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Abstract

The use obrganic, semiconducting polymers provides an attractive option to advance
commercial solar photovoltaic technologies. These devices haveriti@ pote
bespraycoated on flexible, lighteight substrates and produced cheaply in high
volumes; however, performance remains limited in practice. Interpenetrating,
transparenhanostructurewith near metallic conductivitgprovecharge extraction

while also serving as-®3tructural support for the phessorbing polymer region

extending device power conversion efficiency and lifetime.

For tindoped, indiuroxidenanostructurethere is tradeff between high
conductivity, transparency, and theelkbighlyoranched® o6 nanotr eed® mor pho
when fabricating highly conductive nanotree films, wires with high conductivity are
achievable through deposition at elevatedhatesverincreasing the deposition rate
results in a reduction of the numbgbranched~urther reliable characterization and
optimization of the electrical properties ofrthreotrearrays is a challenge due to the
laterally disconnected architecture, and requires the adaptation of a typically planar

device architecture tocmmmodate the-B structures.

In this work, the fabrication of a feirminal device architecture paired with
ohmic contacts removes the contribution from the measurement leads and minimizes
the contribution for the leathnostructureterface, allowgifor the exploration of the
electronic interfaces internal totla@ostructurarraysThese electrical test structures
are then utilized texplore posprocessing anneals to optimize the NW conductivity,
while maintaining the higldlyanched structuresiitable for integration within OPV
devicesDevice resistance is correlated to the observed electric field dependence,
relatable through the electronic modes supported undét west. found that the
oxygen vacancy distribution within individual strestcan be affected, measurable
through analysis of the shifts in the observable electrical propertiésupttémminal
characterization devic&hese observations extend the technological feasibility of

thesenanostructureand present areas of putal improvement in future applications.
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resistance with increasing reduction intensity, e.g., Wher? | AT OA
o 1t [ . Further, there is an underlying4nonmal distribution of devicesults
(see inset, normal curves added for a guide to the eye); (b) cluster A (triangles) and
cluster B (circles) and controls (diamonds) for all processing conditions (see also
Appendix G). Here, is estimated usinguw= 32.2 = 0.6 nm, less the esited
A ~ 1 nm. Il ncluded for referewace are t|
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samples (diamonds). Open symbols are indicative of values after the air anneal.
Inset: schematic band diagram depicting the chemical depletion mechanism, adapted
from:[161] . Her e, A* i s suggested t.2#02extend f &

Figure &3 Estimated chemical depletion vs. reduction flow rate. (a) Estimated chemical
depletion layey ¢ for indicategrocessing conditions (initiajly, estimated to
be ~ 1 nm for the adeposited condition), inset: EELS oxygen compositional map
for representative NW processed at 100 sccm, 375 °C with dimensions ~ matching
estimates of z; (b) complementary metal disition for same NW,; inset:
schematic depicting extending into the bulk of the NW due to oxygen vacancy
1111 T o ) PO PPRRPR 103

Figure & Tapered metallic core for sample AB2096. (a) Dark field fT&gvhple
AB2096 (0.5nm's t = 10 Om) with the region of i
compositional analysis; (b) EELS compositional temperature map of the trunk
region showing areas of maximum and minimum In concentrations, adjoined frame
showing samfer tip region (10 nm scale bar); (c) same for temperature map of the
complimentary ITO concentration. This is an unpublished observation, noted by
2L 0] o [ PP 104

Figure €6 XRD spectra. Xay difraction line profiles for the IT€ossand crystalline
VLS nanotree structures (witkdaposited,an nl vy, and O6sccm sweepod
ordered first). ITQsesfilms indexed to (k3.Sn.0g O3 ICSD 010834596 (dashed

Figure 8 Surface composition and shifts with reduction of NWs. (a) Relative atomic
surface concentration of In and O (determined by AESniiprobe depth) and
t(determined by UPS, -53nm probe depth) wang with processing (average of
three measurements across three sites of interest); inset: relative atomic surface
concentration of Sn varying with processing and probe depth. Open symbols are
indicative of values post air anneal................cooccceeeerieeicieee e 109

Figure 67 Transmission spectra fordeposited and annealed VLS films. As
deposited films (0.2 nmand indicated); (a) films post air anneal; (b) and post air
+ 375 °C, 100 sccm reduction anneal. No#gor feature at 2700 nm, as well as
minor features at 1400 nm and 2250 nm, are due to absorption bygiiaelé]V
fused silica substrate; inset: transmission curve of a blank substrate from [202]. The
dashed line provided as a guide to the eye forifimgggblasma edge (compare
with transmission spectra for reduced films). Spectra were collected by M.T.
Taschuk. A version of this dataset was published within the supplemental
INFOrMation OF [L1].....cciiiiii e oo 111

