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Abstract

We are at a tipping point of the next industrial revolution, which will change the way we work,
live and communicate. Especially, the augmentation of data storage and process will require
communication networks that can handle around 175 zettabytes by the end of 2025. Optical
interconnect technology is a promising candidate, as it can transmit data ab¢jgeeds within

chips and boards in an energy efficient way. Laser is the backbone of such optical circuits and is
often integrated with its electrical counterpart for power inputs. With the advances in fabrication
techniques, microsized IIFV semicondator lasers are widely used, not only in data
communication, but more widely in medicine, robotics, green energy, military etc. However, there
is still a strong prerequisite to make these lasers even smaller and more energy efficient for optical
interconnet technology. Nanowires are a suitable candidate for such devices due to their large
surface are#o-volume ratio, high aspect ratio, confinement of photons in two dimensions and ease
in integration with other substrates. However, research -&f Hemicanductor nanowire Fabry

Pérot cavity lasers is still in the early stages and a lot more theoretical and experimental research
need to be done to realise devices, in particular those that are electrically powered, that are

manufacturable for practical apgitons.

In this thesis, irdepth theoretical and experimental studies to fabricate nanowire lasers are
presented. First, numerical modelling to optimise the dimensions of nanowires are performed to
achieve low threshold lasing. Following this, epitaxiavgth optimisation is carried out to achieve

the desired dimensions of nanowires. Subsequently, fabrication of two different types of device
architecture featuring single nanowire and nanowire array devices are done. For single nanowire

devices, an InP-pn axial structure is explored. The single nanowire laser devices display light

Vi



emitting diode (LED) characteristics, but unfortunately, they fail at higher injected current before
lasing is observed. The potential causes of degradation of devices ameetadjabsorption, lower

gain due to smaller active region and high free carrier absorption. To overcome high metal
absorption and lower gain, radiatnp junction structures are investigated and significant
improvement in the device performance is observtmvever, the devices also fail at higher

current injection levels prior to lasing threshold.

To overcome high free carrier absorption, transparent conducting oxides (TCOs) are used as a
dopant layer forming a heterojunction with InP nanowireyaras well as a contact layer. TCOs
exhibit metallike conductivity but with a high degree of transparency. Numerical analysis to
compute the optimum nanowire dimensions to obtain lasing, such as diameter and length, are
carried out. For #type TCOs, ZnOrrd SnQ are explored as potential materials, while faype

TCOs, SrNiyO: is evaluated. Optical, compositional and electrical properties of the TCOs are
investigated at various deposition conditions. Junction properties as well as band alignment at the
TCO-InP interface are studied to havedapth insight of carrier injection and transport across the
heterojunction. Finally, electroluminescence characteristics are measured and all the devices show
promising LED behaviour, but again, fail to lase dueexmessive heating at higher current
injection levels due to carrier crowding, noniformity and shifting of the recombination region.

For ease of integration, cost effectiveness and minimising the shift of the recombination region,
flexible nanowire arnadevices are also demonstrated, which provide LED characteristics, but still
fail to lase. Potential reasons and steps towards improvement such as modified fabrication process
to mitigate recombination inside the substrate, proper heat sinking and ratampof quantum

wells and quantum dots to enhance gain are investigated. Nevertheless, the knowledge and
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understanding gained from devices fabricated in this thesis are promising steps towards realising

electrically injected IHV semiconductor nanowil@sers.
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Figure 42 Room temperature gain curve at a carrier density of'2xh®® plotted together with modes
supported in axial InP nanowire of length (a) 3 um (b) 4 um (€) 5 M (d) 6. JMe.eeeeeeeeiiiiiiiiiieneee 55
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Figure 49 (a) Schematic diagram of core shell InP nanowire (b) LaserMOD CAD layout (not to the
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Figure 413 At 78 K (a) Comparison of simulated and measuddharacteristics. (b) EL spectra of
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Figure 54 Room temperature EL spectra at different current injection leVieésblack dashed line

indicates the peak of the spectra at 870 nm. (b) PL spectrum at 17 pW excitation power and EL spectrum
at 5 mA current. (c) Lorentz curve fitting of the EL spectmeasured at 5 mA at room temperature. (d)
Optical images of the ession at room temperature from the 100 x 106 aray at different current

LTt 10 TN 2= PP 81

Figure 55 (a) Temperature dependei characteristics of the device. (b) Temperature dependent EL
spectra of the device at 5 mA current where black dashed line indicatesathpgsition. (c) EL spectra
at 78 K at different current injection levels. (d@rentz curve fitting of the EL spectrum measured at 5

L L S T PN 33
Figure 56 (a) Schematic diagram of core shalP&ZnO nanowire (b) LaserMOD CAD layout (not to the
LT 1<) PP 84

Figure 57 Overlap of gain curve at room temperature at a carrier density of&xd®and modes
supported in (@) 1 um (b) 2 um (c) 3 pum (d) 4 um long InP/ ZnO core shell nanowires............... 86

Figure 58 Room temperature-Lplots ofn-ZnO/p-InP nanowire devices of various nanowire diameter
with total length of (a) 1 pm (b) 2 um (c) 3 pm and (d) 4 pm with different diameters showing la8ihg.

Figure 59 Schematic diagram of laser device fabrication ProCess...........cccccevvviiceriiiiiiiiieeeeennnnns 88

Figure 510 Room temperature EL spectra at different currgattion levels of (a) a device fabricated
without SU8 and (b) a device fabricated with 8JThe black dashed line indicates the peak of the

SPECHIA A 870 MMttt reer s mmme e e e e e e e e e e e eeeeeaaeeeeessmamseneseneeeeeeeeeneeeeeeeeennnnnns 89
Figure 511 Schematic diagram of core shell {ARO nanowire showing comparison of current injection
path (a)without SU-8 (b) with SU8 (NOt t0 the SCAIE)..........uuuuriiiiiiiiiiieeee e, 90
Figure 512 EL spectra at 78 K with differentrcant injection levels of (a) a device fabricated without
SU-8 and (b) a device fabricated With SU.............oeiiiiiiiiiiie e 91
Figure 513 SEM images of device at a tilt of 45° (a) entire array, (b) magnified image............... 92

Figure 514 a) SU8 lifted-off film from the substrate with embedded nanowire array (b) Finatdevi
with gold pad on acetate film on two sides that are used to connect the p and n regions of the nanowire

Figure 515 (a) +V characteristics of the esubstrate and flexible devices. (b) Room temperature PL
spectra at differerngositions on the array fam-substrate (top) and flexible device (bottofe).Surface
profile of flexible LED captured from optical profilometer. The region where the nanowire array is
located is indicated by the white circle. (d) Surface profile scan along points x1 to x2:féer Suofile
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Figure 516 EL spectra from the flexiblgevice at room temperature at different current injection levels.
(b) Lorentz curve fitting of the EL spectrum measured at 1 mA at room temperature................. a5
Figure 517 (a) Temperature dependent EL spectra at 1 mA current from the flexible LED. (b) Lorentz
curve fitting of theEL spectrum measured at 1 mA at 78.K.........uvviiviiiiiiiiiemee e 96
Figure 61 Comparison of Sndilm deposited at various oxygen percentages. (a) Refractive index as a
function of wavelength. (b) Absorption coefficient as a function of wavelength.......................... 102
Figure 62 Tauc plot for SnQlayer deposited with an oxygen percege of (a) 10%, (b) 20%, (c) 30%,
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Figure6-9 (a) Temperature dependent EL spectra at 5 mA injection current. (b) Peak shift as a function of
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Figure 72 Comparison of SiNiyO; films deposited at variousAAr percentages. (a) Refractive index as
afunction of wavelength. (b) Absorption coefficient as a function of wavelength....................... 123

Figure 73 Tauc plot for SgNiyO, layer deposited at room temperature with®® percentage of (a) 10%
(b) 12.5% (c) 15% (d) 17.5% (e) 20% (f) 22.5% (g) 25%. (h) Bandgap of tiNg,Onlayervs Oy/Ar
percentage derived from TaUC PLOL-.........oooiiiiiiiiiieeeii e e s rmnee e 125

Figure 74 Comparison of SiNiyO, films deposited at room temperature with differept® % (a)
Carrier concentration and (b) Resistivity. The green, red and yellow rectangles indigade ptype and
highly resistive behaviour of the films, reSpectively..............uevveiiiiiicce e 126

Figure 75 Comparison of SiNiyO, films deposited with 20% £Ar at different deposition temperatures.
(a) Refractive index as a function of wavelength. (b) Absorption coefficient as a function of wavelength.

XVii


file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784517
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784518
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784518
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784519
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784519
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784520
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784520
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784520
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784521
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784521
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784522
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784522
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784522
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784522
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784523
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784523
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784523
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784523
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784524
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784524
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784525
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784525
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784526
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784526
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784527
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784527
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784528
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784528
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784529
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784529
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784530
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784530
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784530
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784531
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784531
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784531
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784532
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784532
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784532

Figure 76 Tauc plot for SiNi,O, layer deposited with 20% AAr at the deposition temperature of (a)
room temperature (b) 50°C (c) 100°C (d) 150°C (e) 200°C (f) 250°C. (g) Bandgap ofMigBayer
vs deposition temperature derived from TaUC PLOL...........uuuiiiiiiiiime e 128

Figure 77 Comparison of SiNiyO, films deposited with 20% £Ar at different deposition temperatures.
(a) Carrier concentration and (b) Resistivity. The red and yellow rectangles indiyate gnd highly
resistve behaviour of the films, reSPECHiVEIY...........uuiiiiiii e 129

Figure 78 XPS spectra of SNiyO; film with 20% Oy/Ar deposited at room temperature: (a) O 1s core
level (b) Sn 3d core level and (C) Ni 2P COre leNel.......ooovirieeiiiie e 130

Figure 79 (a) UPS spectra of Ji,O; film andInP wafer showing the VBM (left inset) and the SECO
(right inset). (b) Band alignment of SnNiyO, and n+ InP, where the red dashed line represents Fermi
LA =Y =T {8171 o T 132

Figure 710 Comparison of-V characteristics of a fresh device and after storing for two nsasitroom
temperature. The black dashed line is an extrapolation of\thautve to determine the twon voltage.
(b) XPS spectra of p in bulk and at the interface of BliyOINP...........ooovviiiiiiiiiiiieee 133

Figure 711 (a) Room temperature EL spectraiffecent current injection levels. The black dashed line
indicates the peak of the spectrum at 872 nm. (b) Temperature dependent EL spectrum of the device at 2
mA current. (¢) EL spectra at 78 K at different current injection levels where the black tiashed

indicates the blue shift in the peak position of ZB/WZ interface peak.............ccccovviveeeriveeninnnnnnn. 135

Figure 712 (a) Comparison otV characteristics of a heavily doped (n+) and undop€di@nowire
device. (b) Room temperature EL spectra at different current injection levels from the undopeda
(0 oo PP POPPPPRRR 136

Figure 713 (a) Schematic diagram efriP/n+InP/pSnNiyO, nanowire (b) LaserMOD CAD layout
structure used for simulation (N0t t0 the SCAIL)..........coeiii it 137

Figure 714 Overlap of gain curve at room temperature at a carrier density of4xi®and modes
supported in (a) 1 pm (b) 2 pfw) 3 um (d) 4 um long-InP/n+INP/pSnNiyO, nanowires................ 138

Figure 715 Room temperature-Lplots of FInP/n+InP/pSnNiyO, nanowire devices of various nanowire
diameter with a length of (@) 1 um (b) 2 um &um and (d) 4 um with different diameters showing
= =3 T T PP 139

Figure 716 Comparison of holes injection in (a) the devices fabricated in this chaptesutrstnate. (b)
the devices fabricated in the previous chapterseumgStrate. ..........ooocvvviiiiiie i 140

Figure 717 78 K (a) 1V characteristics (b) EL spectra at different current injection levels from i
InP/n+InP/p SnNiyO, nanowire device where théalok dash line represents peak position at 840 nm. (c)
45° tilted SEM image of the nanowire array LED after device failure.............cccvviiiieeeeeeeennns 141

Figure 81 Schematic diagram of modified fabrication process for nanel@® devices................ 147

Xviii


file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784533
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784533
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784533
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784534
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784534
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784534
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784535
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784535
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784536
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784536
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784536
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784537
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784537
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784537
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784538
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784538
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784538
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784538
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784539
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784539
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784539
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784540
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784540
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784541
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784541
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784542
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784542
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784542
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784543
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784543
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784544
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784544
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784544
file://///Users/nikita/Desktop/thesis_revision/Nikita%20Gagrani_Thesis.docx%23_Toc124784545

List of Tables

Table 31 Effect of different parameters on the depositediBIQ ... 25
Table 41 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of
900 NMand 3 UM N IENGHN......co o e e e e e e e e e e e e aaaaeas 58
Table 42 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of
700 NM and 4 M N 1ENGENL......oo e 58
Table 43 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter
500 nmof &ad 5 Um in length.......ooo e e 58
Table 44 Variation of lasing threshold with dopiegncentration for an InP nanowire with a diameter of
400 NM and 6 UM N IENGLN.......uiiiii e e e e e e e e e e e e e e e e e e e e e e eeeeaare e aeareeeraeeees 59
Table 45 SEM images (43ilted view) of InP nanowire arrays as a function of diameter and pitch. All
SCAIE DAIS Bre 2 Moot e e e e e e e e e 60
Table 61 Sputter deposition conditions fOFSNO, StUAY .......uuvvurrirriiiiiiiiiiiirrr e 100
Table 71 EDX analysis of SiNiyO, films deposited at room temperature..............coooeeeeivcceeeeeen. 124

Table 72 EDX analysis of SiNiyO; film deposited at 20% £DAr percentage at different deposition
LES 0] LT = LUV RS 127

Table 73 Summary showing the various XPS peaks and the respectively atomic percentage..131

Xix


file://///Users/nikita/Desktop/thesis/final%20chapters/Nikita-Thesis_v2.docx%23_Toc106377544
file://///Users/nikita/Desktop/thesis/final%20chapters/Nikita-Thesis_v2.docx%23_Toc106377544

a.u.
ALD
ART
BE
CAD
CB
CBO
DC
EBIC
EBL
EDX
EL
F-P
FDE
FDTD
FEM
FIB
HH
BY;
ICP
IPA
ITO
KE
L-|
LED
LH
MOCVD
NA
OLED

List of Acronyms

arbitrary unit

atomic layer deposition
aspect ratio trapping

binding energy

computer aided design
conduction band

conduction band offset

direct current

electron bearinduced current
electron beam lithography
energy dispersive Xay spectroscopy
electroluminescence
Fabry-Pérot

finite difference eigenmode
finite difference time domain
finite element method
focused ion beam

heavy hole

currentvoltage

inductively coupled plasma
isopropanol

indium tin oxide

Kinetic energy

light output poweicurrent
light emitting diode

light hole

metalorganic chemical vapour deposition
numerical aperture

organic light emitting diode



PDMS
PECVD
PL
PMMA
RC

RF

RIE
SAE
SECO
TCO
T™MM
UPS
UV-Vis-NIR
VBM
VBO
VCSEL
VLS
wz
XPS
ZB

Chapter 1. Introduction

polydimethylsiloxane

plasma enhanced chemical vapour depositi
photoluminescence

polymethyl methacrylate
resistorcapacitor

radio-frequency

reactive ion etching

selectivearea epitaxy

secondary electrocut-off

transparent conducting oxide
transverse matrix method

ultraviolet photoelectron spectroscopy
ultravioletvisible-near infrared
valence band maximum

valence band offset

vertical cavity surfacemitting laser
vapourliquid-solid

wurtzite

X-ray photoelectron spectroscopy

zinc blende
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Chapter 1. Introduction

1.1 Motivation
Semiconductordses have remarkable impact on our socwtyere theyare extensively being
used indiversefields ranging from telecommunicatisnmilitary, medical science, industry,
graphics sensorsinformation technologyetc. Technologicaldevelopmentasled to significant
improvementin enhancing the efficiencgnd miniaturising the lases down to themicrometre
scale The advantageof thesesmalllasers aréow operating powerease of integration with other
devices, low cost antigh-volume manufacturing.Thanks to advancefabrication techniques,
apartfrom becoming the major component of consumer electronics, these lasers/aeplacing
their bigger counterpafgas andsolid-statelasers)in medical sciencepptical communicatios)

photonicsetc

In biology andmedicd scienceit is possible to implanbiocompatiblenanowire laseré living
cells.This will open upan opportunity to explorgenetherapyand drug deliveryin vivo studies,

bio-imagingsensing, electrochemistry, aaictrophysioloy *.

Every year, usage of data is increasing exponentially. Globally in 2018, 33 zettabytes of new data
was generated and is expected to rise to 175 zettabytes by the end ©flz0B&ndle such a high
volume ofdata, we need a higberformance computing device with low power consumption and
high bandwidth. However, such devices are currently limited by resistive loss and RC delay in
electrical interconnect. These issues could be addressed by replacing elatéricahnect with

optical interconnect for short distance data communications. Primary element missing for such

optical interconnect is nanoscale semiconductor lasers. Most of the leading chip manufacturing
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companies have extensive research programs ptefuhip optical communications for future

smart phones, Internet of Things and dagatres.

In Si-based electronic8f o o r e Jredictsthaimumbernnd density of transistors doubles every
two years in integrated circsitRight now,transistors have already reached to the atomic scale
suchthat further miniaturiation isextremely challengingherebyputting a limit on thg@rocessing
speed®. Furthermorethin copper wire used to connedransistorson chip have RC delayin
addition Ohmic lossesleadto heat generation dhe chip that affects their performandgsing
optical signalsto transmit data can avoid such issues and increase speed severd. folds
Semiconductordser is one of the key components in this optical data communication circuit.
Unfortunately the size of currerdemiconductotaser is much larger than tkemponents in the
electroniccircuit. Hence decreasints dimensionsgo subwavelengthscaleis required for high

density integrated photonic circslit

Due to the nanoscale odénensional wire like structure, semiconductor nanowires are promising
solution for integrategbhotonic circuitsHigh aspect ratio, large surfat@volume ratio, high
crystalline quality and carrier/photon confinement in two dimensions make them different from
other bulk structures. Compound semiconductor nanowires are promising solution fbemsgi
nanoscale lasers owing to their unique geometry which acts as a cavity/natural optical resonator
and material which behave as a gain medium. High refractive index difference between the
nanowire and the surrounding medium (air) leads to betterineanént of optical modes
Furthermore, due to sulavelength dimensions of nanowire, the end facets act as highly reflective
mirror for optical feedback as compared to their bulk counterfarslditionally, by simply
changing the composition of semiconductor, the output lasing wateleag be altered for

different applications that require different operational wavelengths.

4
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Most of the research on semiconductor nanowire lasers focus on optically pumped nanowire lasers.
However, for practical purposes, electrical injection is requifienl date, there are very few
demonstratios of electrically injected nanowire lasers primarily due to fabrication challenges,
excessive heating, ngdhmic contacts, nenniform doping, metal absorption and Raniform

current injectior.

1.2 Aim
The aim of this thesis is to provide a deeper insight of fabrication methods and challenges to
achieve electrically injected nanowire lasérhis thesis mainlyexplorestwo different typs of
geometries to achieve lasing: first, single nanowegices (p-i-n nanowire) and second, array
nanowiredevices(nanowiresincorporating tansparent conducting oxisl€T COs) to form both
the pn junction and the electrical contactTCO and radial junction are used to reduce metal
absorption losses, free carrier absorption and increase active régiooth the cases, simulation
and experimentsre performed and various challenges to achieve laalngg with possible
solutionsarediscussedrFurthermoredetailed analysis of junction propertieand alignment&and
TCO characteretionareperformed to understand the originre€ombinationn various INPTCO
nanowire structureshis thesis presentgsults of variousmanowire dewiessuch as single-pn
InP nanowire, gnP/nZnO core shell array device;IpP/nZnO core shell flexible device,-p
INP/nSnCx radial structure and 4inP/p-SnNiyO; core shell structuretheir fabrication and

characteriation.

1.3 Outline

The outline of this thesis s follow
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Chapter 2: This chapter summarises the progress in nanowire lasers, nanowire LEDs and identify
the potential issues to achieve electrically injected nanowire lasers. This chapter also explores

some background knowledge and basic concepts uskdtmess.

Chapter 3: This chapter provides an overview of various numerical and experimental technique
used in this thesis. This chapter is mainly divided into 4 sections, narpdyimental techniques,
growth of nanwires, device fabricationand numerical techniques used to simulate various

nanowire structures to obtain low threshold lasing.

Chapter 4 This chapter investigatesngle nanowirelevice fabricationdevicecharacterization

and numerical techniques used to simukiteyle nanowire structureto obtain low threshold
lasing. LaserMOD simulations are performed to determine the optimised dimensionsrof p
nanowires. Experimental results of-p InP single nanowire show that nanowsdumt before
reaching to threshold. Trminimise metal absorption losses and increase gain, radial homojunction
devices are investigated which shamprovement in the device performandéowever, the
devices are degraded before reaching lasuggesting incorporation of either TCO or quantum

well.

