressed as the ionized Zn-

Al plasma is generated before it is mixed with oxygen.

To conclude, it has been demonstrated that the FCVA technique is one of the most
cost-effective methods in mass-producing ZnO UV waveguides, lasers and LEDs.
The growth of ZnO UV waveguides and lasers on the lattice-mismatched Si
substrates facilitate their integration with other Si-based electrical or optical

devices. Hence, the FCVA technique is justified to be one of the best candidates in
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achieving them since it allows the deposition of films on a lattice-mismatched

underlying layer with low substrate temperature.

8.2 Recommendations for Future Research

In CHAPTER 4, coherent feedback has been demonstrated in the ZnO nanorods
embedded in the ZnO epilayers. However, incoherent feedback action from the
ZnO nanorods has not been reported. Besides that, it is necessary to investigate the

conditions and the transition regime that leads to the two different types of optical

feedback.

A post-growth annealing method is illustrated in CHAPTER 5, to generate random
lasing cavities inside the ZnO films. In fact, more investigations are required to
study the formation characteristics of random lasing under the influence of: 1)
annealing temperature, 2) annealing duration, 3) the thickness of the ZnO layer and

4) the thickness of the buffer layer.

Random lasers with low-loss and directional emission output are realized and
reported in CHAPTER 6. Besides, it has been demonstrated that the ratio (P,
/Py of the pumping threshold of a one-Al-mirror random laser (Py, ) to that of a
random laser without mirror (Py,) is increased with the increase of the laser cavity
length (L). This finding disagrees with that reported by Feng and coworkers [267].
Hence, it is necessary to find out a theoretical explanation and to carry out
experiments that will assist to justify our finding. In addition, it is also crucial to

further reduce the lasing threshold of these random lasers. This will lead to the
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optimization and analysis of the MgO cap layer fabricated at different deposition
conditions and the exploration in the possibility of using another alternative
material as the cap layer. Finally, further investigation is required to realize a

single-mode, low-loss and directional random laser.

In CHAPTER 7, the fabrication of UV ZnO heterojunction LEDs by the FCVA
technique is reported. Hence, this leads to the initiative to investigate the FCVA
method in the fabrication of p-type ZnO films, in order to realize UV ZnO
homojunction LEDs, using ZnO as the p-type and n-type materials. The values of
carrier concentration and electron mobility of the p-type ZnO films fabricated at
different deposition conditions and parameters should also be studied. Besides,
with the knowledge and experience of making the ZnO UV random lasers and
LEDs made by the FCVA technique, it helps to build a foundation in realizing an
electrically pumped ZnO UV random laser. Furthermore, the electrically pumped
random lasers can be in the form of thin films, powders and nanorods. The
conditions and transition regime of the coherent and incoherent random lasing
actions of these lasers should be explored as well. Finally, the electrically pumped
random laser can be modified into a low-loss, directional random laser with high-

power and single-mode emission.

In this thesis, random lasers have been discussed to eliminate the need for cleaved
mirrors, the study of surface-emitting lasers (SEL) is also important to be carried
out. This will trigger investigations for the transparent electrodes and dielectric

mirrors for the optically or electrically pumped surface-emitting ZnO UV lasers.
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APPENDIX A ZnO Properties and ZnO Nanorods

A.1 Crystal Structure

Figure A.1 Stick and ball representation of ZnO crystal structures: (a) cubic
rocksalt (B1), (b) cubic zinc blende (B3), and (c) hexagonal wurtzite (B4). The

shaded gray and black spheres denote Zn and O atoms, respectively [233].

Figure A.1 gives the 3 different types of ZnO crystal structures and they are (a)
rocksalt, (b) zinc blende and (c) hexagonal. For the rocksalt structure, it can be
produced under high pressure, while the zinc-blende crystal structure can be
achieved by forming on cubic substrates. On the other hand, ZnO normally forms
in the hexagonal crystal structure with the two lattice parameters, a = 3.25 A and ¢

=5.12 A.
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[0001]

Figure A.2 Schematic representation of a wurtzitic ZnO structure having lattice
constants a in the basal plane and ¢ in the basal direction; u parameter is expressed
as the bond length or the nearest-neighbor distance b divided by c. o and f are the

bond angles.

The structure is composed of layers occupied by zinc atoms alternate with layers
occupied by oxygen atoms and this is illustrated by the schematic representation of
the wurtzitic ZnO structure in Figure A.2. The structure consists of two
interpenetrating hexagonal-close-packed sublattices, with the Zn (O) layer at a
distance of u x ¢ in the direction of c-axis to the nearest Zn (O) layer. The u value
increases as the c/a ratio reduces to maintain the four tetrahedral distances of the

bonds of a Zn (O) atom that is tetrahedrally coordinated to four O (Zn) atoms.
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A.2 Band Structure and Other ZnO Properties

Figure A.3 Low-density approximation bulk-band structure of ZnO as calculated
using a self-interaction corrected pseudopotential. The horizontal dashed lines

indicate the measured gap energy and d-band width [281].