Figure Transmission spectra. (a) Schematic depicting the local reduction
environment for various reduction gas flow rates; {@@@asited films (0.2 nm s
and indicated) i post air + 375 °C, 100 sccm reduction anneal. Dashed line
provided as a guide to the eye for the shifting plasma edge (see previous as
deposited and air annealed transmission SPeCctra)...............ccccceuvnennes 112
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Figure €9 Metallic Transition of films deposited at elevated Fed@smission spectra
for films, deposited at 0.1, 0.5 and 2.0 hasdeposited films (solid line) diids
post air + 375°C, 100 sccm reduction anneal (dashed lined):(gfilrs; (b)
|TOV|_S 5oﬁ|mS ....................................................................................... 114

Figure 610 EELS cordoss temperature map for oxygen and metal spectra- (a) top
down EELS spectrum map (device 4d244); (b) oxygeosotemperature map
for sam@ processed at 100 sccm, 375 °C; (c) normalized metal (Iorefrgsc
of the same NW depicting complementary distribution of metal within tf§ NW.

Figure €11 Aperiodic cores as observed by EELs and TEM analysis. Oxylpss core
RGB (a,b,c) channgighere the scale matches that of previous EELs maps (see Fig.
6-12 a).Coreloss data presented using the ImageJ plugin Image5D (used to handle
the time series of 3Multichannel data stored in the .dm3 Edye view SEM of
structures deposited at 81 s' (50 nm scale bar) for: (d) continuous core, (e)
concentric core, and (f) rippled core; inset: schematic for variestsetioredels.

Figure 612EELS phase mapping of a sidatated NW. (a) Higlangle annular dark
field (HAADF) image; isolated elemental phase map for (b) In, (c) ITO, and (d) the
RS0 [ = LT3 o] F= 1S 1 o o PP 118

Figure 71 Experimental schematic process flow. Nanctures processed under the
indicated conditions are deposited between metallic contacts (outlined in chapter 4
and 5). Further characterization reveals an induced, aperioditeitstaucture
(see the discussion of chapter 6). Inset: EELS mixsel pla@ (for ITO NW of
Fig. 614) including In catalyst droplet, ITO and surface plasman....... 122

Figure 72 Nanostructured OPV. Explored by our collaborators in the Chemistry
department, the (a) rfctionalization of the NW surface prepares it for (b)
integration into a narenhanced OPV device; (c)ie scan elemental analysis

indicates that strong indium signal from
mainly from the outer skin, indit i ng t hat ZnO 6skind surrol
6cored. Figur.e..ctr.edi.t....[.212].....124

Figure 73 Multigate CBKR architecture. (a) Substeatel layout; (b) Devidevel
layout; and (c) a scherodMW interconnect (deposition processes on the left and
fabrication processes on the Mght)...........eeeeeiiiccccccc e 125

FigureA-1 GLAD-ITO OPV. (a) GLADITO (a = 83°) structures integrated into a
P3HT : PCBM BHJ; jlxapped with ~ 80 nm of Al. (c) The resulting illuminated
current densityoltage plots fabricated with commercial ITO (orange diamonds),
GLAD ITO (black triangles) and sitcapped GLAD ITO (magenta squares)
anodes. (500 nm scale bar); (d) Scannit@rledcrograph of 150 nm GLAD
ITO capped with 50 nm silica to prevent electrical shorts between electrode and
cathode (200 nm scale bar). Figure credit. [S1]........ccovviviimmmmererinnnnnn. 152

FigureA-2 Polymer pore comfement. (a) edge tilt (10°) SEM images of GEBD
TiO-film, with 3 nm growth intervals, 1 nm transition period, insetotep view
of same (1 Om scale bar) (b) 11 nm growt

Xiv



absorption spectra for annealed GEBBDTIO, devices (175, 2@80 mins) (d)
Rsmeasurements for SAmME...........cooeiie it cmmmeiiiiiii e 154

FigureB-1a sweep and-®@ire measuremer(a) 2wire measure of the axial resistance
revealed a factor of ~ 2 increasegridR higha films (relative to our planar Ag
control), inset: evolving lateradlglated ITQ.ap films; (b) schematic device
architecture of nanostructures isolated between sculpted Ag cap and commercial
ITO SUDSIIALES......eveiiii et e e s 156

FigureB-2 Equivalent circuit model and schematic. (a) The series contribution from the
electrodes is removed withw#te measuremenincluded are the interface
contributions and the geometrical contribution due to thkepplate contribution
of the electrodes. A series inductance was supposed during these initial experiments;
(b) SChematiC Of SAMIE...........uuuiiiiiiiii e eeneeee e 157.