Chapter 5This chapter presents tkemulationsand fabricatiorof devices made froransemble
p-InP/nZnO coreshell structure Simulatiors of ZnO are performed usingaserMOD and
minimum threshold lower than an order is obtairseleral electrical properties like/ (current
voltage)andelectron bean induced curreBgIC) are studied to have deeper insight of junction.
The device show LEDs characteristichowever,they burn when excessive currerst passed
through themDetailed investigation alevicedegradations done. Moreover, to overcome some

of the issues, flexible LEDarealsofabricated anéhvestigated at differemperatingemperatures.
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Chagper 6: This chapter looks into the simulations of ensemiitd’fnSnQ core shell nanowires.
The advantages with Sp@re that it is a lowcost material, and exhibits higher chemical stability
as compared to ZnO and ITOomprehensivsetudy of SnQfilm at various deposition conditions
is performed usig Halleffect measuremest ellipsomety, X-ray photoelectron spectroscopy
(XPS)and U\-Vis-NIR spectrophotomey and tradeoff between absorption and conductivity is
observed Band alignment at InBnOc junction is also studied for various films.
Electroluminescencd=() measuremenisonfirmthat the structure works asLED but degrades
before reaching to the lasingxtensiveanalysis oforigin of various peaksas a function of

temperatures performedfor this structure.

Chapter 7This chaptediscusses-InP/p-SrkNiyO: core shell nanowire structigélloy of SnOx
and NiQx is usedto achievestablep-doped layerThe advantages with-goped TCO is that it
solves thdassues related to the shiftireg the recombination region due to low hole mobibiy
well as reduces free carrier absorption since Zradtgin InP havehigher free carrier absorption
than Si dopants in InRarrier transport properties and optical propedremvestigated atarious
deposition conditionsBand alignment ahe SrkNiyO: /InP junction and core level &nNiyO;
film are studied to have deeper understandingreliyO: film. Fabricated devices work as LED
ard burn when excessive currestpassed to achieVasing To increase light output, core shell

InP structures are also investigated to achieve lasing

Chapter 8This chaptesummarigsthe key results of thesis and provide directions to achieve low

threshold electaally injected nanowire lasers



Chapter 2. Background Knowledge
and Literature Review

In this chapter, we provide sorhackground knowledge on semiconductor lasers and review the

relevant work done in nanowire lasers and LEDs. We also discuss the challenges to achieve lasing
and the advantage of TCOs.

2.1 Background knowledge of semiconductor lasers

In this section, we providimsight on the basic concepts of semiconductor lasers, LEDs-and p

junction. First, we discuss the working principles and conditions required to achieve lasing. Then,

we provide an overview of-p junction and general concept on LEDs.

2.1.1 Type of electronictransitions

-

ConductionBand

) & &

S z B

43) = | ConductionBand 43
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Insulator Semiconductor Conductor

Figure 2-1 Schematic diagram showing difference between insulator, semiconductor and conductor.

A diode laser is made up of semiconductor materials. A semiconductor is a material whose
conductivity is between metal and insulafBigure 2-1). The conductivity of the semiconductors

is due to the transition of the electrons from valence band to the conduction/bétte band

of a semiconductor is the outermost energy level where abscare normally presentat T = 0 K.

On the other hand, conduction band is the lowest energy vacant level present at absolute zero. The
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energy difference between the conduction and the valence band is the band gap of a semiconductor.
Due to thermal or othaxxternal energy, electrons from valence band are excited to the conduction
band leaving holes in the valence batias probability of which is defined bthe FermiDirac
distribution at thermal equilibrium Transition of electrons between the valence band
conduction band leads to the optical properties of the semiconductor material. There are 4 basic

types of possible transitions islicated inFigure2-2.

3

) & & &

2 g 8 g
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Figure2-2 Different types of possible electronic transitions between conduction band and the valence band. Adapted
from 8,

2.1.1.1Absorption
Various types of absorptions can occur in semiconductors. In direct bandgap semiconductors
(conduction band minimum and valence band maximum have saeed) such as GaAs, InP,
GaN etc., an electron from valence band absorbs a photon and is exdited¢onduction band.
In indirect bandgap semiconductors (conduction band minimum and valence band maximum have
different kvectors) such as Si, Ge etc., phonon assisted transitions occur to conserve crystal
momentum. In addition, intaralence band transithns and free carrier transitions in both valence

and conduction band can lead to absorption.
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2.1.1.2Spontaneous emission
Spontaneous emission occurs when an electron from conduction band recombines spontaneously,
without any external stimulus and generates at@han such cases, the generated photon is
incoherent in terms of phase, polarization and direction relative to other photons. This is the
fundamental process within an LED where all the photons are random with respect to each other
and there is no feedbla mechanism. This kind of recombination requires an elet¢todas pair,

hence rate is proportional $guare oexcess carrier density.

2.1.1.3Stimulated emission
Stimulated emission is the process when incident photon perturbs the system and leads to the
radiaive electrorhole recombination with same frequency, polarisation, direction and phase. This
newly created photon also contributes to the existing field leading to the accumulation of a
coherent field. When the number of stimulated recombination overdwrabsorption and other

losses, the condition of positive gain is achieved and the semiconductor device works as a laser.

2.1.1.4Nonradiative recombination
Nonradiative recombination occurs when instead of emitting a phoétegtronhole
recombination energy d@issipated in the form of either heat or lattice vibrations. There are mainly
two types of nonradiative recombination: recombination at electron and hole traps, such as defects,
surfaces, interfaces and Auger recombination. During the transitions, in§teaisiting directly
from conduction band to the valence band, if electron transit to levels in tHeamid, the former
transition occurs. Generally, these Ab@nds are formed due to point defects, stacking faults or
impurity atoms (dopants). Moreovehis kind of recombination is quite common at the surface of
the semiconductor devices due to dangling bonds on the surface. Since only electron or hole is
involved in the process, this recombination is proportionektess carrier density.

1C
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Another tyge of nonradiative recombination is Auger recombination in which energy from the
recombination otlectronhole pair is transferred to either another electroamutherhole in the
form of kinetic energy. Since, three carriers are involved inghigess, this recombination is
proportional tocube of excess carrier densitMonradiative recombination causes absorption

losses in the system and are undesirable.

2.1.2Gain
When stimulated emission exceeds the total loss occurring in the cavity, the gasitiiee and
the device works as a laser. In the lasing regime, stimulated emission dominates spontaneous
emission leading to the sudden rise in light output. However, some random photons from
spontaneous emission will still be present, making it impassdlachieve a perfectly coherent
emission. Two of the most common ways to pump the device to achieve positive gain are optical
and electrical pumping. Optical pumping is usually accomplished by a more powerful optical
source like lasers having higher ptiotenergy than the bandgap of the device being pumped. In
electrical pumping, a current is passed through the device, introducing excess electrons in the
conduction band and holes in the valence band. When the number of electrons is higher in
conduction bad than valence band, it leads to population inversmnoptical amplification.
Increase in pumping leads to enhancement in optical amplification, and finally the condition arises
such that the total gain overcomes all the losses and lasing occwwonhition is known as
lasing threshold and the carrier density required to achieve this is known as the transparency carrier
density. The losses in the system emerge mainly from mirror losses, intrinsic absorption, metal
absorption from the electrical otacts and nonradiative recombination. In this thesis, we will
mainly focus on electrical pumping. To pass current and generate photons in a semiconductor

device, a p junction is required.

11
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2.1.3 p-n junction

(a) (b) (c)
Bresdieg i Electrons o Elcitro.ns
reakdown — o%® e eeee P oee e
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Figure2-3 (a) IV characteristics of a diode. Band diagram in forward bias (b) for homojunction f&tésojunction.

A p-n junction (diode) is formed at the interface of two semiconductors whetyge pnaterial
(excess holes) is broughtdontact with an fiype material (excess electrons). The most important
characteristic of fm junctions is that, they are rectifying in nature i.e., they allow current to easily
pass in one direction (forward bias) and restrict current in opposite dirdotioerse bias).
However, after certain voltage in reverse bias it is possible for a breakdown to occur, leading to
excess current flow in the reverse direction. In general, all devices like LEDs and lasers work in
the forward bias. Figure-2 (a) shows té IV characteristics of a-p junction. When current is
passed through a diode for light emitting purposes, it is preferable that entire current generate
electron and hole pairs. In reality, only a fraction of current generates electron and hole pairs and
the rest of the current overflows from the junction. To increase this current fraction, a
heterojunction, double heterojunction or quantum confinement can be employed in the structure.
This introduces a barrier which confines the carriers in the actiyerrevhich leads to efficient

LED or laser. Comparison of current leakage between a homojunction and a heterojunction diode

is depicted in Figure-3 (b) and Figure-3 (c).
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2.1.4Semiconductor lasers and LEDs

(a) : (b)
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Figure 2-4 Schematic diagram of (a) an LED demonstrating incoherent output (b) a laser illustrating feedback

mechanism inside cavity (blue arrows) and coherent output.

When current is injected in a diode, excess carriers are generated. Some of the gaareeted c
recombine noradiatively, causing loss of carriers whereas some recombine radiatively and
generate photons (spontaneous emission). Some current leaks in the process because of thermionic
emission or lateral diffusion due to lack of confinemenisTéakage current also contributes to

the loss of carriers. When the generated photons are emitted from the device, it operates as an

LED. Higher the current injection is, more the generated carriers are hence, more the light output.

To achieve lasing, a cavity is required to amplify the generated photons. As we keep injecting
more current, threshold condition is reached when, the number of electrons are higher in
conduction band than in the valence band. Now, the number of downaasitions are higher

than upward transitions. The photon density gets amplified as stimulated electron hole pairs
generate photons of same phase, direction and polarity. Once the amplified photon density offsets
the total loss in the cavity, the devicerigavorking as a laser. Figured2displays the difference

between the working mechanism of a laser and an LED.
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2.2 Review onsemiconductor nanowire lasers
Intensive research has been going on in the 20 years or so to demonstrate nanowire lasers. The
first nanowire laser was demonstrated in 2001 as optically pumped ZnO naho8iimee then,
many studies have been carried out on various semiconductor nanowires to investigate lasing.
Initially the majority of studies were on Zn CdS and GaN nanowires because they have large
exciton binding energy at room temperatufe’®, On the other hand, traditional -M
semiconductors such as GaAs and InP suffers issues with material quality aed Aug

recombinatiori* 15

Most of the studies on nanowire lasers are focused on optically pumped lasing as electrical
injection has several challengésHowever, electrical injection is required to integrate Rlasers

with the photonic circuits and for practical applications. In this section we will review the different
technigues used to achieve optically pumped lasing fromwieggand progress in the field of

electrically injected nanowire lasers.

2.2.10ptically pumped Il -V semiconductor nanowire lasers
2.2.1.1Nanowires transferred from the growth substrate
After extensive research in W nanowires, lasing was demonstrated by transigthe nanowire
on another nombsorbing substrate. This reduces the optical losses due to the absorption from the
growth substrate and increases mode confinement. Thicko8iSi was used as the transferred
substrate due to the low refractive index. Hamowire acts as FabBegrot (FP) cavity for the
modes propagating along the nanowire axis while its end facets act as mirrors due to high refractive
index difference between nanowire ancfdif. The first IV semiconductor nanowire laser based
on GaAs/GaAsP core shell nanowire was demonstrated at cryogenic temperatures due to poor
material quality!®. After several attempts and optimisapmoom temperature lasing was
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achieved on GaAs/AlGaAs nanowires usibgth metal organic chemical vapour deposition

(MOCVD) and molecular beam epitaX§?°.

Initially most of the lasers were achieved using GhAsed nanowires as defdate GaAs
nanowires can be realised uswv@poutliquid-solid (VLS) growth mechanism. However, GaAs
nanowires need passivation due to high surface recombination velocity wdads to
complexites in device fabrication and increases cavity loss through absorsti@n the other
end, InP nanowires have significantly lower surface recombination vetdcitgsing from non

passivated InP nanowire was demonstrated by Gao et al. at room tempgérature

To increase the efficiency of the lasers in terms of threshold current, differential gain, modulation
bandwidth and temperature stability, quantum confinement of the active region is réquired
Superior device performance can be achieved by discrete density of states using quantum
confinement. Nanowire lasers with quantum confinement have been demonstrated using axial
InGaAs quantum dots in GaAs/AlGaAs cesieell structure’, GaAs/AlGaAs coreshell multi
quantum well structuré*?6, GaAs/InGaAs multgquantum disk’” and InP/InAs multiple axial

guantumwells 28,

Apart from quantum confinement, several other techniques were used to achiemeekivold
lasing. This includes a thin layer of crystalline silver to confine plasmonic modes in GaAs/AlGaAs
coreshell nanowire$®, continuous wave lasing in GaAs/AlGaAs csieell nanowires at 4R°,
p-doping to enhance radiative efficiency inpassivéed GaAs nanowire¥, enhancing quantum
efficiency using antenna design in InP nanowitéshexagonal photonic cavity of array of
GaAs/InGaAs/GaAs nanowires removed from statstusingpolydimethylsiloxane RDMS) 32

and thin metal layer for high thermalratuctivity and enhanced confinement for quantum well

structures of both corghell GaAs/AlGaAs nanowires and axial InP/InAs nanowxfred
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Takiguchi et al. usedi photonic crystal cavity, transferred InAsP/ImRnowire on it and

demonstrated lasiny 3%

2.2.1.2Ensemble nanowires
Several attempts have been made to demonstrate lasing-\fcbbmpound semiconductor
nanowires orSi. Monolithically integrated InGaAs/GaAs nanowire laserSgnworking at room
temperature was first demonstrated by Cheng s n a i n . sleligalrcavity pnodes instead of
traditional FP modes were observed in such geometrgyTerformed extensive study of this
structure and concluded that InGaP shell is better passivating layer thar¥’Gai#esy have also
demonstrated lasing from needle shaped InFSioff, whisper gallery mode in InGaAs nano
needles”® and InP/InGaAs multiple quantum well laser using quantum confinethéhtHelical
modes have also been reportedile demonstrating room temperature lasing in polytypic InP

nanowire on (001%i using ART techniqué?* 43

Photonic crystal cavities can provide ultosv threshold because they have strong optical
confinement in small moéeolume and have high quality factdr Room temperature lasing from
InGaAs/InGaP nanowires, monolithically integratedSeon insulator platform was demonstréte
using photonic crystal cavit{f#¢. Photonic cavity was formed by nanowires and air halaish
provide optical confinement by total internal reflection. In addition, single nanowire lasers grown
on Si substrate with high spontaneous emission factor were demonstrated on GaAs/AlGaAs

nanowire®®,

2.2.2Electrically injected nanowire lasers
Miniaturisation of lasers is worthwhile if electrical pumping is possible for practical application

of the devices. Electrical injection is one of the best features of semiconductor laser which is
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advantageous over other lasers such as-stdi# lasersyhere optical pumping is the only option.

For the last two decades, there has been immense global effort to demonstrate electrically injected
nanowire lasers using innovative cavity designs and methods to overcome other requirements such
as defect free nawire, heavily doped p and n junction, high quality contacts, good thermal
dissipation, integration witlsi and mass productiol®. However, the progress in this area is still

very slow and limited.

The first electrically injected nanowire laser was demonstrated in 2088apedCdS nanowires

by transferring them onto heavily dopedSp substrate. The dees could only work at low
temperatures due to nemiform current injection and poor optical qualiy After significant
attempts, room temperature lasing was shown in ZnO nanowikes aisang electroiimole plasma
mechanism. The devices were fabricated by growidgged ZnO nanowires on ardoped ZnO
thin film on sapphire substraté In addition to FP cavity modes, several groups have reported

random lasing from ZnO nanowire arr&ys’

Notewothy progress has been made in grougNlihanowires to demonstrate lasing in ultraviolet
regime. InGaN/GaN axial quantum well nanowire arrays grown on (001¢r@used for tunable,

room temperature and continuous wave pumping. To enhanceefleetivity, SiQJ/TiO2
Distributed Bragg refractanirror was use&*®°, Circular PMMA/air dielectric distributed mirrors
were also used to achieve room temperature, low threshold lasing from InGaN/GaN triangular
shape nanowires formed via the gwvn approaci’. In addition, Anderson localisation was
exploited to demonstrate room temperature, tunable wavelength random lasing from AlGaN/GaN

coreshell nanowire arrays grown on %3f,

In 111-V semiconductors for near infrared wavelengths, pioneering work has been done in metal

cavity lasers. A metal shell is used to tightly confine light within the-vgabelength
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semiconductor structure. Theoretically, the advantages of these metallaseis are ultramall
physical volume, fast modulation and good heat dissipation at room températdik et al.
reported first metal cavity laser on InP/InGaAs/InP npitlars surrounded by a thin silicon nitride
insulating layer and then coated with gold. High optical losses due to metal restrict lasing only at
low temperature®. Several attempts have been made to ach@ra temperature and continuous
wave lasing in metal cavity lasers including optimising insulating layer thicktfeassing
rectangular geometry instead of circular to control dimension individually which helps in mode
selection® 70 using aluminium oxide or SiQ instead of silicon nitride for better thermal

management and passivatiGn’? using tunnel junction for better current injectién®.

However, for practical applications several challenges such as complex device fabrication, low
device lifetime, significant heating, efficient couplimgfiee space or waveguide structure need to

be addressetl®®. All the metal cavity lasers usep:down approach to obtain the nanostructures.
Device lifetime is low due to damage at the surface caused by efcMogeover, insulating layer

used to form a semiconductdielectricmetal coreshell structure can cause heating probl&m

To address the majority of these problems, one of the feasible soluticisdawity lasers using
bottomup approach. Although there are several reports e ILEDs however, electrically

injected FP caviy lasing in lIFV nanowires is yet to be reported.

2.3 Review on IlI-V nanowire LEDs
Several structures have been investigated to studilifproperties from nanowires. Nanowires
can be grown in 2 different configurations; axial and radial (sbedl). Radial structure has an
advantage over axial structure due to the larger recombination region owing to a higher surface
areato-volume ratio. However, radial structures suffer with qomiform current injection. The

first axial nanowire array LED was repedtin 1992 with tapered GaAs nanowifésFollowing
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this, studies on axial GaAs nanowires with improved morphol6gy® as well as radial
heterojunction structure suchm&aAs/InGaP/pGaAs® andGaAs/InGaP! have been reported.
To enhance light output, quantum well and quantum dots in the GaAd E&y®have also been

investigated?®s,

The first I nP nanowire LED was demonstfated b
88  Subsequently, more studies of doping profiles, far field properties and current injection
properties were performed for axial homojunction InP HaBBs 8%°2. To achieve
telecommunication wavelengths, quantum well and quantum disks were incorporated in InP
nanowires and LED properties were investig&fed. Modulation frequency of up to 3 GHz was

also explored in InP/InAs quantum dot single nraEd®s %8, In addition to this, LEDs from InP

INAsP single quanum dot , Al Gal nP andoGaleR/AGal@R duantara wedl wi r e s
nanowires have also been studigtf™,

2.4 Challenges to realise I}V nanowire electrically injected FP cavity
lasers

2.4.1Lower gain medium
Compared to the traditional bulk lasers, nanowire lasers have smaller active gain medium as the
volume of nanowires is significantly lower. Due to its small size, mirror losses in the nanowire
laser are higher. Furthermore, nonradiative recombinatior a&uttiace due to higher surfate-
volume ratio and scattering losses is also higher. To compensate the losses, higher gain is required
which is obtained by injecting higher current. However, high current injection leads to significant
heating of device hich reduces gaif Higher gain is the reason why the majority of optically
pumped lasers requires strong pumging 3¢ In optically pumped lasers, the entire active medium

contributes to the gain. However, gain is limited to electron and hole diffusion length scales in
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electrically injected nanowire lasers and remaining active medium act as an absorhimg.me
As a consequence, electrically injected nanowire lasers require optimised design and is more

challenging to achieve than optically pumped lasers.