Figure A.3 gives the band structure of ZnO and it shows that ZnO is a direct
semiconductor material. ZnO has a band-gap energy of 3.2 ¢V and it can be
lowered [154] or increased [282] by substituting other elements into the epitaxial
films while maintaining the wurtzite structure. Table A.1 on the next page gives

some of the other properties of wurtzite ZnO.
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for low p-type conductivity

ao (Lattice parameters at 300 K) 0.324 95 nm
co (Lattice parameters at 300 K) 0.520 69 nm
co/ag (Lattice parameters at 300 1.602 (ideal hexagonal structure shows
K) 1.633)
u 0.345
Density 5.606 g/cm’
Stable phase at 300 K Waurtzite
Melting point 1975 °C
Thermal conductivity 0.6,1-1.2
Linear expansion coefficient (/C) 8 :6.5% 10-2
co :3.0x10°
Static dielectric constant 8.656
Refractive index 2.008, 2.029
Energy gap 3.4 eV, direct
Intrinsic carrier concentration <10° cm™
Exciton binding energy 60 meV
Electron effective mass 0.24
Electron Hall mobility at.3.00 K 200 em/V s
for low n-type conductivity
Hole effective mass 0.59
Hole Hall mobility at 300 K 550 em/V s

Table A.1 Properties of wurtzite ZnO [283].

Additionally, optical transitions of ZnO have been studied by different
experimental techniques and strong room temperature near-band-edge ultraviolet
(UV) peak at ~3.2 eV is observed [284]. Besides, defect-related transitions can be

observed in the emission spectra. Defects like: 1) doubly ionized zinc vacancies

and ionized interstitial Zn" [285], 2) oxygen vacancies [286], and 3) interstitial O

[287], in ZnO films causes the films to exhibit a blue-green emission, centered at

around 500 nm.

Under optical pumping, when a photon excites an electron of the valance band into
the conduction band, a hole is formed in the valance band. Hence, an exciton is

formed due to the binding of the electron and hole. As they recombine, a photon
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with energy of about 3.26 eV is emitted in ZnO. This is known as free exciton
recombination [288]. Moreover, when optically pumped stimulated emission is
observed in ZnO films, the two main recombination processes behind responsible
for the emission mechanisms are exciton-exciton scattering and electron-hole
plasma (EHP) recombination. Exciton-exciton scattering occurs when inelastic
collision take place between excitons, an exciton is being excited and a photon

with energy,
ex 1) 3
En :Eex _Eb 1__2 _EkBT (n:2,3,4,.,.500), (Al)
n

where E., is the free-exciton energy, E," is the binding energy of the exciton (60

meV), n is the quantum number of the envelope function, and k7T is the thermal
energy [233]. Hence, a value of 15 meV (E,-E.) is expected for the maximum
difference in the energies of photons. It is the main process behind the emission
mechanism when the electron-hole pair density is smaller than that of Mott density
(3.7 x 10" cm™), near the threshold of the optical gain spectra [27]. On the other
hand, electron-hole plasma recombination is the recombination of an electron and
a hole, resulting in the formation of a photon. It is formed when coulomb
interactions cause the ionization of excitons [233]. This phenomenon becomes the
more dominating process behind the emission mechanism when the electron-hole
pair density is greater than that of Mott density. Moreover, this process takes over
as the excitation densities increases after the threshold in the optical gain spectra,

accompanied by shifting of emission peak in the emission spectra [233].

121



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Appendix A

A.3 ZnO Nanorods

ZnO nanorods and nanowires can be obtained by different growth methods. The
major fabrication techniques for ZnO nanorods are: 1) vapor phase synthesis via
thermal evaporation method [289,290] or vapour-liquid-solid (VLS) process [291],
2) metal-organic chemical vapor deposition [241], 3) chemical synthesis via
hydrothermal synthesis [292], reverse micelle [293], sol-gel, aqueous solution
[294] and biomineralization methods [295]. Besides, nanorod arrays that are
vertically aligned with uniform thickness and length distributions have been
fabricated by VLS process with metal catalysts [15], template-assisted growth
[296], electrical field alignment [297] or catalyst-free metalorganic chemical vapor
deposition (MOCVD) method [298]. The fabrication of ZnO nanorods has
attracted much emphasis by the ZnO research community because they have
shown potential for ZnO nanodevice applications in nanorod heterostructures
[299], quantum structures [300], alloying and doping of ZnO nanorods [301],
nanolasers [15], field emission [302], gas sensor [303] and electron transport

properties [304].
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APPENDIX B Photoluminescence

B.1 Optical Setup

c Legend
. Nd: Tag Laser (SBurelite Oscillator)

. Harmonic generator (Surelite Separate Package)
He:MNe laser

. Cylindrical lens

. Objective lens

Monochromator (Oriel 77200 1/4m grating)

. Photomultiplier tube

. Filter, not shown in the picture (to filter out 532nm)
- attermator, not shown in the picture
-------- P Alignment optical path

—® Characterization optical path

| L]

o
[Fo T R, N R R VR X R

"ff?l'l’—ll'l

Figure B.1 Optical setup for the photoluminescence measurement.

123



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Appendix B

Figure B.1 shows the setup of the photoluminenscence (PL) measurement. The
Nd:YAG laser (Surelite III-10Hz), the Surelite Separation Package (SSP), the
monochromator (Oriel 77200 1/4m grating), the He:Ne laser, lens and mirrors
were adjusted to the same height with respect to the optical table and secured. A
SSP-3 was installed inside the SSP to isolate the YAG second, third and fourth
harmonic from the fundamental. The shutter of the SSP-3 was closed to dispose
the unused 1064nm and 532nm residual beam. The Surelite doubling component,
532nm, was adjusted to a minimum and filtered out by a filter (10SWF-450) to
reduce the unwanted components from pumping and heating the sample under
investigation. The same was done for the 266nm component and the 355nm

component was tune to a maximum.