FigureC-1Film-level defects. (a) Talown SEM showingWs that are ideally plasma
ashed, those with exposed branches, and large film level defects; (b) schematic
illustration depicting the latter...........ccoooii i e 138

FigureC-2 Devicescale defects. Isolatedadt$ observed during (a) Ag deposition; (b)
Ag + VLSGLAD-ITO deposition; and (c) VESLAD-ITO deposition......159

FigureD-1 Estimated Ag trace dimensions. (a)dopn SEM of a device with PR
ove hang,; i n atthe edgedftPR phetask (1 nng sgale bar); (b) Top
down optical microscopy of the same; (c}dapn threshold image of optical
frame, depicting g)atdiAgimawettd (We.r....463 r egi on (

FigureD-2 Determination of \Ajand device damage. (a) oblique SEM, and (b) optical
micrograph view of cleaved top contact section allowing us to observed the PR
coated Ag contact directly; (c) edgev SEM of device 2b111 and (d)}
optical micrograph of same. Undercutting is believed to be responsible for contact
degradation and deviation of device performance. Note: device 2b111 failed open
circuit and therefore is not included in the final dataset...................... 164

FigureE-1 Peak width, centre and width for (400) and (222) peaks of interest. Error
bars represent instrument error (calibrated against LaB6 startagd dnd with
varying goniometer angle). Maximum intensitybetti@enbd| 2.~ 88392° for
(400), and 18822° for (222). An alternative Cauchy fit gives, (400): (75 £ 16) nm,
(222): (30 = 5) nm. Here, the uncertainty represents the standard deviation of the
range of observed grain sizes for the given orienfatawss all processing
conditions). For a detailed consideration of the progression of film texture with rate
see ref: [94] and [9]......ccoviiiiiiiiiceereem e e 165

Figure F1 EELS sample prepation and data collectjo@b{eueview SEM of a 100
sccm device being excavated using a FIB; (hWiglaSEM of sample after being
thinned from top and bottom with the FIB; (c)-ttgovn TEM of branched NW
film suspended within the polymerfilh region; (d) isolated NW; inset:
corresponding cofless EELS Spectrum map............oooveeceeeeeeieeeeeeenn. 166
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FigureF-2 EELS spectrum collection process. (a) During EELS characterization, an
incident transmission beam (~1.1 eV) scans theseagm ofan isolated NW
mid-section (~ 150 nm thick), and the resulting elemental peaks are resolved using
principle component analysis (PCA). PCA is a statistical technigue that considers the
variance in contrast of a spectrum image; inset: the data setisaihsructed
using only those principal components, eliminating those that represent noise [180];
(b) this analysis produces a dataset (.dm3 file) that can be manipulated and analyzed
digitally. The resulting dataset can be considered asdintieresgonladata cube
whose ¥y dimensions (regpace imaging dimensions) and z dimension (energy loss
in the spectra) contain spectroscopic information related to the local bonding
environment. Energy filtering allows us to select the metal components and (c)
oxygen component in the collected spectrum image, by isolating the associated
energy range characteristic of In, Sn, and O; from this analysis we can generate the
coreloss temperature map for metal spectra and oxygen (d and e, resg&ctively).

FigureF-3 Air-annealed EELS colass temperature map. (a) oxygen normalized metal
profil e-ofndry 6t kaamipdier (taken along ~ 30 nm
uniform/flat elemental profile of tlar-annealed NW isolated from device 3c211
(unlike the pronounced metallic core of FBO)6 Inset: the RGB channels are
separated using the ImageJ plugin Image5D (used to handle the time series of 3D
multichannel data stored in the .dma3 file). Comptré&iy. 612 &c.......... 168

FigureG-l1K-means cl uster assignment for- all cond
means ¢l ust Result:mfgpd tha analysig ®fi nermalized variance
(ANOVA), reveal that relative to the eledirtd [F (1 ,92) = 165.57, p < 0.05], the
number of posts [F (1,92) =0.987, p = 0.323] and processing condition [F (1, 92) =
0.990, p = 0.322] are not the dominant variables that explain the clustering of our
devie dataa notable exception is samples processed at 10 sccm and 175 °C for
which the number of posts is the dominant variable need to explain imedallti
(o3 101 (=T [ T RS 169
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Symbols and nomenclature

= H+ o~

ANW
Acore

Ne

Me

Q)

Deposition angle, angle of flux relative to substrate norm.
Azimuthal angle of the substrate chuck during deposition
Deposition flux rate

Temperature

Film thickness

Crosssectional areat full nanowire

Crosssectionahrea of goposedly metallic core nanowire
Average time between scattering events

Intrinsic conductivity (resistivity)

Majority carrier mobility {type)

Majority carrier density-type)