2.4.2Doping challenges
Incorporation of precise and high doping levels still remain elusive ¥ Isemiconductor
nanowires, which makes it difficult to inject high current in the device without generating
significant heat. The most prevalent method to grow nanowire is VLS where a metal nanoparticle
such as gold is used as a catalysint@®lled and undrm doping with gold catalyst is difficult
because surface doping on the nanowire sidewalls occurs by the “gaidumechanism, which
causes nowmniform distribution of dopants. This happens because nanowire sidewalls remain in
contact with the dopant®if a longer time than the core of the nanowire, so more dopants are
incorporated there, causing a radially aoriform distribution of dopant¥? 193 Moreover, the
use of excessive dopants can affect nanowire morphdfoggd can cause namiform axial
doping due to incorporation and subsequently precipitation of dopants from nanop&idlies
achieve uniform doping, selective area epitaxy (SAE) is a more promising method. Additionally,
with SAE, larger diameter nanaves can be obtained without any defects such as twinning, and
polytypism, which is another limitation of the VLS technigéeHowever, getting high-doping
in InP nanowirs as well as defedtee structure in GaAs nanowires using SAE is still a challenge
20,104 Additionally, incorporation of dopants reduces carrier lifetime which may be detrimental for
some device applicatio®. Furthermore, lower mobility of carriers in nanowires as compared

its bulk counterparts further reduces device performahce
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2.4.3Excessive heating
Excessive heating can significantly deteriorate the performance of device. The thermal
conductivity of IV nanowire is much lowehan that of the bulk®: 197 Increase in surfae®-
volume ratio leads to increased scattering of long wavelength phonons which are the dominant
heat carriers at the nanowire surfd€® Therefore, heat sinking is a serious issue in nanowire
devices. Additionally, as mentioned in 2.2.1.1, most of the optipaitgped lasers reported are
those transferred onto a low refractive index substrate likeg SiQuower thermal conductivity of
SiOzand surrounding medium (air) as well as small contact area of vertical nanowires still attached
to their growth substrates lead to local heat generation. This is why the majority of optically
pumped lasers have been demonstrated under pulsed laser @xcltatihe case of electrical
injection, additional heat is generated due to the resistance in the device. Moreover, due to
fabrication limitations and low doping concentrations, it is difficult to make high quality Ohmic

contacts, which also contributeltalised heating near the contacts.

2.4.4Challenges in fabrication process
Due to the small size of the nanowire cavity (usuallyafewb s i n | engt h and a
diameter), the precise dimensions are very critical for operation. In SAE, althmugiotphology
of all nanowires in an array is similar, not all of them have exactly same length and di¥meter

109,110 leading to challenges in contact fabrication, particularly in an axiglpction.

Due to its very small size, the traditional contact fabrication technique like photolithography is not

much useful in case of single nanowire devices. Generally, eleaam bthography (EBL) is

used to make contact to the nanowires which is time consuming and complicated in terms of
alignment. Contact fabrication for axial structure is relatively easier than for radial structure. The

positioning of metal contact is alsery important for a good working device as they can result in
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high absorption. In the case of a planar device, metal contact is made far from the active region to
avoid metal absorption. However, for nanowire devices, metal contact is usually made near the
active region, which introduces additional loss. Hence, an appropriate nanowire device design is
required to realise-P cavity lasers. Recently, with the advancement in TCOs, metal absorption
could be substantially reduced by replacing metals With 8 60 albeit at the cost of increased

contact resistance. Naturally, there is a trafldetween conductivity and absorption.

2.5 Transparent conducting oxides (TCOs)
There is a growing interest in replacing conventional metal contacts with TCOs, mainly because
of significantly lower absorption and conductivity close to that of m&tal§COs are traditionally
wider band gap materials (>3.1 eV) which result in lower absorption in visible and infrared region
making them an ideal candidate for-Mloptical devices'2 The electrical conductivity of TCOs
can vary from insulating to nearly metallic, depending on the stoichimmnatio. Moreover, they
can act as a dopant layer (either p or n) with higher carrier concentration which alleviate the process
of optimising doping levels during growth of the nanowires. The electrical conductivity of TCOs
is due to the vacancies gentexh either due to deficiency of metal or oxides. Oxygen deficient
TCOs are generally-type as each oxygen vacancy contributes to éleatrons®'s. Similarly,
metal deficient TCOs are usuallytype. Doping of TCOs is also prevalent to enhance the

conductivity14,

A wide range of commercially availabletype TCOs such anO, SnQ, In20s, CdO, Skdoped
SnQ, Fdoped Sn@ ITO, Al-doped ZnO and Gdoped ZnO have been investigated for practical
use!?®. A myriad of dopants such &%, B, Sc, Y, In, Mg, Ga in coppdrased oxides, Li, Al, Ga,

In and N in tin oxide, NiO and Sr@D2 have been investigated to achieve hmgbbility, high

carrier concentration and low absorption itype TCOs'6: 117 However, reports on usingtppe
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TCOs in devices are scant. The reason behind this is the strongly lo€apederived orbital in
the valence band'® ' Therefore, modification in the valence band is required to reduce

localisation to achieve-goped TCOs.

2.6 Conclusions
In summay, this chapter covedthe concepts and relevant information used in this thesis. First,
it describel the working principle of semiconductor lasers and LEDs. Following which, progress
in optically pumped nanowire lasexssreviewed. For practical applications, electrically injected
nanowire lasers are required. Therefore, advancement in the electrically injected nanowire lasers
with potential challengewas discussed. Finally, the importance of TCOs as a replacement for

metl contactsvas highlighted
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Chapter 3. Experimental and
Numerical Techniques

In this chapter, we describe both the numerical techniques used for laser design as well as the
experimental methods from growth to the fabrication. For fabrication, we provatepih dedil

of various deposition and etching tools used in this thesis. We also describe some of the key
characterisation instruments used to study the optical, electrical and structural properties of

different structures. This chapter is divided into four sestithat cover experimental techniques,

growth, and fabrication, followed by numerical techniques used in this thesis

3.1 Experimental techniques
3.1.1Plasmaenhancedchemical vapour deposition (PECVD)

PECVD is one form of chemical vapour deposition whaatditional kinetic energy for chemical
reaction to occur at the surface of substrate is provided by plasma. The reactant gas is introduced
between two electrodes in a parallel plate configuratmgrounded electrode on bottom amd a
RF biased electrodat the top. The capacitive coupling between these two electrodes is required
to transfer RF power to the precursors (gases) to form plasma. This makes it possible to deposit
high quality film at relatively low temperaturé®. Due to ths feature, it is a very popular tool in
the semiconductor industry and is mainly used for low melting point substrates and photoresist.
Figure 3-1 shows a schematic of a typical PECVD system. Substrate temperature, chamber
pressure, plasma power and gasiposition play important role in the resulting film properties,
both, electrical and optical. The talel shows the impact of increasing or decreasing these

parameters. The refractive index can be easily controlled by changing the gas ratio.
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Table3-1 Effect of different parameters on the depositedk St
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Figure3-1 Schematic diagram of PECVReproduced frorL.

In this thesis, Oxford Plasmalab 100 PECVD chamber was used to deposit &@perature of
300°C. N2, N2O and SiHwere used with flow rate of 116, 710 and 9 sccm, respectively at 650
mTorr pressure. The deposition power was set to 20 W. Duringdeiastion, SiHs acts as the
source of Si and »D that of oxygen. Nis used as a dilute gas to improve uniformity of the

deposited Si@13.56 MHz RF power generator was used to generate the plasma.
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The simplified reaction is as follows:

SiHa(g) +2NO  ( g9i02 (¥) + Ne(9) + HO (9)
3.1.2Electron beamlithography (EBL)

EBL was used for patterning the substrate foE®#fd nanowire contact fabrication. EBL uses a
focused beam of accelerated electrons to draw fine patterns on a substrate covered with electron
sensitive resist. The incident electron beam interacts with the resist and<itapgeperty such

that the exposed part either dissolve in a developer (positive resist) otickogsther so that
unexposed part dissolve in a developer (negative resist). Since the wavelength of electron is much
smaller than light, it provides renkably high resolution as compared to photolithograptly
Furthermore, arbitrary patterns can be directly written on the resist thereby, eliminating need of a
mask. One disadvantage of EBL however is the patterning $pieésl much slower than other

lithography techniques? 123

electron beam

W source

15t condense lens —

beam blanker _ electron beam
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Figure3-2 Schematic diagram of the EBL system. Reproduced ffam
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A Raith 150 system was used for &tEBL work reported in this thesis. Several key factors such

as accelerating voltage, dose, and aperture were optimised to get desired outcomes. Dose is the
number of electrons per unit area during writing. Resolution decreases with increasing dose as
there will be more electron scattering in the resist and backscattering from the substrate (secondary
dose). An aperture controls the amount of electrons incident on the substrate. Larger aperture
means more electrons are striking on the substrate and heitiog Wime decreases. However,

this degrades resolution too. Increasing the accelerating voltage can enhance the resolution,
however, the required dose increases due to decrease in secondary dose from the substrate,
resulting in longer writing times. Wigllower accelerating voltage requires a shorter time to write

the pattern, resolution is compromised due to higher backscattering of electrons from substrate,
resulting in patterns which are much wider than desidtted way © work around to this problem

is by using proximity correction software, incorporated in the EBL tool. Hence, it is a fine balance
between these parameters to get the desired outcomes in terms of reasonable speed, high resolution

and reliability.

In this work, mrPOS EBR resist was used for EBL patterning to grow nanowires. This resist was
chosen because it exhibits better selectivity during dry etching as an etch mask when compared to
traditional and more popular EBL resisPMMA 26, The acceleration voltage was 20 kV and
doses werevaried depending on the thickness of the resist. As the writing field size and the array
pattern size were sanie€l00 pm x 100 um, there was no need for stitching. To fabricate contacts

on single nanowire, undiluted ZEP was used. Detailed information about contact fabrication is

mentioned later on.
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3.1.3Metal-organic chemical vapour deposition (MOCVD)
MOCVD is a chemical vapour deposition technique used to grow mainly Hhd IlI-N
semiconductors. In MOCVD epitaxial growth occurs on the substrate. The gaseous form of the
reactants of the material to be grown are mixed at high temperature and cheatdtiah occur

forming the epitaxial layer of the material. The advantage of MOCVD is it does not require high

vacuum and is suitabler mass production when compared to its counterpart molecular beam

epitaxyt?”.
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Figure3-3 Schematic diagram of the MXY/D reactor used in this thesis.

In this thesis, an Aixtron 200MIOCVD system was used. The metatgursors in thisfOCVD
are trimethylgallium, trimethylindium, and trimethylaluminium and trimethylantimony and the
nonrmetal hydride sources are Asihd PH. For p dping diethylzinc and for n doping SiHre
used. The metal organic precursors are either solid or volatile liquid which haweajpmwr

pressure that inhibits them from reaching the growth chamber. Hydrogen fjas (ided as a
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carrier gas to deliver them to the chamber. Lhiigh purity ofHz2is passed through the bubbler
which stores the metal organic precursor to pick up a known amount of metal srgaoucand

bring it to the growth chamber. The amount of metal organic material is controlled by controlling
the temperature and pressoiffehe bubbler, and the flow rate ot gas. The nometal hydride
sources are kept in high pressure cylinders. The key parameters for optimising the growth rate are
the growth temperature, molar flow rate of the precursors and their stoichiometric/Wétipo (

Total flow rate of all the gases including carrier and pusher etc. are kept constant to achieve laminar
flow and uniform growth. Generally high temperature is used during growth for efficient

decomposition of precursot&*3°,

3.1.4Reactiveion etching (RIE)
RIE is a dry etching method in which chemically reactive plasma is used to etch metals, dielectrics
or semiconductors. RIE is widely used in miaad nanofabrication due to its directionality over
wet chemical etching®L In RIE, two plates inside a vacuum chamber are connected with a
coupling capacitor and a radio frequency source. Using RF power, the gas between the plates is
ionised which results in plasma consisting of electrons, ions and free radicals. The chemically
reactve species in the plasma are accelerated towards the sample due to DC bias, react with the
sample and etch away material by forming volatile products. This type of etching is more
directional and have very less lateral etching regardless of the crgstalientation due to the

directional physical bombardment of the ions.

In this thesisOxford Plasmalab 80Plus RIE system was used to etch thel&i€ which has
been exposed after the removal of electron beam resist. To etch 150 nm Ey8rQvith hole
opening of around 50 nm in the electron beam resist layerz @b of 50 sccm, pressure of 30

mTorr and RF power of 200 Watts were used for 16 mins
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3.1.5Microwave plasmaetching (Barrel Etcher)
In a barrel etcher, a plasma is ussther for cleaning or etching. During cleaning, plasma is
generated either fromz®r Ar which removes all the organic particles from the substrate under
reduced atmosphere pressure. Furthermore, the plasma leaves free radicals which enhance the
adhesiorof polymers on the substrate. For chemical etching, the material needs to react with the

plasma and form volatile byroducts'=2,

In this thesisPVA Tepla Gigabatch 310 M system was used to clean the substrate as well as to

remove remnant layer of resist after dieping.

3.1.6Inductively coupled plasmareactiveion etching (ICP-RIE)
ICP-RIE etching is a plasmiased etching similar to RIE mentioned above, but with additional
inductively coupled plasma source. High density plasma is generated in the chamber due to
inductive coupling between the RF antenna and an inductive elemerRFTamtenna creates an
alternating magnetic field and induce an electric field, which provides energy to the electrons to
ionise the gas molecules. The plasma density is hundreds of times higher than that of RIE. This
makes it possible to etch the sampleeatty low pressures and at higher etch rates. By separately
controlling the ICP power and RF power (RIE), it is possible to optimise the etching process to
obtain structures with lower surface roughness, high asaeotand vertical sidewalls. The ICP
saurce increases the etch selectivity and makes it possible to tune the etch window for chemical
etching (high ICP and low RF powers), physical/chemical etching (moderate ICP and RF powers)
or physical etching (low ICP and higher RF power) depending onebé!# 3¢ ICP-RIE is
widely used for etching a variety of materials such as oxides, nitrides, metals and semiconductors

based on silicon, HNs and II}Vs.
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Figure3-4 Schematic of an IGRIE system. Reproduced frotb.

In this thesis, 200iP system from Samco Inc. was used to etch th& &lyer. Etching using
oxygen and argon chemistry (argon is maiided to sustain the plasma) resulted in the formation
of micro-masking and damage to InP nanowires as shown uré&g&j5(a). Micromasking is a

result of accumulation of antimony on the surface while etching and leads to high surface

Figure 3-5 SEM images of the InlRanowirearray after SU8 etching at 15° tilted view with (a) AriCand (b

SK/O./Ar chemistry.

roughness'3®, To overcome these problems, etch optimisation studies were carried out by
introducing Skinaddition to Q@ and Ar. We found that the chemistry ofeBB2/Ar (2/10/20 sccm)
with ICP/RF power of 300/20 W at pressure of 1.33 hPa yields very smooth etching without any

damage to nanowires as shown inur&s-5(b).
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3.1.7Sputter deposition
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Figure3-6 Schematic of deposition mechanism in a magnetron sputter system. Reproduced from

Sputter deposition is physical vapour deposition technique used to deposit thin films. It is a
plasma system where the target (material to be deposited) is negatively biased and rest of the
chamber including the substrate holder is grounded for DC sputtering and RF biagde for
sputtering. DC sputtering is used for conducting targets while RF sputtering can be used for any
targets including dielectrics. For metals, DC sputtering is the preferred choice as it is faster. Prior
to deposition, a gaseous plasma is formed usirigofs. Ar is used to generate plasma due to its
low reactivity with the deposition material. These ions are accelerated towards negatively biased
solid target composed of the material to be deposited. This physical bombardmehtiaisAr
ejects particle$rom the target which then travels to the sample surface and condenses, thereby,
forming a thin film of target material. The density of'Asns near the target can be increased by
incorporating magnets in the gun configuration. This form of sputterirgalisd magnetron

sputtering and is the most widely used formuFgg-6 shows the schematic of a magnetron sputter
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deposition tool. Often, reactive gases such as oxygen and nitrogen are introduced in the chamber
during metal sputtering to form oxides agiridles of that metal at the sample surface. This is called
reactive sputtering. A distinct advantage of reactive sputtering instead of usingorigtalarget

is that the stoichiometry of these resulting oxides and nitrides can be controlled by Vaeygag t

ratio of Ar and Q/N2while it is fixed when using a metakide targetn this thesis, an AJA ATC

2400 sputter deposition system was used. This system has fivenagnetic (metals and oxide)

and one magnetic target guns which are separatelyrpdwsitrogen, oxygen, argon and mixture

of these gases can be flown into the chamber and the desired fbmmtrislled by masfiow

controllers. Depositions of-type SnQ, p-type SaNiyOz, ITO and Au were done using sputter.

3.1.8 Atomic layer deposition (ALD)
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Figure3-7 Schematic showing the various cycles in an ALD deposition dAReproduced frore,

ALD is a chemical vapour deposition method that deposits thin films monolayer by monolayer.

The advantage of ALD is it produces high quality conformal film with controllable thickness and
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almost no pirholes!3. However, it is a time&onsuming proces¥?. For a binary material AB
with precursor AD and BC, the deposition consists of 4 cyatEsrption of AD on the substrate
2. Removal of unreacted AD and4pyoducts with a flow of Wor Ar gas at high pressure.
3. Adsorption of BC on the substrate am@ction between AD and BC.
4. Removal of unreacted BC and-pyoducts with flow of N or Ar gas at high pressure

leaving layer AB on the substrate.

Usually, a metabrganic source is used as the metal precursor while either watplagina or

ozone (Q) areused as a source for oxygen. It is also possible to deposit metal nitrides using NH
gas instead of oxygen source. Often, a plasma source is used instead for oxygen or nitrogen
deposition cycle. As plasma radicals have higher kinetic energy, high qiggpogition at lower
temperature is possible. Precise thickness of the film (to monolayer accuracy) can be controlled

by changing the number of cycles.

In this thesis, both AD3s and ZnO films were deposited usingi@osun SUNALE R200 system.
trimethylaluminium anddiethylzinc were used as the metabanic precursor for Al and Zn and
water as a source for oxygen. The deposition was done at 150°C. Pulse time for
trimethylaluminiumanddiethylzincwas 0.1 s followed by 4 s oflpurge in between pulses. Pulse
time for water cycle was also 0.1 s followed by 4.3Nrge. The number of cycles were set to

obtain the desired thickness of both the films.

3.1.9Electron beamevaporation (E-beam evaporation)
Electron beam evaporation is a physical vapour deposition technique where the target material is
evaporated using high energy electron beam emitted from a tungsten filament. The evaporated
material precipitates on the substrate which is maintained at owen temperature than the

crucible (pocket where material to be deposited is placed). The entire process is done at high
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vacuum. The high energy focused electron beam locally heats the source material which makes it
possible to deposit high melting pometals. Furthermore, the deposited film is clean and without
contamination due to this localized melting. It is a line of sight process and the most widely used

technique for doing a I{off process.

In this thesis, &emescal BJD 2000eeamevaporatowas used to deposit Ti and Au as a contact
for all the devices. To control the precise thickness of the metal, a quartz crystal monitor is used
for real time monitoring and once the targeted thickness is achieved, the shutter closes immediately

and stops deposition. Uniformity of deposition is achieved by a rotating the wafer holder.

m
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Figure3-8 Schematic of an-beam evaporation technique. Reproduced ftm

3.1.10Scanningelectron microscopy (SEM)
SEM is a technique used to form image of very small structures ofdke of nanometre with the
help of backscattered electrons. The high magnification is due to wavelength of electron beam (de
Broglie wavelength) which is much smaller than that of light. The beam of electron is produced

by an electron gun and focused gsmagnetic lenses. This focused electron beam interacts with
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thesample and generate various signals that are collected by different type of deteaioeS- Fig

9 shows the different types of signals generated by eleotaiter interaction Apart from

imaging, different detectors fitted inside the microscope can provide vital information about
surface topology and composition of the specimi@pological imags are mainly formed by
backscattered electrons. Inelastic scattering of incident electron beam by another material cause
electrons to escape from the samples (secondary electrons). Backscattered electrons are the
elastically scattered electrons by the eucbf the atoms. These captured secondary and
backscattered electrons formed a grey scale image. The number of backscattered electrons depends
on atomic number of the atom, hence provide the information about the chemical composition of
the samplé*2. The intensity of secondary electron provides information about topology of the
sample. In this thesis, only secondary electrons were used to image sample surfacethe study

topology.
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Figure3-9 Possible signals generated by interaction of electrons with a sRepteduced fron*3.

Reasonably conductive sample is required for SEM to avoid accumulation of electrostatic charge.

For nonconductive samples like oxide or polymer, a thin layer of metal wasdisbsited to
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prevent charging. The semiconductor used in thesis i.e. InP does not need an additional coating as
it is fairly conductive. However, S8 requires a thin layer of gold coating which was done by
sputter deposition. FEI Helios 600 Nanolab eoehm FIB/SEM system and a FEEN0s460

system were used for examining the dimensions of the nanowires and other features at different

fabrication steps.