In the alignment of optics, the Nd:YAG laser was off, while the He:Ne laser was
switched on and aimed into the objective lens in front of the input slit assembly,
without the sample. Position of the objective lens was adjusted until the detector
output signal registered a maximum. This step was repeated and the input and
output slit widths were reduced until both slit widths were at 10 um. It was noted
that a built-in transimpedance amplifier silicon detector (Oriel 70336) was used in
placed of the photomultiplier tube (PMT) (Oriel 77345) as shown in the position in
Figure B.1. This was to prevent the PMT from being damaged by the He:Ne laser
that was used to assist the alignment. The silicon detector was connected to a lock-

in amplifier (Oriel Merlin 70100) for collecting the data.

Next, a sample was placed at the position, as indicated by the red line in Figure

B.1. With the He:Ne laser off and the Nd:YAG laser (10 Hz, tripling 355nm
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output) on, it was optically pumped onto the sample at 90°, focused by a
cylindrical lens. The emission at the facet of the sample was collimated into the
input slit assembly of the monochromator, via the objective lens. At 355 nm, the
delay between the signal outputed from the silicon detector and the reference
signal from a pulse controlling circuit (B.4) were noted and input into the lock-in
amplifier (SR 510). Subsequently, the position of the sample was readjusted until
reasonable level of signal was observed around the emission wavelengths, with the

PMT fixed onto the output slit assembly in place of the silicon detector.

B.2 Equipment Communication

The communication flow of the entire system was designed as shown Figure B.2
on the next page. Two lock-in amplifiers (SR510 and Oriel Merlin 70100) were
connected to a switch box and the output from the switch box was connected to the
serial port of a computer. Communication between the computer and the lock-in
amplifiers were in American Standard Code for Information Interchange (ASCII)
and data transfer was in full-duplex asynchronous communication mode. Besides
that, a stepper motor was connected to the printer port of the computer.
Communication between the computer and the stepper motor was also in ASCII
code and the communication mode was simplex and asynchronous. There was no
handshake status in transmission and reception data control. The bit rate was
chosen to be 9,600 bits/s, the number of data bits per character was 8 bit, parity
type used was none and the number of stop bits was 1 bit. This setting also applied
to the two lock-in amplifiers. Furthermore, the stepper motor was connected to a

monochromator and wavelength of the monochromator was synchronized by
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means of calibration at the beginning of the computer program. The program
matched with the wavelength by the relative displacement to the calibrated
wavelength. Hence, emission intensities at different wavelengths can be stored into

the computer in a text file.

Stepper motor T . Monochromator

353.000000 2.950E-6
353.100000 6.810E-6
3353.200000 1.490E-3
3353.300000 8.580E-6
3353.400000 3.830E-6
3353.500000 9.600E-7
353.600000 2.720E-6
353.700000 5.620E-6
353.800000 2.026E-3
353.900000 6.393E-3
354.000000 6.393E-5
354.100000 6.393E-5
354.200000 6.393E-5

Database

Switch box

Merlin 70100 Lock-in amplifier SR510

Figure B.2 Communication flow of the entire system.
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B.3 Entire Layout
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Figure B.3 Entire layout of the system.

The entire layout of the system was setup as shown in Figure B.3. The printer and
serial port of the computer were connected to the stepper motor and the switch
box, respectively. One of the connections of the switch box was connected to the

serial port of the Merlin, while the other was connected to the SR510. Both the

127



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Appendix B

input of the Merlin and SR510 were connected either to the Si detector or the PMT
located at the output assembly of the monochromator. For the reference input of
the SR510, it was linked to a pulse controlling circuit, a preamplifier and a
photodiode that will be discussed in section B.4. The photodiode was placed in
front of the harmonic generator that was part of the optical layout mentioned in

section B.1.

B.4 Pulse Controlling Circuit

15V +15V 1 415V

: 10kQ
Photodioc‘;e { s
i gamplifier‘ :
Transimpedence A5 _t

amplifier : . =
o : re—>
Preamplifier =~ Comparing : Pulling °

stage stage up

stage

Figure B.4 Circuit diagram for changing the pulse width.

The pulse controlling circuit, as shown in Figure B.4, modified the pulse width and
the waveform of the reference signal from the detector to fulfill the negative

triggering mode requirements of the lock-in amplifier. The circuit was separated
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into three stages. They were namely the preamplifier stage, the comparing stage
and the pulling up stage. First, the preamplifier stage was to preamplifier the
reference pulse signal at the output of the photodiode. It provided transimpedence
gain to the signal and to broaden the pulse width of the pulse. The pulse at the exit
port of the Surelite Separation Package was detected by a photodiode (RS651-995)
and amplified by a current preamplifier (Oriel 70710). The gain of the preamplifier
and the time constant were set at 10° V/A and MAX-position, respectively.
Secondly, function of the comparing stage was to compare the input pulse with a
reference voltage. When the input voltage was lower than the reference voltage,
the output transistor was off and no current flowed. The reverse was true when the
input voltage was higher than the reference voltage. Changing the reference
voltage changed the output pulse width. This stage was comprised of a resistor
network, and a voltage comparator (National Semiconductor LM311). Finally, at
the pulling up stage, the output gave a high voltage of 15V when the reference
voltage was lower than the voltage of the pulse. It was at a low voltage, less than
1V otherwise, which satisfied the requirement for edge triggering of the lock-in
amplifier. A 10kQ resistor and a +15V dc power supply (Toward Electric

Instruments, TPS4000) built up this stage.