3.1.11Micro -photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy is a technique in which photons emitted from any material

is captured when excited by an optical source. This technique is commonly used to analyse the
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Figure3-10 Schematic diagram of the mieRL system.

optical properties of seiwonductors. When a semiconductor material is pumped with higher
energy than its bandgap, charge carriers (electrons and holes) are generated. These carriers can
recombine by spontaneous emission and produce photons. The shape and peak position of the PL
curve gives various information like bandgap of material, crystal structure, lattice temperature,

impurities and thermal broadeniff 142
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In this thesis, PL measurements were done using a-ntade micrePL system. To examine the
properties ofndividual nanowires, spot size of the order of nanowires is required. This is done by
integrating an optical microscope with PL measurements and this technique is known as micro
PL. For exciting the samples, a pulsed solid state laser (femtoTRANDIZ0 O O & = 10414
repetition rate 20.8 MHz, pulse length 400 fs) with a frequency doubler to 522 nm was used. The
emitted light was focused onto the slit of a monochromator with a grating of 150 liné&bton,
SpectraPro 2750) and detected by €CSD (Rinceton Instruments, PIXISA time correlated

single photon counting (TCSPC) system is also connected to analyse the transient decay of the PL

signal to extract the lifetime of the photo generated carriers.

3.1.12Electroluminescence (EL)
Electroluminescence is an optoelectronic phenomenon in which current is passed threugh a p
junction and photons are emitted by the recombination of excess electrons and holes. When current
is applied through an external bias in-a junction device, el#rons and holes enter from and
p-type segment, respectively. These carriers diffused in the material, recombine and may emit
photons, particularly in direct bandgap materials. The spectrum of these photons can then provide
information about the device
In this thesis, spectral measurements were done using arhademicro-PL as described in
section 3.1.11. Current was passed through the device using a Keysight B2902A
source/measurement unit. For temperature dependent EL\anteasurements, a Linkastage

was used which provide accurate temperature control i@ to 350°C.
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3.1.13Electron beaminducedcurrent measurements (EBIC)
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Figure3-11 EBIC current generation proceseproduced from®.

EBIC is a characterisatiotechnique that makes use of scanning electrons, typically in a SEM, to
detect junctions in the device and to identify defects in the active region. The incident beam of
electrons results in electrdrole pair generation at therpjunction. The sample sonnected to
external power supply using special EBIC probes such that these electrons and holes drift by the
internal electric field present in the depletion region resulting in a current flow to the probes. The
beam is scanned along the sample and ouisg¢aken for each incident beam position. There will

be very high current generated in the depletion region and is seen as a bright region in the EBIC
image of the current map. This study gives information about the depletion region thickness as

well asquality of the junction.

In this thesis, an FEI Helios 600 Nanolab focused ion beam (FIB) system equipped with Kleindiek
NanoControlNC40 nanemanipulators was used to study the junction propertieszf@/p-InP

coreshell nanowires.
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3.1.14X-ray photoelectronspectroscopy (XPS)
XPS is a characterisation technique that useays to study the electronic structure and bonding
in metals, semiconductors and dielectrics. Using satays, it is possible to limit the interaction
to fewnanometre¢< 10 nm) and study the surface pra@s of the material. Hard-Xays, on the
other hand, are used to study properties deeper from the near surface regions such as buried
interfaces and bulk electronic structure as they can penetrate deeper into the material. Typically, a

combination of sdfand hard Xrays are used for idepth study of a given material.

XPS is based on photoelectric effect. When an atom is irradiated wakis{the energy of the-X
rays is transferred to electrons in the atoms which in turn may be excited to highgrlenelsy
or even ejected from the atom. Depending on the irradiated energy and energy level of the atom,

the emitted photoelectron will have kinetic energy according to the relation:
KE = Hh®&8ET1T U (3.2)

where 0 is the work function of the material,
of the photoelectron. By measuring the kinetic energy of the emitted electron, it is ptssible
calculate the binding energy of the matetfdl Since each element has a unique binding energy,

it is thus possible to distinguish elements in the studied material. The experiments are conducted
in vacuum so that the emitted electron reaches the detector without colliding with molecules in
atmosphere. XPS can be used for solid, liquids and gases. The depth to wéyshinderacts with

the material directly depends on their energy. By varying the energy of incidaysXit is thus

possible to study the electronic structure as a functiaepth.

In this thesis, XPS was done using an ESCALAB250Xi instrument from Thermo Scientific, UK

at the University of New South Wales (UNSW) and the peak fitting was performed using the
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CASAXPS software. XPS was used to study the atomic fraction igangtoperties, core levels

and oxidation states of Sp@nd SkNiyO:films.

3.1.15Ultraviolet photoelectronspectroscopy (UPS)
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Figure3-12 Schematic diagram comparing photoelectron ejection in (a) XPS and (b) U

UPS is a sulzategory of XPS wherein ultndolet (UV) rays are used instead ofr&ys as the
incident energy to study valence bandsha&f specimen. Since incident UV light has very lower
energies compared to-pays, it is only able to affect electrons from the valence band of near
surface atoms. As valence electrons are the only entity ejected in UPS, it providesesbiigtion
measwement of the energy level of valence electrons as compared to XPS wherein the electrons
are ejected from both the valence and core levels. Another useful result from the UPS is the

extraction of work function of the sample material.

In this thesis, UPS was performed at UNSW to study the band alignment at the nBM8INO

InP/SniNiyO; interface using Hé line with an energy of 21.2 eV.
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3.1.16Hall-effectmeasurements

Figure 3-13 Operational principle of Hakffect measurement using a Gramkss geometryReproduced froni“e.

Hall-effect measurements is a technique popularly employed in the field of semiconductors to
determine the carrier concentration, mobility, resistivity and type of majority carfieesHalt
effectmeasurement®sult in an electrical output in the form of voltage when a sample is exposed
to a magnetic fieldoerpendicular to electricalurrent passing through this layer. The sample
consists of four or more electrical contacts arranmeeither Van der Pauw (nearly square or
circular) or Hall bar geometries (long and narrow). Hall bar geometries are better suited for
resistance measurements but not for mobility as they are very sensitive to geometry of sample
(width of sample and diahce between contacts) and needs at least six contacts. This disadvantage
is overcome by using Van der Pauw geometries as the accuracy of measurement is not too sensitive
to sample geometry. However, Van der Pauw samples takes about twice as long te.reasur
square sample having uniform thickness with electrical contacts at four edges is the most popular
Van der Pauveonfiguration used due to ease of fabrication. However, measurement errors can as
large as 10%. The Gregkoss Van der Pauw geometry carubed when high accuracy is required

(errors less than 19%%°. Figure 3-13 shows the principle of Hall effect measurements in a Greek
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cross geometry. In this thesis, we used Gi@eks geometry for all Hall effect measurements with

W =1 mm. and L =5 mm. Hall measurements were performed using a Lakeshore system

3.1.17Ellipsometry
Interaction of light with matter can reveal many interesting properties of a thin film such as
complex dielectric constants, thickness, refractive index, surface roughness, bandgap, carrier
concentration, resistivity and mobilit®. Spectroscopic ellipsometry is one such tool and has
become very popular for nezontact and noinvasive determination of these material properties
by measuring the incident polarised light reflected from the sa¥i3fé. The simplicity of sample
preparation is another distinct advantage of ellipsometry as no additional fabricat®raisep

required post film deposition.

A schematic showing the working principle of ellipsometer is shown in Figuré. 3n this
technique, the sample is illuminated with a beam of polarised light that interacts with the sample
and reflected from top sua and interfaces. The change in polarisation state of the reflected (or
transmitted) beam is measured and is commonly characterised by two parameters named psi

(y)and delta@) as defined in equation below:

t an{ e (3.2)

Here p and & are the reflectivity of gpolarised and -polarised light. These two measured
parametersy and @ are acquired as a function of wav
improve the accuracy. The plot of these two measured parameters are fitteghticanmodel to

calculate various parameters described above.
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A J.A. Wollam M2000 Ellipsometer was used for all the measurements done in this thesis. The

wavelength range was 24000 nm. For each sample, data was taken at three angiés 65

and 5°.
Sample
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Figure3-14 Operating principle of ellipsometry. Reproduced fr¥f

3.2 Growth of nanowires byselectivearea epitaxy (SAE)

Sio, EBL and
deposition developing
l Dry Etching
Polymer
MOCVD removal

Figure3-15 Schematic diagram of SAE.

SAE is a technique where growth takes place on a substrate which has beepgsited with a
dielectric mask and patterned using EBLnN the deposition chamber, nanowire growth aditur
only in these patterns and not on the dielectric surface. The diameter and pitch of the grown

nanowires are defined by the dimensions of the patterned holes while the length is dependent on
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depositiontime. In this thesis, we optimised our nanowire array design by varying the diameter

and pitch.

A dielectric mask for the growth of nanowires was made by depositing 180icknSiC using

PECVD on InP (111)A wafers at 300°C. Then, a thin layer of utedllpositive electron beam

resist (nrPOSEBR) was spun on the substrate at 3000 rpm and baked for 2 mins at 150°C.
Subsequently, EBL was used to create the desired pattern, which is typically predefined holes in
hexagonal array of 100x100 @nAfter EBL, the resist was developed in Aew-800 solvent for

60 sec, followed by plasma etching for 2 mins at 100 W power and 300 sdborvOT his short

plasma step is essential to remove any residual resist at the base of the holes after developing.
After this, RE was done to transfer the holes from resist mask to thel&jér. The remaining

resist was removed by soaking the wafer in acetone for one hour and then in ultrasonicated for 20
mins. It was then sprayed with isopropanol (IPA) to remove acetone addwthe\.. The sample

was cleaned again with oxygen plasma for 5 min to remove any residual resist. A trim etching was
then performed to remove any damage on the InP surface underneath the openings. Trim etching
was done by kD2 and 10% HPQ: in water soltion > and immediately, the sample was
transferred in the MOVD chamber to avoid any oxidation of the InP surfaceuf&g-15 shows

the schematic diagram of the SAE process. Axial and radial growth of nanowire was controlled by
controlling temperature, V/l t&o and flow rates whereas the diameter was controlled by EBL

design (hole diameter and pitch size).

3.3 Device fabrication
3.3.1Singlenanowires
Single nanowire devices were fabricated on 300 nm ot Biger deposited on silicon wafers.

First, EBL was done to mika alignment cross marKgigure 316 (a)) After developing, 10 nm
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Figure3-16 (a) EBL pattern where cross marks were made to align the nanowires and writing filed al
marks were made on each side. Total size of pattern is 700 um x 1000 pm. Optical microscope imag

marks and nanowires transferred inside the crossan@rkafter contact formation.

Ti+70 nm of Au was deposited and lift off was ddfe The sample was sonicated for 2 mins in
acetone and IPA, respectively to remove the remaining resist as well as dust &igjales316

(b)). Then, nanowires were mechanically transferred using a filter paper near the alignments
marks. 2 nm of &Os was deposited using ALD for passivation of the deviéésThe optical

image of each nanowire with alignmenarks was taken and drawn in the Raith CAD interface.
Two layers of undiluted ZEP were spun @ 500 rpm for 5 sec and 2000 rpm for 1 min followed by
baking on a hot plate at 1%0 for 2 mins each time. This gives an overall thickness of ~ 1 um. In
general, tk thickness of polymer should be more than double of metal thickness to achieve a clean
lift off. Since the diameter of the nanowire was ~ 500 nm, hence at least 1 um thick layer is
required. Finally, EBL was done to make contact on the nanowires withV2écgelerating
voltage, 30 um aperture and the dose was varied depending on the dimensions required. For 80
nm line, a dose of 120 pJ/émas used while fdrig pads and connecting line, a dose of 80 pd/cm
was used. To get perfect alignment with the nanesyiwriting field alignment was done in the

proximity of the nanowires using alignment marks.
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After EBL, the sample was developed in ZEP developer for 1 min 30 sec and then rinsed with IPA.
A quick barrel etching was done to remove remnant resibeiopenings. A quick dip for 10 sec

in AZ726 MIF developer was carried out to remove@lfrom theresist opening. Just before
depositing gold contact, a trim etching in HCEGHwas done for 2 min 30 sec to remove ~20 nm

of the ptype shell from r-p InP nanowires. Finally, 10 nm Ti and 500 nm of Au was deposited
using ebeam evaporator using a {dtf process(Figure 316 (c)) 10 nm of Ti was used as an
adhesive layer whereas at least 500 nm of gold (same as diameter of nanowire) was required to
avoid breakage of contact from the side facets of the nanowite®nce lift off was done, the
sample was cut into 2 mm x 2 mm size and mountedpaclage. Finally, wire bonding was done

to connect the pads to the external circuit.

3.3.2Array nanowires

After SAE, the next step is to fabricate the device by making contacts to the p and n regions. In
array devices, the InP substrate acts as one comddtGO layer surrounding the nanowire as
another. In order to separate the two contacts, we chose@otoresist due to its outstanding
chemical and mechanical stability as well as excellent electrical insulating prop&itfdsTo
fabricate array nanowire devices, first-8tb was spircoated at 3000 rpm and baked at 95°C for

2 min to planarise the wires. Subsequently, the sample was transferred ¥RE@Rd etching

time was optimised so that remaining-8Us aroundl-2 yum. After this, it was UV exposed for 1

min and hard baked at 150°C to make it thermally and chemically strong. Prior to deposition of
TCO, the samples were dipped in 1% HF for 30 secs to remove any oxide formed on the surface
of nanowires. Conformal n/p lay of TCO was deposited on the nanowiregZn® was deposited

using ALD and both pand ntype SnQ were deposited using sputter deposition. Then a 10 nm of
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conformal layer of gold was deposited using sputter to decrease contact resistance and provide a

uniform distribution of current along the nanowire array.

Finally, a 200 nm top gold pad was deposited near the nanowire array using a shadow mask by e
beam evaporator and a wire was soldered to connect the device to the externafigjurei®-17
shows thdabricationof array nanowire deviceBor bottom contact, indiurgallium alloy eutectic

was applied at the bottom of the wafer and then, wafer was bonded on the copper sheet.

—_— —
Planarisation 1ICP
etching
— D —
Au Pad 10 nm Au
deposition

Figure3-17 Schematic crossectional diagram of array nanowire LED fabrication.

30 nm
TCO+70 nm
ITO
deposition

3.3.3Flexible array nanowire LED fabrication
To make flexible nanwire devices, first St8-5 was spircoated at 2000 rpm and baked at 95°C
for 5 min to achieve a film thickness of around 5 um. After this, photolithography using MaN
1420 was done to open the area on the top of the nanowire array. This sample wasttangferr
the ICRRIE chamber and etching time was optimised to obtain a final thickness of around 2 pm.
The sample was then UV exposed for 1 min and hard baked at 150°C for 2 min to increase cross

linking of the SU8 so that it becomes thermally and cherhycstrong. Then sample was dipped
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Figure3-18 Schematic crossectional diagram of flexible array nanowire LED fabrication.

into acetone to remove the remaining Ma#R0. After this, the sample was poto 48% HF

solution for 5 min, resulting in the underlyiag0 nm of SiQlayer to be etched and the Silm

peeling off from the substrate with nanowires embedded into it. Finally, the released film was

rinsed with DI water for 2 min and dried withmggen. Nanowire array in the film could be easily

seen in an optical microscope. The film was flipped and the bottom 150 nm of Au contact was
deposited along with a transparent acetate film (which housed the flexible film for measurements)
using ebeam evporator. The film was flipped back again, and the bottom Au pad was attached

onto a golecoated acetate film using silver paste. Finally, all the sides of the film were covered

with Kapton tape and ZnO layer was deposited usibD. After that, a conformalO nm of gold

layer was deposited using sputter deposition and top contact pad was made by depositing 150 nm

of Au using ebeam evaporatoFigure 318 demonstrates flexible LEDs fabrication procésso
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probes were used to connect the sample to an external circuit to me¥scinarhcteristics and

EL properties.

3.4 Numerical techniques
3.4.1Finite difference time domain (FDTD)

FDTD is a numerical analysis technique of solving partial differential equationg fisite
di fference method. |t can be used to solve M
eguations byalculating the electric and magnetic fields at various points within the computational
domaintf®2Maxwel | 6s equations are solved across spsé
temporal grid. In the timeéomain, first the electric field is solved and, then the magnetic field is
solved for the next interval of time, and the process repeatshmsimulation converges. Since
it is a timedomain method, a wide range of frequencies can be covered in a single simulation.
Moreover, it can also be used to solve nonlinear material prop&didhe results from FDTD
simulation & also more intuitive compared to other numerical approaches as the simulated electric
fields and magnetic fields can easily be visualized in space and time.
In this thesis, we used a commercially available software package Lumerical for FDTD
simulations.We used this technique to simulate the reflection coefficients from end facets of

nanowires.

3.4.2Finite difference eigenmode (FDE)
FDE is a numerical technique used to calculate the spatial profile and frequency dependence of the
optical modes. Is 01 ves Ma x weusihgbsparses mairia tedhrognes to obtain guided
mode profiles, effective index and loss across the eesson of waveguide8y doing frequency

sweep group delay, dispersion, group velocity and confinement factor can bateafétl
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In this thesis, we used commercially available software package Lunferi¢dDE simulations.
FDE method was used to calculate guided modes supported in the nanowires as well as

confinement factor of those modes.

3.4.3LaserMOD
The basic principle of modelling in LaserMOD depends on the MINILASE Il ctde
Maxwel |l 6s equations are solved to determine
Depending on the typef laser, different methods are used to solve these equations. For edge
emitting lasers, modes are separated into longitudinal and transverse modes. Scalar Helmholtz
eguation is used to solve the transverse modes. Longitudinal modes are calculateg angavijt
effective index and wavelength. The product of longitudinal and transverse modes are considered
as total number of modes. Finally, rate equation is solved for each mode sepBoatesrtical
cavity surface emitting lasers (VCSEL), transfer nwatnethod (TMM) is used to solve modes
supported inside a cavity. The fields at all the interfaces are separated into forward and backward
propagating waves by applying proper boundary conditions. The transfer matrix of individual layer
is first calculatd and then the transfer matrix of whole structure is defined as the product of

individual matrices.

In this thesis, LaserMOD is used to simulate various nanowire structures to study their lasing
behaviour. Since nanowires have cylindrical geometry, VG&Re structure was used for all the
simulations. Both 1D and 2D simulations were performed to optimise the dimensions of nanowire

cavity in order to achieve low threshold lasing.
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3.5Summary
In summary, this chapter describine main experimental and numerical techniques used in this
dissertation for SAE growt fabrication, characterisation and simulations. The equipment
employed for growth are PECVD, EBL, RIE and barrel etcher for SAE mask preparation and
MOCVD for the epitaxy of the nanowires. To fabricate both single nanowire and array nanowire
devices, ALD EBL, sputter, doeam evaporator, ICRIE were used. For the purpose of
characterisation, SEM was used for morphological and structural characterisatiomierol®L
was used for optical characterisation of the nanowir®s.HBIC, Halleffect measurerants and
EL were used for electrical and optoelectronic characterisation of the fabricated devices. To
investigate the surface properties of Sn&hd SrNiyO:; films, XPS/UPS were performed
Simulations using Lumerical FDTD, Lumerical MODE anchiserMOD wveredone to design the

appropriate nanowire structuresachieve low threshold lasing
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nanowire devices

Cavity dimensions are one of the most important parameters for the optimum performance of any
laser. In this chapter, wasulate the most basic structure ePFEavity, an InP nanowire to achieve
low threshold lasing. After optimising the dimensions, experiments using optimised dimensions

are performed for both axial and radial homojunction InP nanowire devices.

4.1 Axial p-i-n InP nanowires

4.1.1Simulations

We selected a-pn InP nanowire lying down horizontally on a low refractive index:Siibstrate

and is surrounded by air for simulations (ig4-1(a)). In this configuration, the nanowire acts

as an FP cavity and modes propagate along its axis. Large refractive index difference between
surrounding medium (Sigsubstrate and air) and the InP increases the confinement of the mode
while the end faets act as mirrofs Although actual InP nanowires havexagonal cross sections,

we simplified our geometry and modelled for circular cresstion using & CSEL geometry.
Previous studies have illustrated that mode properties are quite similar between nanowires with
hexagonal and circular croessctions, proded their crossection areas are equéfl.

To perform simulations, first in the global setting, VCSEL was chosen. Following this, in the CAD
environment, entire diameter cressction of the VCSEL was drawn by assuming cylindrical
symmetry along x = 0. In this way, actual 3D calculations were bdpmevolving the object along

y axis. To draw the structure in CAD, bulk semiconductor was chosen and drawn three times

indicating p, i and n segment of InP nanowire. After this, the material descriptions, doping
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(a) (b)

Si0,

Figure 4-1 (a) Schematic diagram of aim nanowire (b) LaserMOD CAD interface showing the wire

covered with Si@for better convergence (Sif3 only on right side as we revolve structure along x = 0).

concentration and dimensions were assijfor each segment. The entire structure was covered
with SiQ; for better convergence as indicated inufeg-1(b). All the segments were referred to
each other so that each region tile automatically and boundaries could be resolved clearly. Then,
the entire crossection was transferred into a rRoniform mesh. Since gain is generated in the
entire nanowire, lathe segments were selected as an active region.

To optimise the laser dimensions , 1D was chosen with reflectivity of 0.99 at both the facets in the
global settings. 1D simulations were performed to obtain the material gain spectrum and
transmission sp#rum of the cavity. Transmission spectrum gives an insight into the potential
longitudinal modes inside the cavity. By adjusting the length of the cavity, gain peak and the main
longitudinal mode was then aligned. This was required before running adeil $imulation in
VCSEL. 1D VCSEL uses TMM to calculate cavity modes. TMM calculation works on uniform
mesh hence, mesh size is controlled by defining number of grid points in x and y direction. Once

the length was fixed, the global setting was changaa ftD to 2D and reflectivity was set to 0.

94



Chapterd. Homojunction InP nanowire devices

(a) (b)

~ 500 ————— U

:é :gjam t:::rve ’;‘ 500 ~—— Gain curve

s _ pectrum o ~—— Spectrum

c N

g =

g o— i o

2 2

8 =

{_‘ St

-500 & 500
800 850 900 800 850 900
Wavelength (nm) Wavelength (nm)

(c) (d)
-~ ————— _
T, :g;: “c::;ve ’; 500 —— Gain curve
s & — Spectrum
c N
z o
2 Rz
g g
[_' —

-500 = 500

800 850 900 800 850 900
Wavelength (nm) Wavelength (nm)

Figure4-2 Room temperature gain curve at a carrier density of 2xt0° plotted together with modes supporte

axial InP nanowire of length (a) 3 um (b) 4 |§&) 5 um (d) 6 pm.

In 2D, finite element method (FEM) solver was used to calculate cavity modes with the initial
guess obtained from TMM solveMin div/layer and grid size in ywas used to control the
resolution of FEM mesh. In FEM, reflectivity was aabted by the solvein VCSEL, light output

was measured at both the facets of the nanowii@neter of nanowire was varied such that
transverse mode peak aligned with the gain peak. Once the peak was aligned, full laser simulations
were performed.

The material data set used for simulations ibduiit in the LaserMOD software. However, only

data for zinc blende (ZB) InP is available in the data set. Since our InP nanowires have wurtzite

(W2Z) crystal structure, the material data set was slightly fimabdio simulate as close to the real
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Figure4-3 Room temperature-Lplots of axial pi-n InPnanowi

(d) 6 um with different diameters showing lasing.

structure as possible. The main parameters which affect simulations are band gap, mobility of

electrons and holes and dielectric constants. Thd

extensively and reported at 1.42 &V, The electron
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mobility of InP nanowire was taken as 700
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cn? V 'ts’land holemobility as 150 criV '1s'! 21 Dielectric constants were kept sameths

ZB structure.

To determine the optimum length of nanowire, length of the intrinsic section in-itmelpP
nanowire was varied fromi 14 um. Overlap of the correspand longitudinal modes and gain
spectrum at a carrier concentration of 28103 was observed. This provides information about

the resonant peak for a particular length of the nanowire cavity. The length of p and n sections was
setto 1 um as a minimum of 1 um was required for contact fabrication using EBL-s&égment

length of more than 4 um (i.e. total length of 6 um) wasaurtsidered for simulation due to
experimental limitation of growing long nanowires using MOCVD reactorsurEig2 displays

the overlap of the gain spectrum with transmission spectrum at room temperature. kna@4d-Fig

2, the resonant peaks at 0.8666 8525 um, and 0.8578 um can be observed for 3, 5 and 6 pm
long InP nanowire cavities, respectively. For 4 um long cavity, higher carrier concentration is

required to overlap the longitudinal mode peak at 0.844 um with the gain curve.

Once the resonant gle for a particular cavity was obtained, 2D simulations were performed to
obtain the optimised diameter for the nanowire. The diameter was varied from 100 to 900 nm to
align the longitudinal mode with the waveguide dimensions. Both n and p doping were kept
constant at 5xT8 cnr®and2x10 cnt3, respectivelyThe lasing behaviour for different waveguide
diameter and nanowire length are plotted iruFég-3. The minimum diameter required to achieve
lasing with 3 and 4 um long nanowire is 900 and 700 nm, respectively. Minimum diameter needed
to obtain lasing decreases with increasing length because of the enhancement of the gain region.
The minimum diametr required to achieve lasing in a 5 and a 6 um long nanowire is 500 and 400
nm, respectively. The minimum threshold required to achieve lasing in a 3, 4, 5 and 6 um long

nanowire is 7.8, 1.98, 2.5 and 3.18 mA, respectiv@bnerally, high doping conceation is
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Table4-1 Variation of lasing threshold with doping concentration for andaRowire with a diameter of 900 nm and

3 um in length.
p-doping 1x10 5.75x108 1x10° 1.5x10° 2x10'
n-dopin cn3 cn3 cn3 cn3 cn3
1x10®¥cnrs No lasing No lasing No lasing No lasing | No lasing

2.5x108cm® | No lasing No lasing | Soft threshold 15.2 mA 10.2 mA

5x10®cnrs No lasing | Soft threshold 15.1 mA 10 mA 7.8 mA

Table4-2 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter of 700 nm and

4 pym in length.
p-doping 1x10'8 5.75x138 1x10° 1.5x10° 2x10°
n-dopin cnrs cns cnrs cnrs cnrs
1x10¥cnrs No lasing | Soft threshold 7.2 mA 4.55 mA 2.9 mA
2.5x108cm?3 | No lasing 5.85 mA 3.6 mA 2.9 mA 2.7 mA
5x10®cnrs No lasing 4.15 mA 2.9 mA 2.3 mA 1.98 mA

Table4-3 Variation of lasing threshold with doping concentration for an InP nanowire with a diameter 500 nm of and

5 um in length
p-doping 1x10'8 5.75x138 1x10° 1.5x10° 2x10°
n-dopin cnrs cns cns cns cnrs

1x10¥cnrs No lasing No lasing No lasing | Soft threshold| 9.1 mA

2.5x108cm3 | No lasing | Soft threshold 6.15 mA 4 mA 3.8 mA

5x10®cnrs No lasing 6.9mA 3.9 mA 2.9 mA 2.5 mA

58
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6 um in length
p-doping 1x10'® 5.75x108 1x10'° 1.5x10° 2x10°
n-dopin cnrs cnrs cnrs cnrs cnrs
1x10®¥cnrs No lasing No lasing 18.9 mA 9 mA 8.75 mA
2.5x108cm3 | No lasing 13.9 mA 6.4 mA 5 mA 4.35 mA
5x10®cnrs No lasing 6.25 mA 4.6 mA 3.6 mA 3.18 mA

required to form a good Ohmic contact to reduce the resistance of the #évitewever, high

doping levels increase optical losses significantly due to free carrier absoStamd Auger
recombination'’®. To understand doping dependent behaviowlpping was varied from 1x1®

to 2x10° cnr® and ndoping was varied from 1x1® to 5x10 cm2 for the minimum threshold
conditions for nanowire of 3 to 6 um in lengtiiTable 41- 4-4). Here, length of both n and p
section was kept to 1 um each. The simulated threshold current required to achieve lasing for the
doping ranges mentioned above is shown in following talilesevident that as waecrease the
doping concentration, the minimum threshold current required to achieve lasing increases. This
highlights the importance of forming good Ohmic contacts to thengd rsegments to make an
efficient device. The minimum threshold current obtdiree1.98 mA for 700 nm thick and 4 um

long nanowire. However, due to fabrication challenges related to EBL as discussed in s&dtion 3.

we chose to check lasing from nanowires with a diameter of 500 nm and 5 and 6 pum in length.

4.1.2Growth of nanowires

The diameter and pitch size of the SAE mask was varied from6R00nm and 13 pm,

respectively, to get the nanowires with the right dimensions. As seen from Tabbe the growth
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Table4-5 SEM images (45tilted view) of InPnanowirearrays as a function of diameter and pitch. All scale ba

2 ym.
Pitch 0.5 um 1 um 2 um
Diameter
200 nm

300 nm

400 nm

500 nm

600 nm

L5 ' ®  Measured Curve
Fitted Curve

Intensity

-5 0 5 10
Time (ns)
Figure4-4 Time-resolved PL and fitting of undoped Im@nowire with a diameter ~500 nm and length of 5 um.

of i-InP nanowires, in order to have better morphology, the opening diameter needs to be increased
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Figure4-5 SEM images at 45° tilted view (top), tepew (middle) and timeesolved PL and fitting of (a)-dopet

and (b) pdoped InP nanowire arrays.

with increasing pitch size. Moreover, to obtain a diameter of around 500 nm, a pitch size of 1 um
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with hole opening of 400 nm is required which gives lifegiof ~1 ns (Figre4-4). Once the mask
pattern for undoped nanowires was fixed, doping studies were performed. Flow rates of the Zn (p
dopant) precursor were varied from 5x1® 5x10° mol/min and Si (n dopant) precursor were
varied from 5x1@ to 5x10’ mol/min. We found that morphology of the nanowires was not
significantly affected by the variation in the dopant flow ratesuieg-5). However, the lifetime

of the nanowires was fodrto decrease as the dopant flow rate was increased, indicatingra rise
free carrier absorptiof®. It is evident from Tables-2 to 44 that higher doping concentration is
required to ahieve lasing hence, maximum dopants flow rates were used. The growth time for
individual p, i and n section was optimised to achieve the desired length. A slight variation in
height from 46 um in a 100 x 100 pAarray was observed from the centre to ¢dge of the

array,

4.1.3EL measurements

Following growth, devices were fabricated using the process describedtion 33.1. Figure 4-

6(a) shows a fabricated single nanowire device on SiMstrate indicating perfect alignment to

the electrical connections. The width of the electrical contact was ~ 300 nm. This was the minimum
dimension that could be obtained using EBL on thick resist. Since the diameter of nanowire was
500 nm, at least 1m ZEP is needed for clean lift off. Resolution of EBL pattern decreases with
resist thickness. Considering significantly high absorption from metals, it is important to reduce
overlap of the metal contact with the active redinTherefore, EBL conditions were optimised

to achieve minimum contact width. Moreover, the end facets of the nanowire were kept free from

the electrical contacts so that absorption of the emitted light could be minimised.

Simulated and measured/Icurves depicted irFigure4-6(b) show a typical rectifying behaviour
of the pn junction. Higher turron voltage for experimentally measured Indicates high series
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resistance at the contacts. This might be due to low doping level in nanowires aneieehon
Ohmic contact formation. Fige4-6(c) shows the room temperature spectral characteristics of the
device where luminescence increases with increasing current injection. However, at a current of

more than 4 pA, the device was burnt. Degradation of dgpgc®rmance might be due to local

b
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Figure4-6 (a) SEM image of a single nanowire device with contéadisicated, where green, yellow and red da
rectangle representsdoped region, undoped region andgped region, respectively. (b) Comparison of simu
and measuretlV characteristis at room temperature.)(EL spectra of single nanowire deviaedifferent injectio

levels

heat generation, neideal contacts, high free carrier absorption due to dopants and significant
metal absorption as the metal contact is in direct contact with the nanowire. To minimise heating
issues, further measurements were performed at low tempera@ufg. (When temperature of a

laser diode decreases, the ggamerated increasés Higher gain can be helpful in reducing
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threshold current without generating excessive heat. This is because as temperature increases, gain

decreases which leads to increase in transparency carrier dergneading of carriers due to

thermal energy is the main cause for this. Additionally, higher Auger recombination and carrier

leakage due to thermal energy also contribute to the increase in threshold&urrent
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Figure4-7 (a) Comparison of simulated and measurdtdharacteristics. ¢al) EL spectra of single nanowire dev

at different current injection levels.
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Fig. 47 (a) shows the comparison of the simulated and measieadiives for ananowire with

a diameterof 500 nm and 5 um in length. For experimentally measured device, higher turn on
voltage was observed as compared to simulated device indicating thenabotiened issues.
Figure 4-7 (b-d) shows the usual LED behaviour where EL intensity increases witbasiog
current injection. In contrast to room temperature measurements, two distinct peaks were observed
at low temperature. The highest energy peak corresponds tedshadd transition whereas the
lowest energy peak is related to Zn acceptor levelsiledtanalysis of this peak is discussed in
section5.4.2 At higher current injection, both peaks merge and shift towards higher wavelength
indicating significant heating of the device. The maximum current the nanowire could survive
without burning is 8%A. The peak position at 88A is 870 nmindicating the local temperature

is ~ 298 K 187, Additionally, the minimum threshold required to achieve lasing is of the order of
mA, as shown by the simulation results. This result clearly indicates thatitheln® axial

nanowire will burn before reaching lasingabhold, due to excessive heating.

4.2 Radial p-n InP nanowires

Another possible configuration for nanowires is the radial structure. The advantage with radial
structure is that it has a larger active region than axial nanowire with similar dimensions. However
making single nanowire device with such structures is challenging. Therefore, we decided to make
array device. Eachrraydevice consists of 100 nanowires so that higher current can be passed
through it. The only issue with this configuration is thatr¢his no refractive index difference
between the nanowires and the substrate. This will lead to leakage of the mode generated inside
the nanowires to the substrate. Potential solutions of this problem are to decrease the hole opening
of the nanowires, inelase the Sigthickness and promote lateral growth of nanowires over the

SiOz such that effective index at the interface decreases. Due to experimental limitations on
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minimum hole opening, we fixed the opening at 100 nm and performed optical simulations to
understand the loss at the $i@P interface. These simulations were done using commercially

available Lumerical software.
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Figure4-8 (a) Electric field intensity profile of the first 10 modes supported in 500 nm diameter InP nanowil
wavelength of 870 nm. (b) Reflectivity for all the 10 modes at both ends of the nanowire as a functiothifISiess
Dashed line representeflectivity at nanowire/air interface and bold line represent reflectivity at nanowir
interface for the same mode {Ireshold gain as a function of Siickness fothefirst 10 modes in 4um long Inf

nanowire.
To qudy the effect of Si@thickness, the diameter of InP nanowire was fixed at 500 nm and

reflectivity and confinement factor were calculated to find out the threshold gain. Saxena et al.
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have reported the detailed calculations for the threshold'¢faifrirst ten guided modes in a free
standing InP nanowire were calculated usingnedcal MODE. Figre 4-8(a) shows the guided
modes at the wavelength of 870 nm in an InP nanowire of 500 nm diameter. Wavelength of 870
nm corresponds to the bandgap of WZ InP nanowire at room tempe¥tudace the possible
modes in the nanowire were identified, the confinement facjawds calculated using Lumerical
MODE. Finally, reflectivity at air/InP facet @Rand SiQ/InP facet (R) were calculated using

LumericalFDTD and threshold gain was measured using the following equation.
rQx -1 - (4.2

Here, L is the nanowire lengthix @ the threshold gain, is the confinement factor and R is the
geometric mean of the reflectance at both the facdt'y ). Figure 4-8(b) shows the reflectivity

at both the facets. It is quite evident that reflegtifatr all the modes is lower at Sihterface as
compared to air interface indicating some mode leakage at the naisolvgteate interface. Rige

4-8(c) displays the modelled threshold gain using equation 4.1 for the first ten modes. Aszthe SiO
thickness increases from 30 to 150 nm, the threshold gain required to achieve lasing decreases.
After this, change is quite small therefore, for all the ensemble devices, we used tucki@ss

of ~ 150 nm as the SAE mask.

4.2.1Simulations

Figure 4-9 displays the schematic diagram of radial InP nanowire whdoged core with 50 nm

of n-doped shell is considered. The donor concentration was set af tri®andtheacceptor
concentration was kept at 1X1@nv3. A 20 nm of conformal ITO layemon-doped shell was used

to reduce series resistance amelct as a current spreading layer. The configuration of system was

defined as WZ for the nanowire and ZB for the substrate with a doping concentration ¥f 2x10
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(a) (b)
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Figure4-9 (a) Schematic diagram of core shell InP nanowire (b) LaserMOD CAD layout (not to the scale

(a) (b)
— 2000 ——QGain curve . 2000 S —
= — Spectrum = ——Spectrum
< 1000 S 1000
g 5
g ° ‘ % 0
g E
5 -1000 £ -1000
= s
= =
700 800 900 700 800 900
Wavelength (nm) Wavelength (nm)
(c) (d)
s 2000 ——(ain curve St 2000 Gain curve
= —Spectrum = ——Spectrum |
S 1000 = 1000
=t
g 5 |
2 0 2 0
Z Z
= -1000 = -1000
- S
= =
-2000 -2000
700 800 900 700 800 900
Wavelength (nm) Wavelength (nm)

Figure4-10 Roam temperature gain curve aftcarrier density of 4608 cnv? plotted together with modes suppo

in radial InP nanowireof length (a) 1 um (b) 2 um (c) 3 um (d)n.

cnr3. While calculating the modes in 2{pminwas set to the bottom of the nanowire to study only
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the modes supported inside the nanowire cavity. The rest sfepg were similar as discussed

section 4.1.1.The lkength of the nanowire was varied froni 4 um and overlap of the
corresponding longitudinal modes and gain spectrum at a carrier concentration'8tAxi@as
observed. Figre4-10 shows the overlap of the gain spectrum with transmission spectrum at room
temperature with the resonant peaks at 0.860, 0.816, 0.841 and 0.824 um can be observed for 1, 2,

3 and 4 pm long radial InP nanowire cavities, respectively.
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Figure4-11 Room temperature-Lplots of radial Infhanowire with a total length of (a) 1 pum (b) 2 um (c) 3 pn

4 ymwith different diameters showing lasing
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Following this, 2D simulations were performed where the diameter of corgasias from 100

to 900 nm to align the longitudinal mode with the waveguide dimensions. The lasing behaviour
for different waveguide diameter and nanowire length are plotted uré<4gll. The minimum
diameter required to achieve lasing is 600 nm fordnd® 4 um long nanowire and 300 nm for 3

pm long wire. The minimum threshold required to achieve lasing in a 1, 2, 3 and 4 um long
nanowire is 0.83, 1.4, 2.13 and 3.23 mA, respectively. The threshold current is ~3.5 time lower
than axial structure due facrease in active region. With increase in length, threshold current

increases due to increase in aoriform carrier injection.

4.2.2Device fabrication

Figure4-12 SEM images of the InRanowire array after growth at 45° tilted view with V/Ill ratio of (a) 81, (b)

(c) 300, (d) 400 and (e) 500.

Owing to the reduction in array size, MOCVD growth was again optimised to achieve desired
dimensionsAdditionally, EBL parameters were revised to obtain minimum hole opening. In EBL,
the dose was varied from 100 to 400 p¥@nd it was found that 275 pJ/émwas required to

obtain a hole of ~ 50 nm in a ~300 nm thick electron resist. As discussedtim 3.1.2 as the
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dose increases, the pattern size increases. The minimum diameter of ~100 nm was obtained with
50 nm of designed diameter. Since lateral growth is required to obtain nanowires with a larger
diameter than the hole opening, V/IlI ratio wasi@d from 80 to 500. Figre4-12 shows that as

V/I ratio increases, the diameter of the nanowires increases while their length decreases.
Moreover, noruniformity in the nanowires increases with higher V/III ratio. The rest of the
growth parameters sues molar flow rates dfimethylindium diethylzinc and temperature were

the same as those used for the growth of axial structure. Time of growth was also varied to obtain

the optimum height of-2 pm.

4.2.3EL measurements

After MOCVD growth, the device waslacated by depositing 20 nm of ITO and 10 nm of Au
using sputter and an Au pad usingpeam evaporator near the array. To minimise heating,
measurements were performed at 78 Ktaedcurrent was pulsed with a pulse width of 0.5 ps and
duty cycle of 1%. lgure4-13 (a) shows the comparison eé¥Icharacterises at 78 K. Deviation in

the FV behaviour confirms noideal contacts. However, current level the fabricated devices

are significantly higher than the axial devices indicating significant reduatiothe series
resistance. Figre4-13 (b) shows the EL characteristics of the device where light output increases
with injection current. Similar to the axial structure, 2 peaks are observed at low current levels
which start merging at higher injected currents due to heating. Moreay@ficaint red shift in

the EL spectra also confirms excessive heating. An additional shoulder peak corresponds to ZB
InP is observed at higher current levEfs This suggests that at higher currents, some carriers start
recombining inside the substrate underneath the wiresré&#313(c) confirms that emission is

from the nanowires. After 140 mA, the device was burnt. The current passing through each

nanowire is ~1.4 mA which is close to the threshold however, recombrinasime the substrate
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and excessive heat redsdhe gain generated. Moreover, roniform light output inFigure 4-
13(c) confirms the noemniform resistance inside the array. Nevertheless, these measurements
suggest that radial structure outperforms lagieucture in terms of reducing lasing threshold,

reducing series resistance and allowing more current to pass through the device before degradation.
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Figure4-13 At 78 K (a) Comparison of simulated and measurddcharacteristics. (b) EL spectra of ra
nanowire device at different current injection levels where, black dash line represents peak position ¢

(c) Optical images of the emission from tH&x 10 nanowirearray att00 mA

To achieve lasing, a possible solution is to reduce the lasing threshold further either by decreasing
the free carrier absption or increasing gain. To decrease free carrier absorption, one feasible
solution is to use TCOs as both contact and doped layer. This will also help in reducing contact
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resistance, as it is easier to achieve higher doping concentrafi@Os as compad to p and n
doped InP. Incorporation of quantum wehside the nanowire can help in enhancing gain by
guantum confinemenitiowever,quantum welktructures require a lot of optimisations dutatet
evolution processas InGaAsquantum wellgprefer a ZB structure whereas ImBnowirehas a
WZ structure®® % 173 Additionally, different contributions from axial and radial quantum wells

will further complicate the system. So, we decided to investigate the effect of various TCOs.