The entire pulse controlling circuit was connected as shown in Figure B.5. A
coaxial cable with a Bayonet Neill-Concelman (BNC) connected at one end while
a photodiode was connected to the other. The coaxial cable was connected to the
input of the current preamplifier. The output of the current preamplifier was
connected to a BNC connector of a coaxial cable with the cathode connected to the

ground and the anode connected to the input of the comparing stage. The output of
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the pull up stage was connected to the reference input of the lock-in amplifier. The
current preamplifier and the comparing and pull up stage shared the same +/— 15V
and ground of the direct current power supply, as illustrated in the Figure B.5.
Therefore, varying the reference voltage at the non-inverting input of the

comparator modified the pulse width of the comparator output signal.

. P TTTIIIIIIII RS651-995
Coaxial cable Fhotodiode

To current preamplifier

Current preamplifier et H
Inputof the : i v V
/_E current

H——" Gain

10E+6 ViA

e 9 O © ©
. m . ,H15W -15V
L @ O

1
i L GIND | GID
1 Lok I
yo il slenlienlinlion ~
To bnc of coaxial cable } 1
* |
€ o ———————

Fﬂ To input of comparing stage {Anode)
SRR To Ground (Cathode)
U

To +15% (de zupply)
To =15V (dc supply)
To Ground {de supply)

10kL2 variable resistor

To bae input
of lock in
amplinier

Figure B.5 Entire connection of the pulse controlling circuit.

130



ATTENTION: The

Appendix B

yright Act applies to the use of this document. Nanyang Tech

ical University Library

B.5 Software Program

J[a]

detected?

From

Al

Goto desired
wavelength and
update display

Fopup
sES10GUT &
wait for cotmtnand

6 O

Wavelength
calbration?

Update
wavelength
display

Change SE.
510 Lic?

Change
O port of
SR 510

O O

To
Al

131



ATTENTION: The

Appendix B

University Library

To
Al

Change
Iletlin 1407

E=t?
Yes

Stop

Change

FOrport of —p@
Ierlin

From
&l

Ohtain scan
parameter & leh
petfotm scan grap
Fetrieve data

Dhata Save f
Saveas?

Dhata
saved

Figure B.6 Flow chart of the software program for the PL measurement.

A software program was used to record the data in the PL. measurement, with its

flow chart shown in Figure B.6. At the beginning of the software program, the
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system performed an equipment check. This was to confirm that all necessary
equipment was present; otherwise the program would halt the entire operation.
Then selection was made on using either the Merlin or the SR510 for data
collection. After that, the software was ready for the experiment and there were
several options. First, data from the database could be retrieved and displayed in a
graphical format. Second, the setting of the lock-in amplifier could be changed or
the wavelength position of the monochromator altered. Finally, a scan could also

be carried out.

f=. Scan parameter.vi E

Ezik

Figure B.7 Graphical user interface (GUI) for the input of the scanning parameters.

A GUI for the input of the scanning parameters appeared when the parameter
option was clicked on the scan menu, as shown in Figure B.7. The start and the end
wavelengths were specified to be 365 and 410 nm. They were defined to set the

two limits between which the wavelength ranges were to be scanned. The interval
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was set to 0.1 nm and it meant that the wavelength would increase in step of 0.1
nm. Once the interval was entered, the points of the experiment were automatically
recalculated. The number of readings per point and pause in between each reading
were 1 and 1 s, respectively, as indicated in the Figure B.7. After filling up all the
fields, the GO-button was clicked and a scan was started. After the scan was
completed, the data was saved by clicking the save spec option in the file menu of
the spectrum interface. Next, the power of the laser was adjusted and the
procedures described were repeated to obtain another spectrum at different
pumping powers. The light-light curve was resulted by plotting the different areas

under the spectra against the various respective pumping powers.
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APPENDIX C Variable Stripe Length Method

Measurement

C.1 Optical Setup

Sample
Shield— |

Cylindrical lens
T —
<. To detector

Side view

Excifation length (L)

Figure C.1 Optical setup of the variable stripe length method measurement.

Light amplification inside the waveguide was measured by a variable stripe length
method (VSL). The alignment of optics and sample, and obtaining the phase
relation between the reference and detected signal were carried out as mentioned in
APPENDIX B. In the VSL method, as indicated by the Figure C.1, the Nd:YAG
laser beam (Surelite I1I-10 Hz, tripling 355nm output) was focused by a cylindrical

lens into a stripe onto the sample. The stripe started at the facet of the thin film.
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C.2 Measurement for VSL Method

The light emitted from the facet was collected by an objective lens into the
monochromator. Different lengths of pumping stripe (L) were obtained by shifting
a moving shield. At the corresponding length, the total intensity detected from the
facet of the thin film (/r) was recorded. Then the net optical gain (G) at that
particular pump power was obtained by fitting the set of L and /i values into the

equation [228] as shown below:

I (A
1, (L) = %[exp(Gm-L)—ll, (C. 1)

where [, was the spontaneous emission and A was the wavelength of the net
optical gain to be measured. Repeating the same procedures, different net optical

gains were obtained at different pump powers.
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APPENDIX D Far- and Near-Field Profile

D.1 Far-Field Profile

Camera

]
A

Sample

Figure D.1 Experimental setup for the far-field profile.

Figure D.1 gives the experimental setup for obtaining the far-field profile. The
camera was positioned at the focal point of a focusing lens. Hence, parallel light

rays passed through the lens and were focused into the camera.

D.2 Near-Field Profile

——————— - ——— - sheT Camera

A >

Figure D.2 Experimental setup for the near-field profile.