4.3 Conclusions

In conclusion, in this chapter we simulated the lasing behaviour in InP nasoavid observed

that higher doping concentration is required to achieve low threshold lasing in axial structures.
However, experimentally, the nanowires were burnt before reaching threshold. The potential
reasons for degradation of device were high canmsistance, low doping concentration, metal
absorption and excessive heating. To reduce heating related issues, measurements were performed
at 78 K. Significant improvement in the light output was observed however, lasing could not be
obtained as the nawires were burnt at ~ 88A whereas the minimum simulated lasing threshold

was ~ 2.5 mA. This indicates that to achieve lasing, threshold needs to be reduced. To reduce
threshold, radial InP nanowires were investigated. Radial devices showed remarkable
improvement in reduction of series resistance however, they struggled with shifting of
recombination region inside the substrate as well as excessive haaditigerefore, lasing was

not achieved. The potential solutions for further improvement in the devices are to either
incorporatequantum wellsor use radial nanowir@COs structure Quantum wellgenerates
significant higher gain due to confinement of carnenereas TCOs reduces metal absorption and

free carrier absorption and radial structure increases the active region.
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Chapter 5. Core-shell p-InP/n-Zn0O
nanowire devices

In this chapter, we carry out-gtepth stuges about formation of-p junction at pinP/nZnO
interface and realise LEDs from it. Following this, we simulate ZnO/InP radial structure to reduce
lasing threshold. We also attempt to demonstrate laser frimR/p-Zn0O interface and study the
potentialchallenges. Finally, we investigate flexible LEDs and study their temperature dependent

characteristics.

5.1 Introduction

ZnO is intrinsically ntype TCO. The origin of #type conductivity in ZnQs attributed to oxygen
vacancies, zinc interstitials and unintentional hydrogen dopthd’> Hydrogen which is also
considered as dominant donor comes from ALD precursors such as diethyl zingCaad ttell

as water vapour present inside the chamber. Another advantage is thin ZnO layer acts as a

passivation layer for InP nawires, exhibit excellent chemical stability and biocompatibilify

178

Owing to these properties, several devices have been investigated using Zp(Galn
heterojunction LEDs in UV regime has been area of interest to many researchers since the advent
of TCOs. There are various reports of planar and nanowire UV LEDs u$ypg ZnO grown on
p-GaN17®183 However, these nanowire LEDs are not esinell type but features ZnO nanowires
grown on GaNsubstrate/thin layer. Growing ZnO nanowires on GaN is a cumbersome and
complex process and the devices are either unstable and/or highly inetfiti&hinP and GaAs

based planar and nanowire solar cells have also been demonstrated using ZnO as an electron

selective contact?”1®, There are few examples of GaAs and InP based planar structures LEDs
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190192 Gettinghigher extraction efficiency with these planar devices is always challenging and
this leads to the development of nanowire LEDs which can overcome this issue owing to their one
dimensional geometry with large surface area, leading to more efficienteighision and

effective current spreadirf§ 1231, Still, there are no reports on InP/ZnO nanowire LEDs.

5.2 Experimental methods

Fabricadion of our onsubstrate LED device can be divided into two sections: SAE of nanowires
by MOCVD and device fabrication. Rige 5-1(a) shows the 4qnP nanowires grown by SAE
MOCVD technique®?. Process of preparing SAE template has already been discussed in the

section 3.2.

N

Figure5-1 SEM images of the InP nanowire array after growth and during the device fabrication process at

view. (a) Asgrown nanowire array. (b) After S8 etching with ICPRIE. (c) After ZnO, ITO and Au deposition

To grow nanowires, SAE template o#ir® substrate with 300 nm openings and 1 pum pitch over

a 100 pum x 100 pum area was used for growth by MOCVD at afrassure of 100 mbar withoH

as carrier gas at a total flow rate of 14.5 I/min. Trimethylindium and phosphine were used as
precursors with a molar flow rate of 6.07*%&nd 4.91x18 mol/ min, respectively for 15 mins

at 730C. For pdoping, diethylzinavith molar flow of 8.63x16 mol/min was used. SEMas

carried out to image the nanowire arrays after growth and during the LED fabrication process, as

shown in Fig. 1. Based on the SEM measurements, the average length of the nanowires is 3 pm
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with an average diameter of 400 nm. Revfabrication process has also been described in detail

in section 3.3.2.

To characterise the electrical and optical properties, Ibthand PL measurements were
performed using a home builkPL system To investigate the junction propertieEBIC
measurements were performed on thesobstrate deviceith a beam current of 0.17 nA and an
accelerating voltage of 2 kV. For this purpose, after SAE growth, 120 nm of ZnO was deposited
using ALD on nanowires with a diameter of ~500 nm.RIE etchng was performed to expose

the top of the nanowires, so that the cresstion from the top could be seen clearly under the
microscope. Finally, a thin layer of S8was spircoated to avoid shorting and ICP etching was
used to expose the tips of the emibedi nanowires. To power the nanowire array device, the
substrate and thus the nanowire core was electrically contacted with the FIB stage and the ZnO

shell was contacted by a nam@nipulator inside the FIB chamber.

5.3 Study of p-InP/n-Zn0O junction properties
First, we measured theM characteristics of heterojunction ZHGP nanowireLEDs fabricated
on the InP substrate. kige 5-2(a) shows the rectifying behaviour typical of an LED with a-turn
on voltage of around 4 V and series resistance of around\8d.8 calculate the turon voltage
and series resistanceYlcurve at higher voltages was extrapolated as a straight line (dabled
line in Figure5-2 (a)). The xintercept gives the turan voltage and the slope of line provides the
series resistanc@o gain a deeper understanding of thé tharacteristics, In (I) vs V plot was

plotted in the forward bias Figure5-2(b). Current in a diode is given B3.

O 0aQ »p 51
where k= reverse saturation current
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g = charge onraelectron (1.6 x 16:°C)
n = ideality factor
k = Bol t zmah38@49x10iK'S)t ant (

T = temperature (300 K)

For sufficiently large bigseq. (5.1) can be written as:

‘© 0Q 5.2
Taking natural log on both sides:
In(I) = In(ls) + —V 5.3
(a)lO %10 0 (b)
' ' * Measured data
—— Linear fitting
8
5 2
-
5 =
5 4t S
@) i =
2 ,: -20
0 b—o—= : . -25 ;
-2 0 2 4 6 0 2 4 6

Voltage (V) Voltage (V)

Figure5-2 (a) I-V characteristics of the device at room temperature. (b) Plot of In (I) vs V to calculate idealit

of the device.
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By plotting In(l) vs V, the reverse saturation current and ideality factor can be obtained from the
y-intercept and slope, respectively. By linear fitting the curve inir€ig-2(b) with eq. (5.3), a
reverse saturation current of 24.6 nA and an ideaityof of 12.2 are obtainedere, an ideality
factor larger than 2 is consistent with previously reportechBi®wireLEDs (n = 7.3) and implies
that the current is dominated by tunnellfig®® Another reason for the high ideality factor may

be due to the formation of a native oxide layer aitif#ZnO interfacé’®,

(c)

InP-NW

N
o JI8

[y

Depletiomn
Width

T © I

EBIC Intensity (a.u.)
=
O

0 500 1000

Distance (nm)
Figure5-3 (a) SEM image of a single nanowire from the fabricated LED array. At the top left corner is the

probe which makes goazbntact with the ZnO shell. (b) EBIC signal acquired under an accelerating voltag
kV corresponding to the SEM image (@). (Q EBIC scanprofile across th@anowire indicated by the blue so

line.

The property of the 4nP/nZnO heterojunction was investigated using EBIC measurement of a
single nanowire device. Figure3a) showshe crosssectional SEM image of the nanowire, with

a clearly visible contrast of the InP nanowire core and ZnO shell. Fig8(b)Xisplays the
corresponding EBIC signal measured under an accelerating voltage of 2 kV and 0.17 nA current.
From Figure 83(b), a bright ring can be observed at the nanoZi® interface, which can be
attributed to the depletion region where the highest EBIC current is produced under 0 V bias. The

EBIC intensity profile is plotted across the diameter of the nanowire as shdvigure 53(c).
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The depletion width is approximately 138 nm when measured at the 1/e of maximum intensity
value. Using the depletion width we estimated that tdeging level in the nanowire to be 6.75 x
10* cnr® which is consistent withpreviously reported valu&€¥. To calculate the carrier
concentration of ZnO, a planar 30 nm film eZnO (Nb) deposited under the same conditions on
aglass substrate. Then, carrier concentratascalculated to be 2 x 2@nr3using a combination
of Drude and Cody.orentz moel by ellipsometry and is consistent with the reported values in

the literature'®”. The calculation of depletion width proceeds as follé%s

(] 54
W 55
»® O ® 5.6
- 5.7

where, X, %, Xn = total depletion width, depletion width in the p and n regions,
respectively.

Na=6.75 x 105 cnr3

Np =2 x 10 cn3

Tp= 4.65 eV198

@n= 3.7 eV1¥®

G= 1629 350

G = 0. 40

\%

=0, (unbiased EBIC)
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Using theabovementionedequations, a depletion width of 138.85 nm is derived, consistent with

the value calculated from the EBIC results.

It is noticed that the EBIC profile is asymmetric, extending more irdogednanowire. This
confirms that the depletion region is primarily formed in the nanowire where a majority of
recombination occurs in this region. The possible reason for theymmetric profile at both the
junctions could be a small angle tilt or roniform ICP-RIE etching of ZnO shell which is evident

from the SEM image (Fige5-3(a)).
5.4 EL properties of p-InP/n-ZnO

5.4.1Room temperature EL properties

Figure 5-4(a) shows the EL spectra from thanowirearray LEDs on substrate with increasing
forward current injection level at room temperature. The EL signal is detectable at an injection
current of 1 mA, showing a peak at 870 nm with a shoulder at around 920 nm. To have deeper
insight of heating, the rao temperature EL spectrum measured at 5 mA is plotted urdg

4(b), in comparison with their PL spectrum. Both spectra display same peak at 870 nm, confirming
that Joule heating is kept to a minimum in our device even at continuous current injectian. |

PL spectrum, the appearance of only one peak at 870 nm confirmsutioatires have a pure WZ
structure. It has previously been reported that for the above mentioned growth conditions, the
nanowires have a pure WZ phase irrespective of Zn dopingeraration'® However, in the EL

spectrum, a shoulder at higher wavelength is observed.

To investigate the origin of different peaks, Lorentz curve fitting was performedréfMgi(c)).
It is found that there are three peaks with majority contribution from thegieb2 eV which

corresponds to the fundamental bandgap of WZnlakowires 167: 202 The peak at higher energy
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Figure5-4 Room temperature EL spectra at different current injed¢ieels. The black dashed line indicates the

of the spectra at 870 nm. (b) PL spectrum at 17 pW excitation power and EL spectrum at 5 mA current. (¢

curve fitting of the EL spectrumeasuredit 5mA atroom temperaturg(d) Optical images ofthe emission at roc

temperature from the 100 x 100 piarray at different current injection levels.

of 1.46 eV is due to the light hole and heavy hole splitting in WZ structfitea. Zilli et al.
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reported that this peak becomes dominant at temperatures above 150 K due to thermal population
of higher energy staté8’. The energy dference between these two peaks has been reported to be
around 40 meV, consistent with our value of 37.8 M#&\2%3 204 \We attributed the peak at the
lowest energy of 1.34 eV to the recombination occurring at ZB InP sub®¥fiafbe existence of
this peak confirms that some carriers are recombining in the substrate. At high injentson, cu
EL intensity increases but the peak position slightlygieifted to longer wavelength due to Joule
heating. Figire 5-4(d) shows the optical microscopy image of tlamowireLED array captured
by an infrared camera with 10x lens. It is clearly emtdbat light is emitted from theanowires
and with the increase of current injection, the emission intensity becomes more uniform across the

entire array.

5.4.2Temperature dependent EL properties

To investigate the temperature dependdraracteristics of the deviceVl characteristics were
studied from room temperature to 78 K frothto 1 V. As shown in Figre 5-5(a), as the
temperature decreases, the current in the forward bias decreases. Following this, EL was conducted
under an injetion current of 5 mA from room temperature to 78 K and shown iar&fg5(b).
The linewidth decreases with decreasing temperature and the spectra af@ftdde as a result
of increased bandgap with decrease of temperafrelnterestingly, at ~238 K, we observed
another peak in the EL spectra, which becomes more prominent at lower tempefajures-
5(c) shows the LED behaviour at 78 K as a function of increasing injection clmamderstand
the origin ofthis peak, Lorentz fitting was performed at 78 K (F@g5-5(d)) and 3 peaks were
observedThe highest energy peak at 1.48 eV corresponds to the bandgapoosvires which is
also known as the A exciton peak in WZ semicondudide attribute the lower energy peak at

1.44 eV to radiative recombination from the conduction band to Zn acceptomartbeire. We
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Figure5-5 (a) Temperature depender¥ Icharacteristics of the device. (b) Temperature dependent EL spe
the device at 5 mA current where black dashed line indicates the peak position. (c) EL spectra at 78 K ¢

current injection levels. (d)orentz wrvefitting of the EL spectrum measurad5mA at 78 K.

calculated the activation energy of Zn acceptor level for doping concentraiorbso 13° cnr3

obtained from EBIC measuremenising the formula given by K. Hansen et%l

83



Chapteb. Coreshell pInP/nZnO nanowire devices
O O wu -~ 5.8
where b is the ionisation energy (51 meV) and a = 3.9 X @V cm. This gives the activation
energy of 35.1 meWhich is same as the energy difference between these peaks confirming that
the lower energy peak is related to Zn acceptor leWsviously, defect related peak in pure
wurtzite InPnanowires has been observed by various grotip$”: 2°6. 20/The lowest energy peak
at 1.40 eV is due to recombination at the substrate. The difference between this peak and the

highest energy peak is around 80 meV which is consistent with the energy difference of WZ and

ZB InP nanowired®2,

After confirming good optical anélectrical properties without any proper design-ofB/n-ZnO

diode, simulations were performed to obtain optimum design to achieve low threshold lasing.

5.5 Electrically pumped nanowire laser

5.5.1Simulations

(a) (b)

gy +— Contact
|<—ITO

Zn0O
p-InPNW

’l

Contact

Figure5-6 (a) Schematic diagram of core shell HZRO nanowire (b) LaserMOD CAD layout (not to the scale).

Figure 5-6 shows the schematic diagram of the device modelled for lasing as well as CAD
interface. Againfor better convergence, additional Si@yer was used at the top and the bottom.

Detailed steps of doing simulation are giversaction 4.4.1LaserMOD materials database does
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not have ZnO material file so, to simulateZnO/p-InP core shell structur&nO material was
defined in the software. Five main parameters namely, bandgap, electron mobility, hole mobility,
optical dielectric constant and static dielectric constant were taken from the literature to define the
material. The bandgap as 3.08 eV, ogitdielectric constant as 2.37 and static dielectric constant
as 18.71 were used for calculatigf% The electron and hole mobilities of ZnO film were set to
50 cntV-ist and 20 criv-is?, respectively?®®. The diameter and length of the nanowire were
varied from 200 900 nm and I 4 um, respectively. The ZnO thickness was fixed at 30 nm with
doping concentration of 2 x 30cnT3 (measured from ellipsometer). Carrier concentration-of p
InP nanowire was fixed at 6.75 x ®Qnt® which was estimated from EBIJo define the
substrate, irbuilt material parameters in LaserMOD of InP was used as the substrate has a ZB
configuraton. The doping concentration-{ppe) of substrate was assumed to be 2R @&r3.
Finally, to decrease the series resistance of the system, 70 nm of conformal ITO layer was

considered with doping concentration of 1 X%dht3.

Once the CAD layout anaterial files were defined, 1D simulations were performed to determine
the longitudinal mode supported in the cavity of different lengthsiwr€g7 illustrates the overlap

of the gain curve with longitudinal modes at room temperature at a carrier density 8f&Gr$0
Resonant wavelengths obtained for 1, 2, 3 and 4 um long nanowire are 811.9, 851.4, 861.9 and
816.7 nm, respectively. For 3 anduth long nanowires, two longitudinal modes align with the

gain peak. Mode with higher transmission was taken for further calculations. Following this, 2D
simulations were performed and nanowire diameter was varied froin @WD nm to obtain
overlap of wavguide supported mode with the longitudinal mode. For mode calculatiom

was set to the bottom of the nanowire to study only the modes supported inside the nanowire
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cavity. Full laser simulation was performed to determine the threshold conditiorcfocaéaty

dimensions.
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Figure5-7 Overlap of gain curvat room temperature atcarrier density of 30' cnv® andmodes supported in |

1 um (b) 2 um (c) 3 um (d) gm long InP/ ZnO core shell nanowires

Fig. 58 shows the H curves for only those waveguide dimensions which showed lasing.
Minimum threshold required for all cavity lengths corresponds to 200 nm diameter nanowires. The
lowest threshold current of 0.26 mA for 1 pm long nanowdt&5 mA for 2 um long nanowire,

0.83 mA for 3 um nanowire and 1.07 mA for 4 um nanowire were obtained. The threshold current
increases with length as longer nanowire results in higheunidorm current spreading from the

bottom of the nanowire to the Znl@yer. Here, the advantage of incorporating TCOs is quite
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evident as the threshold current required for lasing decreases by an order of magnitude simply by

replacing InP homojunction with radial TGI@P heterojunction.
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Figure 5-8 Room temperature-L plots of n-ZnO/p-InP nanowire devices of various nanowire diameter with

length of (a) 1 um (b) 2 um (c) 3 pum and (dj#h with different diameters showing lasing

The mnimum threshold currenequired per nanowire is 0.26 mA for 1 um long nanowire with a
diameter of 200 nm to achieve lasing. Furthermore, increasing nanowire length leads to non

uniform current injection which results in higher threshold current. Therefore, the optimised range
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of length of nanowire was considered to bie 2 um with a diameter of 200 nm. The size of the
array was reduced to 10x10 nanowires with a pitch of 5 pum. The array size was reduced so that
higher current can be passed with our existing current source apitcthevas increased to avoid
coupling among nanowires. Also, as discussed in section 5.4.1, when higher continuous current (~
11 mA) was passed through the array device, a slight red shift in the EL curve was observed. To
minimise heating in the device giturrent was pulsed with a pulse width of 0.5 us and duty cycle

of 1%.

5.5.2Fabrication of nanowire lasers

After MOCVD growth, the device was fabricated using simplified process by depositing 30 nm of

ZnO, 70 nm of ITO and 10 nm of Au. Fige 5-9 shows the schematic diagram of the fabrication

_—
30nm Zn0O+70
nm ITO
deposition

10 nm Au
deposition

s
Au Pad

Figure5-9 Schematic diagram of laser device fabrication process.

process.

5.5.3Room temperature EL measurements

EL measurements were carieut like the LED device except 50x lens was used instead of 10x

lens to capture emitted light from individual nanowiresufed-10 (a) represents EL spectra from
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Figure5-10 Room temperature E&pectra at different current injection levels of (a) a device fabricated withe

8 and (b) a device fabricated with 8JThe black dashed line indicates the peak of the spectra at 870 nm.

a single nanowire indicating that EL intensity increases witteatiinjection. However, the device

was burnt without reaching to lasing threshold after 300 mA which is ~ 3 mA per nanowire. The
injected current is an order higher than simulated lasing threshold, indicating additional losses such
as higher series retasmce and carrier losses. At lower current injection levels, a single peak at 870
nm corresponding to the bandgap of WZ Imr(owirg is observed®’: 202 However, at higher
current levels, additional peak at ~ 920 nm is detected. This peak corresponds to the bandgap of
ZB InP (substrate) indicatinthat carrier recombination is occurring in the substféteWith

further increase in injected current, the ZB peak dominates over the WZ peak indicating most of
the carriers recombine in the substrate. The reason behind this is the lower hole mobility as
compared to electron mibby. The holes are injected from the bottom of a 350-jlanok wafer.

By the time they reach to the nanowires, the faster electrons coming from the itbickm

(ZnO/NTO) film would have reached the substrate and recombination occurs within the substrate.
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Figure 5-11 Schematic diagram of core shell HFIRO nanowire showing comparison of current injection pat

without SU8 (b) with SU8 (not to the scale).