Figure D.2 shows the setup for obtaining the near-field profile from the sample.

Image of the sample was focused onto the camera by using the relation,

1r.1_1 (D.1)
d)
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where d, is the distance between the sample and the lens, d; is the distance between

the camera and the lens and fis the focal length of the lens.

138



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Appendix E

APPENDIX E Formation of UV and Visible Random
Lasing Cavities at Different Annealing

Temperature and Duration
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Figure E.1 Unpolarized emission spectra of ZnO films: (a) as-grown, (b) 7,=1 min,

and (¢) 7,=2 h.

Figure E.1 shows the unpolarized emission spectra of the ZnO films: (a) as-grown,
(b) T,=1 min, and (c) 7,=2 h, under pump intensity of ~1.5 MW/cm®. In Figure E.1
(a), the spectra of as-grown ZnO film exhibit a ultraviolet (UV) and a visible peak
at ~383 nm and ~565 nm, respectively. It is also noted that the ratio between the
peak intensities of UV and visible spectra is ~60. This means that the level of
defect-related deep level emission (DLE) is as low as that of ZnO films fabricated
by other methods [212,213]. For the case of ZnO film with 7,=1 min in Figure E.1
(b), the intensities of the amplified spontaneous emission (ASE) of the UV and
DLE peaks are ~20 and ~100 times to that of the as-grown film. Both UV and

visible emission are enhanced because of the removal of non-radiative
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recombination centers by thermal annealing. Besides, random lasing is observed in
both UV and visible wavelength with lasing threshold at ~0.35 MW/cm® and ~0.8
MW/cm?, respectively (not shown). In Figure E.1 (c), the ratio between the peak
intensities of UV and visible spectra is reduced from ~12 (7,=1 min) to ~8 (7,=2
h). This reduction implies that the DLE is enhanced through annealing for a longer
time. Moreover, the sample exhibits random lasing at a lower lasing threshold (not

shown) for the UV (~0.33 MW/cm®) and visible spectra (~0.7 MW/cm?).

Annealing temp. T I/l Lasing threshold (MW/cm®)
() : UVIEVIS UV Visible

o Imin - 0.66 -
400°C 2h - 0.48 -

o Imin - 0.53 -
600°C 2h - 0.42 -

o Imin 12 0.35 0.82
9007C 2h 8 0.33 0.73
1000 °C 2h 6 0.32 0.61
1100°C 2h 4 0.33 0.59

Table E.1 Lasing characteristics of the ZnO films annealed at 400 °C, 600 °C, and
900 °C (with T,=1 min and 2h), and annealed at 1000 °C and 1100 °C. Iyy/Ivis: the
ratio between the peak intensities of UV and visible spectra at laser pumping

power of ~1.5 MW/cm®.

Table E.1 above gives the different characteristics of the ZnO films annealed at
400 °C, 600 °C, and 900 °C (with T,=1 min and 2h), and annealed at 1000 °C and
1100 °C. For samples annealed at same temperature with different 7,, the UV
lasing threshold decreases with the increase in the annealing time. Similarly, the
lasing threshold appears to be decreasing for the samples with same 7, but at

different annealing temperature. This is because at higher temperature, ZnO grains
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and voids are better developed with the increase in annealing temperature.
However, for sample annealed at 1100 °C, the lasing threshold has not been

changed with T, as the UV emission is degraded at 1100 °C with annealing time.

Besides, random lasing is observed in the visible spectra for samples annealed at
above 900 °C. Below 900 °C, samples exhibit weak DLE, since the defect states
inside the ZnO films are not effectively introduced at a relatively low temperature.
Moreover, it is noted that the lasing threshold for the visible spectra and the
ITuv/Iyis value decrease with the increase in annealing temperature. The decrease in
lasing threshold and the value of Iyv/Iyis is attributed to the enhancement in DLE
through annealing [305]. Figure E.2 shows the lasing spectra of ZnO thin films
annealed at (a) 900 °C, (b) 1000 °C, and (c) 1100 °C (T,=2 h) with pumping

intensity of ~1.5 MW/cm®, showing the different /yy/Iyis values.
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Figure E.2 Lasing spectra of ZnO thin films annealed at different temperature (a)

900 °C, (b) 1000 °C, and (c) 1100 °C with pumping intensity of ~1.5 MW/cm®.
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APPENDIX F Loss in Gain Threshold Equation

The scattering loss () of the random cavities is related by the equation (F.1),

8y =0y + (L), (F.1)
where gy, is the threshold gain and f{L) is the cavity loss of the random cavities.
This equation (F.1) can be approximated by equation (F.2),

Q= Auy + L7, (F.2)
where y is defined as the normalized cavity loss and L is the cavity length, based
on the first order approximation of 1D random cavities [238]. This means that
either by increasing the length of the cavity or reducing the cavity loss will reduce
the pump threshold of the random lasers. Besides, the threshold gain can be
expressed and approximated by the equation (F.3),

gy ~ay(Ny), (F.3)
where an (=2X10716 sz) is the differential gain and Ny, is the threshold carrier
concentration. This equation is obtained based on the assumption that the carrier
concentration at threshold is very much greater than that at transparency and the
annealed ZnO films has a linear excitonic gain [306]. On the other hand, N, is
related to the carrier rate equation (F.4) at threshold,

nP,\/dhc=N, /T, (F.4)
where the thickness of ZnO film (d) is 200 nm, the carrier lifetime (7) is 0.4 ns,
pump wavelength (1) is at 355 nm, 4 is the Plank’s constant, ¢ is the velocity of
light, and the coupling efficiency (7) is 0.108. The value of 7 is deduced by
assuming only 87% of light is transmitted into the ZnO film, with 25% of the total

excitation light illuminate the ridge structure and at most 50% of the pumped light
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is converted to optical gain. Therefore, using equation (F.2), (F.3) and (F.4), it can

be shown that Py, and ¢, are related to each other by the equation (F.5),
bN[)th = ascat + xl;l (FS)

where b, =mna,tA/dhc.
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APPENDIX G Derivation of Equation for One-mirror

Random laser

For a one-mirror random laser [267], the gain distribution is

g(x)=G,A(x)e " (G.1)
It is assumed that the localized state is centered at the middle of the sample x~L/2
[307]. In graphical presentation, it is as shown below in Figure G.1. &p is the
localization length of the pump source and it gives the length of the closed-loop

path formed by the pump source.

2=

L J

=

Figure G.1 Gain distribution inside a one-mirror random laser.

Their Intensity pattern is

I(x,x,)=B(x,x,)e "/ (G.2)

This is because they assumed that the medium to be strongly a localized medium.
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Graphically, it is shown in Figure G.2 below.

I, 2

A

Figure G.2 Intensity pattern of the localized mode inside a one-mirror random

laser.

They interpret the losses of modes for sample (without the coating of Al), d,, to be
the summation of losses at the two facets (by substituting x=0 and x=L in equation

IT above) and the mode loss d¢,, due to absorption. As a result,

5 ~e‘x0/§/ +e—(L—X0)/§1 +50n (G3)

n

Similarly, for the sample coated with aluminum at x=0, the mode losses, 6,, would
be comprised of the loss at the facet (by substituting x=L in equation II above) and
the mode loss dom, due to absorption. In this case, they made an assumption that
the mode at x;=0, would lase first, as there are no other lasing source in the 1D

cavity.

S ~e 45, (G.4)

m

At threshold, gain equals loss, therefore,
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L L L
Ig(x)](x, X, )dx :J‘ GOA(x)efx/fp B(x, X, )ef\xfxo‘/fz dx = GQCJ‘ e*x/‘fp e*|xfxn|/ 4 dx=0 (G.S)
0 0 0

They put the localization length of the lasing light and the pump light to be equaled

to localization length, & = &, = & Besides, since L>>§ then the integral above

becomes,

GoCle™fe I ax =5 (G.6)
0

For the case without mirror, equation (G.6) becomes

L
—x/ —|x— — —(L—-
GOCje Vel gy — o8 g TS 5
0

Xo L
_ —x0)/ _ (x— —xo/ (-
=>G0C[Ie x/§e(x x0)/ & dx + J‘e x/§e (x x")/édx] —e ™ 3 ‘e (L-x¢)/ & +§On

0 Xy
Xo

L
—xo/ (- - -
=>G0C[Ie 'S dx + Ie CrlEgy] =e T e 1 S

0 Xy

=>G,Clx e ™'* + ge_x"/f J=e™* 4t 45,

= GOC B é: +22x eXO/g(e7XO/§ +e7(L7XO)/§ +50n)
0
G 2 1 ~(L-2x0)/ & 5 X /&
Ont NW( + e + ()ne ) (G7)
n 0

For the case with mirror, equation (G.7) becomes
L
—x/E  _|x— _
GOCJ.e Vel gy = o7t S +90,,
0

Similarly, it could be simplified to be
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omt ™ Cmf Om (G8)

When x¢=0, it reduces to

G,Clx,e™'* + ge"‘)/:]: e+,

When dom and 9o, equal zero, xo to be L/2 and L>>E, therefore referring to equation

(G.7) and (G.8), as (G.7) is divided by (G.8),

0
2 (.
G,, ——-LKU%Q

oth Cg/+%)ﬁ+e//‘°)@+5//)

Finally,

Zom L e (G.9)
Ont 5

where all constant are then omitted.
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APPENDIX H Electroluminescence Measurement

H.1 Optical Setup

L d

egen —

1. Hele Laser (For alignm ent) DJ ng I]]_[]]
2. Sample —m. e

3. Objective lens - = = =
4. Monochrom ator (Oriel 77700 MEI5T
5. Photomosltiplier tube

- - Aligm ent optical path

— Characterization optical path

Figure H.1 Optical setup for the electroluminescence measurement.

The optical equipment for the electroluminescence measurement was set up, as
shown in Figure H.1. The monochromator (Oriel 77700 MS257), the He:Ne laser
and the mirror were adjusted to the same height with respect to the optical table
and secured. In the alignment of optics, a built-in transimpedance amplifier silicon
detector (Oriel 70336) was fixed at the output slit assembly of the monochromator,
instead of the photomultiplier tube (PMT) (Oriel 77348). The same alignment

procedures were carried out as described in APPENDIX B.

In the electroluminescence measurement, a sample was placed at the position
indicated by the thick red line in Figure H.1. The sample was biased using a setup

described in section H.4. In this measurement process, the silicon detector used for
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alignment was removed and the PMT was mounted at the output assembly of the

monochromator.

H.2 Equipment Communication

Three lock-in amplifiers (SR510, EG&G 7260 and Merlin 70100) and the
monochromator (Oriel 77700 MS257) were connected to a general-purpose
instrument bus (GPIB) card (PCI-GPIB) installed in a computer. They were
controlled and configured through the IEEE-488 port. The interrupt request (IRQ)
setting used was 9 and the memory ranges were from D6800000-D68007FF and
D6000000-D6003FFF. The GPIB address of the SR510, the EG&G lock-in
amplifier, the Merlin and the monochromator were 23, 12, 2 and 6, respectively.