To mitigate this issue, another set of devices with{8n long nanowires were fabricated with ~

2 um thick SU8 layer. It is evident from Fige5-11, introduction of SU8 layer increases electron

path to the substrate. Fige 5-10 (b) represents EL spectra from a single nanowire in the array
device. Again, the EL intensity increases with the increase in injected current but the device was
burnt at ~ &0 mA current. The peak corresponding to the substrate is significantly lower than the
previous case, indicating more recombination is now happening within the nanowires. However,
at high injection current levels, a significant red shift in the EL speéstodserved, suggesting
excessive heating in the device. This excess heat is detrimental to the device performance. To

minimise heating effect, measurements were performed at 78 K.

5.5.478 K EL measurements

Figure 512 (a) displays the EL spectra of thd @m long nanowire device fabricated without-SU

8. Similar to the room temperature measurements, with higher current levels, the peak from the
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Figure5-12 EL spectra at 78 K with different current injectievels of (a) a device fabricated without -8land (b

a device fabricated with S8.

substrate starts to dominate, suggesting significant carrier recombination in the substrate. The
results for the device fabricated with ~ugh thick SU8 layer is shownn Figure 5-12 (b). At a

current injection level of ~ 50 mA, a shoulder due to the ZBchriPbe observed indicating carrier
recombination in the substrate. However, this effect is significantly lower as compared to the
device without SB, since the #type contact now is further away from the substrate thereby
giving the chance for more eleahs to recombine within the nanowire. At very high current levels,

a large red shift is observed in the device indicating substantial heating in the device even at lower

temperatures. With a current higher than 600 mA, the device was burnt.

To have deepdnsight of degradation of device, SEM was performeduféi§-13 (a) shows the
entire array after degradation of the device. It is evident that some wires are completely burnt
whereas some are still present implying fumiform current injection in indidual nanowires.

The potential reason could be different resistance due to slighttym@orm growth or contact
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formation. Figire 5-13 (b) is a magnified image at a burnt nanowire. It can be seen that the
nanowire is burnt at the bottom suggesting exeessurrent crowding inside the part of nanowire
grown with 100 nm diameter opening. To avoid this issue, a probable solution is to remove the

substrate from the device. This will lead to carrier recombination only inside the nanowires.

(a) (b)

_10um | | 2w

Figure5-13 SEM images of device at a tilt of 45° @jtire array, (b) magnified image.

5.6 Flexible LEDs

Flexible LEDs are gaining rapid popularity due to a plethora of applications such as flexible touch
screens, flexible displays, sensors and wearables that make conformal contact with human skin for
accurate measurements. Organic LEDs (OLED) are the masioped devices that are currently
being used as flexible displag¥?'3 However, OLED technology has major drawbacks in terms

of device lifetime, efficiency, brightness, and stability in humid conditions as compared to

inorganic LEDs?4216,

Mechanical peeling of nanowires embedded with PDMS has been investigated to make substrate
free LEDs?'": 218 However, this technique has been only demonstrated on very long nanowires as
thin PDMS layer is very difficult to handfé8 Moreover, dry etching rate of PDMS is very slow

and requires gases like £&nd Q, which candamage the nanowires during the etching process

219 On the other hand, S8 photoresishas excellent thermal properties, is easy to process and
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(b)

Figure5-14 a) SU8 lifted-off film from the substrate with embedded nanowire array (b) Final device with gc

on acetate film on two sides thae used to connect the p and n regions of the nanowire array.

etch with precise control on its thickne$tin SU-8 film can be easily handled, making it a good
alternative to PDMS. However, S8adheres very well to the substrate and is hard to meelignic
peeledoff like PDMS. To overcome this problem, we report a simple solution where afil8iO

is used as a sacrificial layer for detaching nanoweededded in S8 from the substrate.
Fabrication process of flexible LEDs is descriliredection 3.3.3. Figurg-14 shows the nanowire

array lifted off in the polymer film and the final device.

5.6.1LED characterization

The comparison between thé/l characteristics of the flexible device andsubstrate device in
Figure5-15(a) shows that the t-on voltage for both devices is similar at ~ 3.5 V. However, there
i s a 0 sanidtage f@r the flexible device. The flexible LED is also slightly nesgstive
compared to the one on substrate, which might be due to poorer contact formedflerille

device using silver adhesive paste.

To compare with the eaubstrate nanowire LEDs, the PL characteristics of flexible LEDs were
investigated. As shown in Rige5-15(b), multiple, redshifted and broader PL peaks are observed
from the flexible device, in comparison to the substrate device. Furthermore, the peak of the

PL spectra varies across the array, which is not observed for-théetrate device. A possible
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Figure5-15 (a) |-V characteristics of the esubstrate and flexible devices. (b) Room temperature PL spectra at ¢
positions on the array for esubstrate (top) and flexible device (bottofg).Surface profile of flexible LED captured frc
optical profilometer. The region where thanowirearray is located is indicated by the white circle. (d) Surface p

scan along points x1 to x2. (e) Surface profile scan along points y1 to y2.
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explanation for these multiple peaks could be the effect ofumiform strain on the nanowire
array immsed by the St8 film or the acetate filn¥%222 We map the surface profile of the peeled
SU-8 film after integration on the acetate sheet using an optical profilometeréBid.5(c-€))
and observe that radius of curvature varies across the naraoveiye However, due to limitations
around the measurement set up, we could not quantify the strain induced in the nanowire array.
Furthermore, the intensity of the emission decreases significantly in comparison testhestrate

device due to the wavy hae of the flexible device which leads to less light entering the detector.
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Figure5-16 EL spectra from the flexible device at room temperature at different current injection levels. (b) Lorentz

curve fitting of the EL spectrum measured at 1 mA at room temperature

Figure 5-16(a) shows that as the injection current increases, there is a significant red shift in the
EL spectra due to Joule heating. In comparison, theubstrate device does not show any
significant shift in the emission wavelength (&ig5-4(a)). This effect can be understood in terms
of the InPsubstrate providing better heat dissipation in comparison to the transparent acetate film

used for supporting the flexible device. We dl#ed the EL spectrum obtained at 1 mA &oand
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that two additional peaks at the longer wavelengths (peak 1 and peak 2) in addition to the
fundamental bandgap peak (peak 3) and transition from conduction band to light hole band (peak
4) (Figure5-16(b)). The recombination from the conduction band to the heavy hole band and the
light hole band is observed at 1.41 and 1.45 eV, respectively. Red shift of the spectrum suggests
heating however, the energy difference remains around 40 meV. The possible oediserivio
additional reeshifted peak might be strain related. Since radius of curvature varies across the
nanowirearray, it may induce neaniform strain at different positions, similar to the report@®y

Signorelloet al.??%,
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Figure5-17 (a) Temperature dependent EL spectra at 1 mA current from the flexible LED. (b) Lorentz curv

of the EL spectrum measured at 1 mA at 78 K.

The temperature dependent behaviour of these peakstudied by measuring th& spectra at
an injection current of 2 mA from room temperature to 78A&. shown in Figre 5-17(a), the
emission spectra are bhgaifted with decreasing temperature due to temperature dependence of

bandgap. Moreoveslightly redshifted, broader and multiple peaks are observed (FIg(5)
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as compared to esubstrate device which is possibly due to the combined effect of heating and
strain induced by the S8 and/or acetate film on theanowires due to thermal coefient
mismatch??®2?2, Moreover, a small peak at higher energy with a difference of ~ 40imaidates
the splitting of heavy hole and light hole band confirming the temperature is higher than 150 K as
this peakbecomes dominant at temperatures above 150 K due to thermal population of higher
energy states®’. These reasurements illustrate that substfage flexible device will confine
recombination inside nanowire however, a proper heat sink is required to reduce excessive heating

in order to achieve lasing from such devices.

5.7 Conclusions

In summary, we have demonstrated eshell InP/ZnO heterojunctiomanowireLED arrays and
successfully fabricated flexible LEDs by embeddingriaaowires in a thin S8 film, which is

then peeled off frontie InP substrate. We have also studied the temperature dependent behaviour
of these LEDs and confirmed that EL spectra consists of three peaks at both room temperature and
78 K. The peaks related to batwlband transition and recombination at the sulestaa¢ present

across the temperature range, whereas the peak related to the transition from conduction band and
light hole band quenches at low temperature; and Zn acceptor level peak became prominent at
around 238 K. Our work provides a pathway for inatiglg LEDs on various substrates
irrespective of their shape, lattice constants, chemical and mechanical properties. To achieve
lasing, simulations were performed to get optimum dimensions and the number of wires were
reduced to 100 nanowires, but due taxeassive heating, higher series resistance and current
crowding the device was burnt before reaching to lasing threshold. Additionally, substrate free
devices were made to mitigate the recombination into the substrate. Future work will be carried

out to futher optimise the fabrication process and improve heat sinking (to minimise Joule
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heating) to enhance the performance of the flexible device for a plethora of applications as low

power and portable lasers.
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Chapter 6. Core-shell p-InP/n-SnOy
nanowire devices

In this chapter, we investigate the electrical and optical properties of I8p€ deposited at
different conditionsand demonstratihat there is a tradeff between electrical conductivity and
transparency. The advantages with S@a@ that it is a lowcost material, and exhibits higher
chemical stability as compared to ZnO and I'BDbsequently, we investigate the performance of
n-SnQJp-InP LEDs and study the effect of absorption and resistance on the device. After
confirming goodoptical properties of the device, we simulate similar strustirget optimum
dimensions for low threshold lasing and carry out experiments. Potential reasons for degradation

of device are discussed.

6.1 Introduction

SnQis one of the extensively studiedatarial among +type TCOs owing to its application in
various areas like flat panel displays, gas sensors, photovoltaic devices, solar cells, and transistors
223221 Other advantages of Swp@re that it is a lowcost material, and exhibits higher chemical
stability as compared to the commonly used TCOs of ZnO and?T¢° These properties make

Sn(Q a potential candidate for future transparent eleeséar compound semiconductor based
optoelectronic devices. SrR@, however, rarely in stoichiometric ratio due to oxygen vacancies.
These oxygen vacancies lead to a provision of free electrons, at@ghnesent inside SnQo

maintain charge neutralignd makes undoped Sa®type!!?

Owing to various potential applications, many techniques to fabricate 8m® films and

nanostructures have been developed. Some of the commonly developed methods to deposit SnO
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are chemical vapour deposition, pulsed laser deposition, sputteringglgmiocess, and spray
pyrolysis23¢234 The properties of thin films depend significantly on the deposition techniques as
well as process parameters. Out of the various techniques, magnetron sputtering is the most suited

for industrial applications due to its higher deposition daggter reproducibility and scalability

113, 233

Some work has been reported for incorpora8n@x film with InP 235237, Still, there are no report
of INP/SnQ nanowire device for light emitting properties. Moreover, progress in the fiekiraj u
TCOs as both dopant and electrode layers for nanowire LEDs is also in nascent stage and only a

few reports have been publishie 238

6.2 Experimental section

Table6-1 Sputter deposition conditions forSnQ, study.

Target Sn (99.9%)
Gases Oxygen (5N), Argon (5N)
Power 100 W DC
Chamber Pressure 4 mTorr
Oxygen + Argon Flow 20 sccm
Oxygen Flow 2-10 sccm in steps of 2 sccm
Substrate Temperature 22°C

SnQ films were deposited on Corning glass slided sificon substrate. The silicon samples were
used for thickness, refractive index and absorption coefficient measurements with ellipsometry.
Corning glass samples were used for +éffiect and UVvis measurement99.9% pure Sn target

was used as the source for Sn along with reactive oxygen gas to foxfil®isQArgon was used

as a sputtering gas. The purity of both gases was 5N. To obtaixn fBn® with different
stoichiometry, the partial pressure of oxygethim chamber was varied by changing its flow from

2 to 10 sccm in steps of 2 sccm. The total flow {OAr) was kept constant at 20 sccm. Oxygen
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percentage is defined asAflow/ (O2 + Ar) flow) x 100. Chamber pressure was set to 4 mTorr
and DC power of 1@W was applied to the Sn target. Depositions were done at room temperature.
Table 61 summarises the SrOptimisation experiments. Fdne Hall Effect study,thevan der
Pauw method was used with Greek cross geometry to minimisae¢hsurement error due
contact size and placemeatless than 1% , with= 2 mm andv =1 mm ensuring that/w> 1.02
where, a is the length and w is the width of each #fmSnQ: film of ~2 um thickness was
deposited using a shadow mask to form a Greek cross geometry and contact pads of 10 nm Ti and
150 nm Au were deposited on four pads of this Greek cross using electron beam evaporation and
a shadow mask. Following optimisatiori 8nOx film, deposition on nanowires and LED

fabrication were performed as discusseddntion 3.3.2.

Optical properties ohanowireLEDs were measured withicro-PL system using 10x lens with
numerical aperture of 0.3 0 characterise electrical propertied/ measurements, EL aridall-

effect measurementwere performed. The output power from LEDs was measured using an
integrating sphere connected to an optical multimeter (ILX Lightwewport). Hall effect
measurements were carried out in a magnetic field range-0@# to 0.24 T. Surface analysis

was performed fromXPSandUPSdata

6.3 Optical properties

Spectroscopic ellipsometry measurements were done on the sputter depositedr§p€s to
determine the deposition rates and their optical properties such as refractive index and absorption
coefficientin the spectral range of 200 nm. Ellipsometry spectra,andD were recorded at

room temperature for three different angles of 55°, 65° and 75°. yHarelD represent magnitude

and phase of the change in polarisation of the light reflected from the sample, respectively. Ideally,
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only one angle is required, but simultaneously fitting the data from three angles provide better
accuracy of the computed parametdiise optical model consists of a seimfinite Si wafer, with
a homogenous and isotropic Sei@yer on top followed by a Bruggemdype effectivemedium
approximatiorroughness layer composed of 50% $a@d 50% void$°. Ambient air medium
was used on top of this roughness layer. Fitting of the measured data was performed using multiple
TaucLorentz/Gaussian optical oscillators in conjunction with least square regression analysis
(built-in CompleteEase software) to obtaen unique fit. Taud.orentz oscillator exhibited
intrabandabsorption in the visible and UV regiéf. The absorption edge was craggcked with
UV-Vis-NIR measurements in a spectrophotometer for samples deposited on glass substrates. We

found excellent agreement between the two.
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Figure6-1 Comparison of SngXilm deposited at various oxygen percentages. (a) Refractive index as a fun

wavelength. (b) Absorption coefficient as a function of wavelength.

Various optical properties of the Sa@ms on Si wafers were compared using ellipsometer.
Thickness of all the films were kept below 100 nm to obtain improved ellipsometer data fitting.

Figure 6-1(a) shows the plot of refractive index as a function ofelength for samples prepared
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Figure6-2 Tauc plot for Sn@layer deposited with an oxygen percentage of (a) 10%, (b) 20%, (c) 30%, (d) 4

50% and (f) 60%.

with different oxygen percentages. The ttaf refractive index with wavelength for oxygen 10%
and 20% is similar to that of metallic tin, indicating the film has more of a metallic characteristic
241 This is alssupported by their very high absorption coefficient (F&p-1 (b)). However, as

the oxygen fraction increases, the film starts transitiommge towards metal oxide as both
absorptiorcoefficient and refractive index decrease, leading towards transjgéeetrode. Since

our interest is only on transpareziectrodes, the rest of the study is focused on films deposited

with oxygen fraction of more than 20%.
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To determine the optical bandgap, we measured the absorption efdepOsited on glass
substratesising UV-Vis-NIR spectrophotometer. Optical bandgap was determined from Tauc plot

by extrapolating the linear region to the absci¢Bmure 6-2 (af)). Figure 6-3 shows that
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Figure6-3 Bandgap of Snfilm deposited at various oxygen percentages.

increasing the oxygen percentage leads to increasing the bandgap energy, indicating the transition
towards Sn@?#2. Both Sn@ and SnO have direct and indirect bandgap with energy levels lower

for indirect bandgap*?2*4 Since the lowest energy band is indirect, we measured the indirect

bandgap and considered it for band alignment with InP indatetion

6.4 Electrical properties

After studying the optical properties, the electrical transport properties were investigated-by Hall
effect measurements. Figured6(a) shows the variation of resistivity as a function of oxygen
percentage. It is evidentahas the oxygen percentage increases, resistivity of the film increases.
The lbwest resistivityin the oxide phasks found for the sample with oxygen 40%, however with

a higher absorption. Figure-4 (b) shows the carrier concentration asuaction of oxygen
percentage. For more than 20% oxygen, carrier concentrations of the ordef omfOare

obtained. Moreover, the mobility of all the films is below 15 #Ms(Figure 64 (c)). In order to
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Figure6-4 Electrical properties of Sn@ilm deposited at various oxygen percentages: (a) resistivity, (b) carrier conce
and (c) mobility.
achieve the best outcome for device applications, low resistance and low absorption ofxthe SnO
layer is required. Our results show that there is a todfilbetween resistance and transparency
and hence, we investigated twieposition conditiongn detail, one with oxygen 40% (higher

absorption and lower resistance, Sample A) and another with oxygen 50% (lower absorption and

higher resistance, Sample B).
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6.5 Composition of SnQ film
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Figure6-5 XPS spectra of Sndilm in samples A and B in showing (a) Sn 3d core level and (b) O 1s core leve

For carrier injection purposes, it is important to have a deeper insight of compositional properties
of SnQ as well as the band alignment betwedh &md Sn@at the interface. To investigate this,

XPS measurements were performed which provides deeper insight about tHénsrigure 6-

5 (a) shows the Sn 3d core level photoemission spectrum. The two peaks at 486.6 and 495 eV are
due to spirorbit splitting between Sn 3dand Sn 3gland the difference between these two peaks

is 8.4 eV, which is in good agreement with the reporadde?*°. Moreover, a sing peak at 486.6

eV confirms that Sn is present only in the +4 stifieFrom Figire 6-5(b), it is evident that the O

1s spectrum of the Sm@ample could bétted reasonably well with two peaks at 530.4 and 531.7

eV. These two peaks have been reported to be due to the lattice oxygen in the feSrtot*€®

247 and chemisorbed species of oxydév*e respectively.
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6.6 Study of p-InP/n-SnOx junction properties

6.6.1Band alignment at p-InP/SnOx interface
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Figure 6-6 UPS spectra of Sndilms and InPwafer showing (a) the VBM with the Fermi level at zero bin
energy and (b) the secondary electronraftit Band alignment of SnCand InP for (c) sample A and (d) sampli

where the red dashed line represents the Fermi level at equilibrium.

To study the band alignment, UPS was carried out on a sample comprising of a 30 aim SnO
deposited on p+ InP wafer. It has higher doping concentration thaarlgires and a ZB crystal

phase whereas theanowires have awZ structure. This may lead to sliglariation in band
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alignment, however it is expected to be very small and not cause a considerable difference in
device performance as the difference in the bandgeggy of ZB (bulk) and WZnanowire)
phases is very smak silver sample was used as reference and the Fermi levels for all the samples
were calibrated and corrected at 0 elhe wvalence band maximum (VBM) is estimated by
extrapolating the UPS spectruand it is found to have a value of 1.46 and 1.57 eV in samples A
and B, respectively (Fige6-6(a)). The work function is taken as the difference in the energy of
the ultraviolet source (Hkline, 21.2 eV) and secondary electron-otft(SECO) Figure 6-6 (b)
indicates the secondary electron-otitenergy for both samples A and B and the work function
obtained for both the samples are 5.1 and 5.05 eV, respectively. These results are consistent with
the literature that work function decreases as tlyg@x fraction increases in Sp@lm, with the
reported work function of SnQo be 4.84 eV and SnO to be 5.2 ¥ Similar analysis has been
carried out on InP wafer and a VBM value of 0.1 eV and work function of 4.8 eV are obtained.
The reported work function ofImP is 4.65 eV at aarrier concentration of 6x10cn3, hence for
p-doped InP with carrier concentration of 2X36n73, the value of 4.8 eV is reasonabté On
the basis of these results, we draw the band diagram of thel&A®eterostructure, shown in
Figure 6-6(c) and Figire6-6(d) for samples A and B, respectively. The results reflect that in both
the cases, reasonably large valence band offset (V8@t)served. This indicates that Srgan
act as a hole blocking layer leading to confinement of holes at the junction. On the contrary, very
low conduction band offset (CBO) can cause a considerable electrons overflow. However, CBO
in sample A is ~ 5 timdsigher than sample B whereas the VBO values are of similar order. Hence,
this can improve the performance of sample A by reducing electron overflow without

compromising hole confinement.
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6.6.21-V characteristics

To characterise the electrical properties oDsmP nanowire LEDs,-V behaviour was studied

for both the samples A and B. Eig6-7 (a)shows a typical rectifying behaviour in both the cases
confirming the formation of a-p junction. To measure the tuam voltage and series resistance,

the FV curves at higher voltages were extrapolated as a straight line. The point where the line
intersects with the abscissa is tiom voltage and the slope of the line is the inverse of series
resistance. Extrapolation of the curves is displayed iarE7 (@). A6 s o f t -emrrvéltage for n
sample B is observed as compared to sample A. The twaoltage for sample A is observed at

2.8 V whereas sample B has slightly higher turn on voltage of 3.36 V. Moreover, sample B has
slightly more series resistance/0W) compared to sample A (~ 449 which is due to lower
carrier concentration in the Sp@m. As compared to an ideahpjunction,slightly higher series
resistance and twon voltage in both the cases is observed due to the formation of oxide layer at
the interface of InP while sputtering Sndnhdeed, the oxidation of In& the interface has been
confirmed by XPSFigure 6-7(b) indicates he difference in the P 2p core level spectra at the
interface of Sn@InP and bulk InP. Additional peak at 133.3 eV confirms the oxidation of InP at

the interface®

6.7 EL measurements for LEDs

6.7.1Room temperature EL measurements

Following |-V measurements at room temperature, EL measurementsavassl out on both the

nanowirearray devices. To confirm th&nG i InP nanowirearray works as an LED, EL spectra
were measured at different current injection levels at room temperature. It is found that the EL
intensity increases with input current (&ig6-8 (a)). Moreover, a shoulder peak at higher energy

is detected in additioto the peak corresponding to the bandgap of WZ InP. To quantify the
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Figure6-7 (a) Comparison of-V characteristicef nanowire device abom temperature. (b) XPS spectra e2fPir
bulk and at the interface of SpP

difference in light output from both samples, the optical power from LEDs was measured using an
integrating spheran which total emitted power is collected in all thgrections. These
measurements only provide a qualitative comparison as the integrating sphere was not suitable for
our LED measurement setupigure 6-8(b) shows the output power from both samples. It is
evident that sample A outperforms sample B as thpub power is higher at all injection current
levels. Our results thus far indicate that there is a fine balance between absorption and resistance
for the device. Figre 6-8(c) shows the optical microscopy image of tremowireLED array
captured by an fnared camera with 10x lens. It is clearly evident that light is emitted from the
nanowires andwith the increase of current injection, the emission intensity becomes more uniform

across the entire array.