For the monochromator, it also occupied 1 bus address below the primary that was

5.
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H.3 Entire layout

| | £ )
. =
g‘ &, & 5 &5 2 =
o S 5 2 =] I
=] - &
& % | 8% 2 E B =
8% |=E | F
O )“"
<4
5 -
5 ) :
'E..E 5
= ” :
b o = :
g g = 2
3 % T Z 2
= 2 8 3 Q
sl 2] |e 2B
= o :
& ]._D_ ...... 4
2 5
< 5
g
]
=
[+ ]
L]
= 2
j="
E = =
“ [ ]
. [
2. 5
E [=H
(=N
2 5
4!

Figure H.2 Entire layout of the electroluminescence system.

The entire electroluminescence system was setup as shown in Figure H.2. The

GPIB port of a central processing unit (CPU) was connected to: 1) a
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monochromator (Oriel MS257), 2) an Oriel Merlin, and 3) a lock-in amplifier
(SR510 or EG&G 7260). First, at the output assemble of the monochromator, it
was connected to either a silicon detector or a PMT. The silicon detector or the
PMT was connected to the Oriel Merlin or the amplifying input of the lock-in
amplifier. Next, the reference input of the lock-in amplifier was connected to 50 Q
output of a pulse generator (Newtronics Model 200M STPC). The pulse generator
was linked to a pulse modulating circuit, discussed in the next section, was

powered by a DC power supply (Lodestar 6109).

H.4 Pulse Modulating Circuit

From voltage
l supply l

cl CZ
Bl B2
" = To sample

—-..
From function
generator =

Figure H.3 Circuit diagram for the pulse modulating circuit.

A pulse source was used to bias the sample. It was needed to prolong the lifetime
of the sample and to reduce the noise level of the signal with the lock-in technique.

Hence, a pulse modulating circuit as illustrated in Figure H.3, was connected to
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bias the sample. A pulse from a function generator biased the base and the emitter
of the transistor (7). When there was a voltage difference (greater than the turn-on
voltage of T;) between B; and E;, T; was on. The collector (C;) was shorted to E;
and had a zero potential. On the contrary, C; was not shorted or grounded to E;
when voltage difference across B; and E; was at zero. C; was at a voltage above
zero potential since it was linked to the DC power supply through a resistor (R;).
Moreover, there was another transistor (7>) in this circuit. The B, and E, of T, were
connected to a 10 kQ variable resistor that was connected across C; and E;. The
emitter and base of 7> was not directly connected to C; and E; of T}, so that the
high voltage from the DC power supply did not exceed the rating of the emitter-
base voltage of 7,. Considering the entire modulating circuit, when voltage
potential between B; and E; was high, the voltage potential between C; and E; was
zero. This then caused the voltage potential between C, and E, to be high. Thus,
the amplitude of the voltage waveform between C, and E, was modulated by the
DC power supply, while the frequency and width of its pulse was approximated to

be in synchronization with the pulse generated from the function generator.

Figure H.4 on the next page gives the entire setup of the pulse controlling circuit.
For the pulse modulating circuit, it had two outputs. They were the ground and
pulse output. The pulse output was connected to the ohmic contact on p-doped
layer of the sample. On the other hand, the ohmic contact on n-doped layer was in
contact with the Al:ZnO (7%) layer deposited on a piece of quartz. Besides, on the
same piece of quartz, there was a nickel contact and it was connected to the ground
of the pulse modulating circuit. With the positive and the negative output of a DC

supply connected to the power supply and ground input of the pulse modulating
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circuit, respectively, the pulse modulating circuit was powered up by the DC
supply (Lodestar 6109). It was also noted that the negative and ground output of
the DC supply were shorted together. Next, the anode and the cathode, of a coaxial
cable with a Bayonet Neill-Concelman (BNC) connector, were linked to the pulse
generator pulse output (Newtronics Model 200M STPC), were connected to the
pulse input and ground of the pulse modulating circuit, respectively. Concurrently,
the 50 Q output of the pulse generator was connected to the lock-in amplifier
through a coaxial cable.

Satnple Mickel contact on quattz with a
layer of A1:Zn0 (7 %) on top

Quartz 4

DC power supply
| i i OUTPUT
From modulating From modulating

circuit pulse output  circuit cutput To power suppl.y of V,
{Anode) ground (Cathode) pulse modl}jatmg y
CIrCM

Pulse generator ------=-cemmmmanq To ground of pulse

modulating circuit
To ground of pulse
modulating circuit

"—'—ﬁ_@ﬁ
To reference input of
lock-in amplifier

S |

To bnc connector (To Fulse modpl ating
circut

modulating circuit)

To Mi of quartz/ A1:Z00 (7 %) Sr—
; To sample g—
IilOkQ variable resistor

1 100£2 SkL2

From out pulse
of generator

To modulating
circuit input
Anode)

mdine asm,

(0)

7

(0)
PUNCID) \9)

S

To modulating

circuit ground
(Cathode)

Form DC power supply (power supply)
From pulse generator output (pulse input)
From pulse generator output &=

DC power supply (ground)

BD 139 ED 139

Figure H.4 Entire connection of the pulse controlling circuit.
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Figure H.5 Flow chart of the electroluminescence software program.

A software program, with flow chart shown in Figure H.5, was used to determine
the electroluminescence of our devices. A connection test for the monochromator
was carried out at the beginning of the software program in the
electroluminescence measurement. The entire program would stop, if the
monochromator were not detected. After that the Merlin, the SR510 or the EG&G
7260 was selected for data collection. Then the software was ready, with the

options to: 1) control the monochromator, 2) control the lock-in amplifier, 3)
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change the units for wavelength, 4) calibrate the monochromator, 5) perform a
setup checking, 6) change the grating on rotating grating mount, 7) select the filter
to be used, 8) open or close the shutter, 9) change the monochromator I/O port, 10)
perform a communication check with the monochromator, 11) turn on or off the
chopper for the Merlin, 12) select the frequency and type of synchronization of the
Merlin, 13) retrieve and plot data in a graphical format, and 14) carry out a scan.

Scan Parameters

Start Wavelength i 350000) ™
End Wavelength 5'1 BDD.DDD| i

Interval Wavelength 3'1 D.lDD| o
Pause (seconds) 511 1.DDD| ==

Figure H.6 Entries for scan parameters.

On the GUI for the scan parameters entries in Figure H.6, the start and the end
wavelengths of the scan parameters were specified to be 350 and 600 nm. It meant
that the scan started at 350 nm and stopped at 600 nm. The interval wavelength
was set to 0.1 nm such that the readings recorded were at a 0.1 nm wavelength
interval. Besides that, there was an 1 s pause after the increment of 0.1 nm in
wavelength between each successive reading, as shown by the pause field in the
GUI. Subsequently, the red “Go Scan”-button was clicked and a scan started. After
the scan completed, the save spec option in the file menu of the spectrum interface
was clicked to save the data. Follow that, the DC voltage supply of pulse source
was adjusted to a new value and the procedures described were repeated to obtain

another spectrum under a different biasing condition.
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APPENDIX | Current-voltage and Light-voltage

Measurement

.1 Experimental Setup
From woltage
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Figure 1.1 Electrical and schematic setup of the current-voltage and light-voltage

measurement.
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Figure 1.1 (a) and (b), on the previous page, shows the electrical and schematic
diagram of the setup in the current-voltage and light-voltage measurement. The
optical setup and the alignment of optics in the electroluminescence (EL)
measurement also applied to this experiment. However, a multimeter (Keithley
2000) was connected in series with the heterojunction light-emitting diode (LED),
as shown in Figure 1.1 (a). Besides, an oscilloscope (Kikusui COS 6100) was
connected to the points C, and £, in parallel with the branch that comprised of the
LED and the multimeter. In Figure 1.1 (b), the LO input and the ground ouput of
the multimeter were connected to the nickel contact on the Al:ZnO (7%)/Quartz
and the ground of the pulse modulating circuit, respectively. It was also noted that
the multimeter was connected to a computer through the general-purpose interface

bus (GPIB) and the GPIB address was 1.

.2 Software Program

Figure 1.2 shows the flow chart of a software program used in the current-voltage
and light-voltage measurement. This program was loaded after the equipment was
setup and connected as stated in Figure I.1. Emission intensity and current reading
were obtained from the lock-in amplifier and the multimeter, respectively, and
plotted onto a graph. With biasing voltage noted from the oscilloscope, the DC
power supply was then increased with a 0.2 V-step interval, as the indicating light
on the graphical user interface (GUI) lighted up. These procedures were repeated
from 0 to 9 V before the stop button on the GUI was clicked to stop the program.

Finally, all the data were recorded into a text file.
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Figure 1.2 Flow chart of the software program used in the current-voltage and

light-voltage measurement.
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APPENDIX J Ideality Factor in the Diode Equation

Es

"

Ip,
1, R2 In, R1
— WA, [ A, —————
—Vpy ——Vp —p—Vp —

P Vipe ——

Figure J.1 Equivalent circuit of the heterojunction light-emittnig diode (LED).

The heterojunction LED can be modeled by the equivalent circuit as shown in
Figure J.1. If V}4s and 7 are the biasing voltage and current delivered by the power
supply, respectively, then it can be shown from Kirchhoff’s voltage law that,

Vbias =IR+Vp, (J.1)
where V) is the voltage drop across the diode and R is the summation of series
resistances (R1, R2) that are mainly contributed by the contact of the n- and p-type
material of the heterojunction. When R is taken to be 1550€, a data set of V) could
be obtained. Besides, / is related to the current that flows through the diode (/p)
and the shunt resistance (/z,) by the Kirchhoff’s current law,

I1=1Ip + Igs J.2)
In equation (J.2), Ip is given by the diode equation,

1, =1,|e“"»"") 1], (1.3)
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where I, and 7 are the saturation current and the ideality factor of the diode,
respectively, ¢ is the electron charge, £ is the Boltzman constant and 7 is the

temperature in Kelvin. On the other hand, /g, in equation (J.2) is given by,
Iy =Vy /Ry, (J.4)

where R; is the shunt resistance and arises due to the inadequate edge isolation

during the deposition process. Based on (J.3) and (J.4), equation (J.2) becomes,

[=1[e»") —1]+ % .

B}

(1.5)

As a result, by plotting Ip vs Vp (), using the theoretical values based on equation
(J.5), with Iy = 1x107* A, R, ~ 5x10*Q and M = 6, it is found that the theoretical
values (®) conform to the measured experimental data (m) as shown in Figure J.2,

within 5% tolerance.
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Figure J.2 Ip vs Vp curve plotted using measured experimental data (m) and

theoretical values (o) based on equation (J.5).
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