6.7.2Temperature dependent EL measurements

To gain further insight into the behaviour of these LEDs, temperature dependent EL spectra from

room temperature to 78 K at 5 mA were measured. Similar but quite complex temperature
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Figure6-8 (a) Room terperature EL spectra at different current injection levels (Sample A). (b) Comparison ¢

output of samples A and B as a function of injection current. (c) Optical images of the emission at room te

from the 100 x 100 pfarray at different cuent injection levels (Sample A).

dependent behaviour is obtained for both the devices where multiple peaks emerge with
temperature (Figre6-9(a)). To understand the origin of these peaks, temperature dependent EL
spectra are deconvoluted from &iig 6-9(b) and the peak shift values for each peak are plotted
with temperature (Figre 6-9(b)). The blue shifted spectra clearly indicates that as temperature
decreases, the bandgap of Infereases as expected from the temperature dependence of

bandgapf’.
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Figure6-9 (a) Temperature dependent EL spectra at 5 mA injection current. (b) Peak shift as a funetigecdtur
for different peaks of the EL spectra. (c) EL spectra at 78 K at different current injection levels where the bla

line indicates the blue shift in the peak position of ZB/WZ interface peak.

Figure 6-9(b) depicts that demperatures around 208 K, the EL spectrum exhibits 4 peaks due to
contributions of different energy bands. The peak at highest energy is due to the transition from
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conduction band (CB) to the light hole (LH) valence band, as a rediht ahd heavy holéHH)
splitting in WZ structure$®. This peak becomes dominant at temperatures above 150 K due to
thermal population of higher energy stat€s The energy difference between this peak and
CB/HH peak remains ~40 meV, irrespective ohperature, which is consistent witie reported
values?®’ 293,204 The second highest energy peak (CB/HH), corresptitie bandgap of free
exciton of WZ InPnanowirss , i n which recombination uSuall
poi nt an de mintbfaHe Srillauin zode>t. The lower energy peak (labelled as Zn
impurity peak) is considered to lokie to Zn related from-goped InP nanowires. The energy
difference between this peakd CB/HH peak remains around 34 meV which is consistent with
reported values of Zn activation energy for low doping levéls The lowest energy peak
(ZB/W2Z), is related to type Il transition from ZB to WZ interface between the nanowires and
substrat@®2 To confirm the origin of the lowest energy peak, EL spectra at different current levels
were measured at 78 K. It can be seen inf&ig-9(c) that the position of this peak is at ~920 nm
at 1 mA of current injection, which is consistent with reported va&ffeSloreover, as the injected
current increases, a blue shiftin the peak is observed similar to that reporteetlay. Sanfirming
this peak originates from the interface of nanowire (WZ) and InP substraje®{ZR\nother
possibility of this peak could be the mixed phase structure inghewires. However, we rule out
this case here ashas previously been reported that for the above mentioned growth conditions,
the nanowires have a pure WZ phaseé®. Multiple peaks in the LED are indication of many
recombination centres in the device. After confirmaxgellent light output properties, optimum

dimensions were found out to achieve low threshold lasing.
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6.8 Electrically injected nanowire lasers

6.8.1Simulations
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Figure6-10 Overlap of gain curve at room temperature at a catdasity of 5x1& cnv® and modes supported in

1 um (b) 2 um (c) 3 um (d) 4 um long InP/ Sp€bre shell nanowires.

To perform simulations, SnOnaterial was definedBandgap of 3.6 e\*°3 optical dielectric
constant of 4% and static dielectric constant o9 were chosen. The electron mobility SO
film was measured from Hadiffect measurement system and taken as 13vcis! and hole
mobility was considered 1/5of electron mobilityaccording to the effective mass ratio of holes
and electron$®® 257 CAD design for ,ISnQd/p-InP core shell nanowire is similar teZnO/p-InP.

The only difference is instead of 30 nm of ZnO film, 30 NP film was used with doping
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concentration of 5x28 cnv3. 1-D simulation of ”RSnQ/p-InP cavity indicates that the resonant
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Figure6-11 Room temperature-Lplots of nSnQJ/p-InP nanowire devices of various nanowire diameter with

length of (a) 1 um (b) 2 um (c) 3 um and (d) 4 with different diameters showing lasing.

wavelemgth is 846.3 nm for 1 um long nanowire, 808.8 nm for 2 um long nanowire, 836.2 nm for

3 pum long nanowire and 853.1 nm for 4 pm long nanowire (Figtk@)6
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The 2D simulation results are displayed in FigwEL6 Similar to ”ZnO/p-InP cavity, the lowest
current threshold is obtained for 200 nm of diameter irrespective of nanowire length. The minimum
threshold current obtained for 1, 2, 3 and 4 um long nanowire are 0.16, 0.18, 0.31 and 0.46 mA,
respectively. The minimum threshold current required to achesieg increases with nanowire
length due to increase in namiform current injection. Moreover, with very low doping
concentration of Snofilm, lasing could still be achieved. This happens due to higloping
concentration of ITO layeiTherefore, the optimised range of length of nanowire was considered

to be 1I 2 um with a diameter of 200 nm.
6.8.2Experiments
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Figure6-12 EL spectra from single nanowire at different current injection levels at (a) terogerature and (b8

K. The black dashed line in (a) indicates wavelength position at 870 nm.

Nanowires were grown using the same optimised parameters as described in 4.2.2. The size of the

array was reduced to 10 x 10 nanowires with a ptch um and pulsed current was passed with
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pulse width of 0.5 ps and duty cycle of 1%. Also, to reduce recombination into the wafer, a 2 um

thick SU-8 was left after ICP etching.

Figure6-12 (a) shows the EL spectra recorded from a single nanowire. It is evident that majority
of recombination is occurring inside the nanowire as the peak position of EL curve is at 870 nm
which corresponds to the fundamental bandgap of InP nanoWiretowever, red shift in the EL
spectra at higher injection current is a clear sign of heating in the device. To minimise heating,
measurements were performed &7 Figure6-12(b) displays the EL spectra measureddit. 7
Similarto the LED measurements, three peaks were obtained at lower injection currents. At higher
current levels, a peak from the substrate becomes prominent indicating the some recombination
areoccurring inside the substrate. After 350 mA of current (3.5 mAaeowire), the device was

burnt. The value of current is significantly higher than the minimum threshold obtained from the
simulations. The deviation in the simulations and experiments could be due to excessive heating,
higher series resistance and soraeriers recombining inside the substrate due to lower hole
mobility. Additionally, multiple recombination sites reduce the gain generated for the mode

corresponds to the fundamental bandgap of the nanowires.

(b)

Figure6-13 SEM images of the InP nanowire array device after degradation at 45° tilted view. (a) Entire arra

magnified image showing the burnttaianowires.
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To understand the degradationdaivice, SEM analysis was carried out.Ufg6-13(a) shows an
image of the device after degradation. Some nanowires are completely burnt whereas some are
still present indicating the nesmiformity in the wires. Figre6-13(b) indicates the nanowires are
burnt at the bottom suggesting the excessive carriers crowklinidper optimisation in the design
of lasers is expected to reduce excessive heating, carriers crowding, shift of recombination region
and provide a sharp emission profile, so that peak gaifeancreased substantially, which can

then pave a way towards electrically injected nanowire lasers.

6.9 Conclusions

In summary, we have studied the electrical and optical properties of sputter defasidalyer

as a function of oxygen percentage andesbed that there is a trad# between absorption and
resistance. To understanebmQd/p-InP junction formation, we studied the band alignment at the
interface and found that Sr@cts as hole blocking layer. We have alemnonstrated corghell
p-InP/n-SnQ heterojunctiomanowireLED arrays at different deposition conditions to understand

the tradeoff between absorption and series resistance. In terms of output power, sample A (higher
absorption and lower resistance) was better than sample B (lower absorption and higher
resistane). The potential reasons are better confinement of electrons at the junction due to higher
CBO, efficient current injection and lower resistance which leads to less heat generation. This also
provides evidence that some compromise of the absorptionWerily the device resistance can

lead to an effective working device.

To have a deeper understanding of recombination mechanism of these LEDs, we performed
temperature dependent behaviour of these LEDs and showed that 4 peaks could be resolved from
the EL spectrum at ~208 K. These peaks originate from CB/LH, CB/HH, Ci##dant energy

level and ZB/WZ transitions. The first peak quenches when the temperature is less than 208 K
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whereas, the last two peaks become prominent with decreasing temperature. The second peak is
related to théundamental bandgapence it is observed iall the measurements, irrespective of
temperature. The device was burnt when high current was passed through it to achieve lasing.
Further optimisation in the design is required to reduce recombination inside the substrate, multiple

recombination centregxcessive heating and current crowding.

119



Chapter 7. Core-shell n-InP/p-
SnNiyOz nanowire emitters

In this chapter, we explore thin films of $tyO: as a ptype layer for AINP hanowires to minimise

the recombination inside the substrate. First, electrical and optical propertiedgizayer as

a function of oxygen fraction and temperature are studied. Subsequently, we investigate the
stability and the performance pf SnkNiyO: /n-InP nanowire LEDs. After confirming good optical
properties of the device, we perform both numerical and experimental lasing measurements and

discuss potential reasons for degradation of the device.

7.1 Introduction

To date, the TCOs used for commalcpurposes are predominantlytype and extensive
investigation is ongoing to developtype TCOs that are reliable for practical applicatiorse
significantly poorer performance oftppe TCOs in comparison to thehtype counterparts is due

to theirelectronic configuration. The interaction between metal ns orbitals and oxygen 2p orbitals
causes charge disparity leading to spatially dispersghbitals and highly localised oxygen 2p
orbitals?582€0, This results in smaller effective mass of electrons as compared to holes which leads
to higher mobility and better transport of electréi¥sTherefore, high performancetype TCOs

can be realised by reducing the localisation of oxygen 2p orbitals.

To reduce localisatiorhybridisation of O 2mrbitals and closedhell Cu 3é° orbitals has been
proposed since they have comparable energy levels and are expected totVEidayever, most
of the coppeibased oxides such as CuO,20wand CuAlQ exhibit decent electron mobjitout

poor hole density*'® 261 Furthermore, they are either deposited or annealed at very high
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temperatures which is not suitable for most applications. SnO demonstrates high carrier
concentration but strugglesth stability 116: 261 SnOhas metastable phase and is stable only up
to 300 °C?¢2 263 NiO is stable and shows decent carrier concentration, howeiren, absorption
due to low oscillator strengthi d interband transitionsauses lower transparency in the visible
range?® In this paper, @ explore thin films of an alloy oxide of Sn and Ni {SiRO;) to
overcome these shortcomings. So far, its application in lithium storage, electrochemical and
electrocatalytic properties, gas sensing and phuztalytic properties have been studtéef’C.

Nevetheless, the use of these films in optoelectronics devices is nascent.

Combining p SrkNiyO; with 111-V semiconductors has potential in a vast range of optoelectronic
applications. High dopant concentration is required to form good Ohmic contact but results in free
carrier absorption and Auger recombination that decrease device perforfi&H€e?’ In
general, free carrier absoign from pdopants is higher thandopants'®®. Therefore, replacing

the pdoped layer with conformal TCOs layer over atype nanowire can mitigate free carrier

absorption as well as simplify extensive optimisation process during nanowire growth.

7.2 Experimental section

Sn and Ni targets with 99% ptyriwere used in a sputter coater system, coupled with reactive
oxygen gas to obtaiSnNiyO; films. Argon was used as the sputtering gas at a constant flow of
20 sccm. Sn target was powered with 120 W RF source while 90 W of DC power was applied to
Ni target for all the experiments. Thexlr percentage was varied from 10% to 25% while the
temperature was varied from room temperature t6é@5AIl depositions for optimisation study
were done on Corning glass and heavily dopédPsubstrates. Glass substgeawere used for
bandgap, absorption and Halfect measurements while InP substrates were used for computing

thickness and refractive index using ellipsometer. For ellipsometer measurements, films were
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deposited for 5 mins such that thickness of allftimes were below 100 nm for better fitting.
Details of ellipsometer fitting has been described in section \GaB-derPauw Halleffect
measurements were carried out on ~2 um tBialiyO; films as described isection 6.2Energy
dispersive XRayspectroscopyEDX) was performed using an EDAX detectoiFial Helios 600

NanolabFIB to estimate the composition 8fgN |O, films.

For fabricating the LEDs,-doped InP nanowires were epitaxially grown on heawitioped InP
substrates using SAE with Sithask with oenings of 300 nm diameter, 1 yum pitch and array
size of 100 x100 pfh At a base pressure of 100 mbar, trimethylindium with flow rate of 6.07 x
10 ¢ mol/min and phosphine with flow rate of 4.91 x'4@ol/min were introduced into the
reaction chamber using2 as a carrier gas. Fordoping, silane with flow rate of 3.08 x 70
mol/min was introduced into the chamber. Growth was performed at 730°C for 15 mins. The
nanowires were 3.5 um long with an average diameter of 400 nm as showarg/Flga). Figire

7-1(b) illustrates the device fabrication process for the LEDs, which have been described in detalil

in section 3.3.2

Figure 7-1 (a) SEM image of the InRanowire array grown by SAKIOCVD technique at 30° tilted view. (

Schematic diagram of the LED fabrication process.

Bandgap and absorption coefficient &nNiyO: films were measured byJV-Vis-NIR

spectrophotometer. To study electrical properties of the film,-éfdtt measurements were
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performedin a magnetic field range 610 to 10 kG Elemental and surface analysisSyNiyO;
films were carried out usin¥PS and UPSEL of the nanwire LEDs was measured bgwPL
system A 10x lens (numerical aperture of 08ps used o r al | the measur em

measurements were carried out using a source/measurement unit.

7.3 Oxygen dependent optical and electrical properties
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Figure7-2 Comparison of SiNiyO;, films deposited at variousAAr percentages. (a) Refractive index as a fun

of wavelength. (b) Absorption coefficient as a function of wavelength.

To study the effect of oxygen partial pressure during depositi@mdiiyO: films, refractive index

was computed as a function o#/8r percentage for the thin film deposited on InP wafersureig
7-2(a) shows the plot of refractive index as a function of wavelength. The trend of refractive index
for 10% QJ/Ar is different thantherest of the films. Monotonic increase in the refractive index
indicates that film has more metallic characteristics than oxide. This is also evident from higher
absorption coefficient (Fige 7-2(b)). However, as the oxygen percemtamgcreases, both
refractive index and absorption coefficient decreases, indicating film is transitioning towards a

metal oxide layer. To confirm this, we performed EDX measurements to determine the
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composition ofS pN |0, films. Table 71 indicates thawith increasing oxygen partial pressure,
both the concentration of Ni and Sn decreases monotonically. However, the change in Sn is higher
than that of Ni. Further, the oxygen content increases from 33.8% to 60.2%. These results,

therefore confirm that thi@m is transitioning towards oxides with increasing/&F percentage.

Table7-1 EDX analysis of SiNiyO; films deposited at room temperature.

OJ/Ar percentage Sn atomic % Ni atomic % Oxygen atomic %
10 42.8 234 33.8
12.5 34.6 22.9 42.5
15 294 225 48.1
17.5 25.9 21.7 524
20 24.0 20.5 55.5
225 21.8 19.8 58.4
25 20.6 19.2 60.2

To determine the optical bandgap, thin films were deposited on glass substrates. By extrapolating
the linear region of the Tauc plot to thexis, the bandgap was deduced (F&y-3 (aQ)). Figure

7-3 (h) shows the variation of bandgap witt/ A percentage. A sharp rise in the bandgap from

the 10% to 12.5% samples further supports the metallic characteristics of the 10% film. As oxygen
fraction increases, the bandgap increases which also sugiporside nature of the film. Our
results are consistent with literature where an increase in the bandgap of boamtl&nQ with
increasing oxygen fraction has been repoff@?’2 The fundamental bandgap of both SnO and
SnQ is indirect?43 244 Moreover, NiQ also exhibits indirect bandgap, therefore, we consider
indirect bandgap oSnNiyO; film and use it for band alignment analyses with InP in later

sectior’3
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Figure7-3 Tauc plot for SgNiyO, layer deposited at room temperature witliA® percentage of (a) 10% (b) 12.
(c) 15% (d) 17.5% (e) 20% (f) 22.5% (g) 25%. (h) Bandgap of thNi3D, layer vs Q/Ar percentagelerived fron

Tauc plot

After studying the optical properties, Halffect measurements were performed to investigate the
electrical transport properties. Our results show that with increasily @ercentage the film
transition from rtype to ptype. Figure 7-4(a) shows the carrier concentration as a function of
O2/Ar percentage. Initially, films exhibit-type characterists. NiO is ptype irrespective of
deposition conditiort’2. However, when metallic tin dominates, the film behaves-gp&?’
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The presence of metallic characteristics is also supported by higher refractive index values in
Figure 7-2(a) As OQJAr percentage increasesiype conductivity decreasekie to decrease in
metallic elements which is evident from EDX results and finally the film exhikip@ behaviour.

The ptype behaviour is attributed to the formation of SnO, whightige in nature. Stability of
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Figure 7-4 Comparison of SiNiyO, films deposited at room temperature with differentA® % (a) Carrie
concentration and (b) Resistivity. The green, red and yellow rectangles indigats ptype and highly resisti

behaviournof the films, respectively.
SnO phase is reported in very narroxygen range which is consistent with our restifisFurther
increase in the oxygen leads to SmpDase which is4type and therefore, thetppe conductivity

decreased’* ?’>and the film becomesistive.Figure 7-4(b) shows the variation of resistivity as

a function of Q/Ar percentage.

7.4 Temperature dependent optical and electrical properties

Following the study of the effect of AAr percentage, both optical and electrical transport
properties were studied as a function of deposition temperature fotyhe pim (O/Ar = 20%).

Figure 7-5(a) shows the variation of refractive index as a function of wavelength for the films

126



Chapter 7Coreshell nInP/p-SnNiyOz hanowire emitters
depositedat different temperatures. Our results indicate that refractive index decreases with the

increase in temperature and the films become more transpareuate(Fg(b)). However, the
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Figure 7-5 Comparison of SiNiyO, films deposited with 20% £Ar at differentdepositiontemperatures. (

Refractive index as a function of wavelength. (b) Absorptimefficient as a function of wavelength.

change in both refractive index and absorption coefficient is relativeill svhich is due to

minimal change in composition (Table2].

Table7-2 EDX analysis of SgNiyO; film deposited at 20% £Ar percentage at different deposition temperatures.

Deposition Bmperature®C) Sn atomic % Ni atomic % Oxygen atomic %
RT 24.0 20.5 555
50 23.9 20.1 56
100 235 19.7 56.8
150 22.3 19.5 58.2
200 20.7 19.2 60.1
250 194 19.1 61.5
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