Mass of a free electron

Charge of a free etean

Plasma frequency

Material permittivity

Pl ankds constant

Crystal lattice constant

Bragg angle

Scherrer crystallite size

Crystal lattice spacing

Applied test current

Measured device voltage

Spedic contact resistivity

Areal post density
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%
%
%
%
%

6?33

AES

Device crossectional area

Contact area

Width of electrode (i.e., Au, Ag, 138D

Material workunction

Deviation in contact window (chemical depletion width)
Inline electrode resistance contribution

Contact resistance

Sheet resistance

Measured device resistance

Kelvin potential

Kelvin resistance

Geometrical resistance contribution

Transfer length (dence needed for 63% of signal to pass,
Contact crossectional length

Number of posts in a given device

Current density

Electricfieldgr i ent ed parall el) to
Poisition of Fermi level, measured fratance band maximu
Position of conduction band edge

Position of valence band edge

Vaccuum level

Material bandgap

Oxygen vaccancy density

Exciton diffusion length

Electron elastic mean free path

Auger electron spectroscopy
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BHJ Bulk heterojunction

CBKR Cross bridge Kelvin resistor
CTM Crystal thickness monitor
EBE Electron beam evaporation
EDX Energy dispersive-bay spectroscopy
EHP Electrorholepair (exciton)
FIB Focused ion beam
4PP Four point probe
GLAD Glancing angle deposition
ITOx Indiumtin-oxide; subscript indicates deposition paramete
NW Nanowire
OPV Organic photovoltaic

PCBM [6,6}phenyl C6butyric acid methyl ester

PCE Power conversion efficiency

P3HT Poly(3hexythiophene)

PVD Physical vapor deposition

SBD Serial bdeposition
SCCM Stanardard cubic centimeters per minute
SEM Scanning electron microscopy

TCE Transparent conducting electrode
TCO Transparent conducting oxide

TEM Transmission electron microggo

UPS Ultraviolet photoelectron spectroscopy
VLS Vapourliquid-solid

XRD X-ray diffraction
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1 Solar sell

The solar photovoltaic (PV) industry in its present form has been enveloped by the
progression of the microelectronics industry, and soeistexo be subject to the

similar limitations. The tools and process technologies characteristic of the
microelectronics industry have allowed for the unprecedented control/fabrication of
crystalline materials and their doping. The development and eefiremits

fundamental building blo¢k], the metasemiconductor junction, has facilitated the

steady miniaturization of intetghcircuit elements and a subsequent increase in feature

density (manifesting as an exponential increase in computational power, paired with
decreasingcosi®s s mapped b y[l] ©iceentlesdnsarch tawards) the

atomic scale is impeded by the complexity encountered at this §Zeasuhkn has
catalyzed a reprisal of Moor e @ependemtw; it 1| s
design now dominates devel opment strategy,
prevailg3]. For PV applications, this shift trasegy includes the integration of power

production, storage and emske circuitry. This is in comparison to current

i mpl ementations which separate power pr od:



« Gate oxide
«— GAA

Figure 1-1Ensemble nanoarrays in industry, research and ghwork. (a) Schematic of an industrial
scale execution of a memory module available in the coming years fiéiticnoel Copyright Intel
Corporation 201€b) research statd-the-art for the idealized gate contact, tharalind wrap gate
Figure creitt [8]; (¢) our nanotechnology (this work), configurable nanotree thin films (single nano

(NW) shown), achieved by adjugthe deposition angte) @nd azimuthal angi®.(Figure credif9].

(including battery banks and inverters). The key requasitedve this new strategy is

the use of flexible fabrication techniques and advanced material systems. Such
techniques as coating with n@omposite materials can allow for the novel application

of stacked, or 0t and e nygdirestlyWwithbattecyeharbilg wi t h d e
units[4], [5] and fabrication ideally proceeding within a single procés lifiel he

further miniaturization and integration of these circuit elements requires the blending of

resarch disciplines and the expansion of current im&rd nandabrication

techniques, as well as more sophisticated process verification methods.

Current mass manufacturing methodologies utilize pabBartijin film
nanostructuring via lithography, enabling high yield, high throughput and ultra large
scale integration technologi@he extension of fabrication methodologies into the
third-dimensionn the field of microelectronics is currently drivingrazhs in memory
storage and display technologies, whsearch efforts have focuseihaneasing the
addressable feature density atlsOb nm di mensD oXBoi(rste@® mdérmo ro)3
module schematic iig. 1-1 g [10] and improving electrostatic control at reduced
dimensions (shownltg. 1-1 b,a nanowirdased fiele&ffect transistor array utilizing
a gataallaround architecturg¢®]. This thesis explores highly branched ensemble
nanostructure arrays and their relevance to the field of orgaacsBhematic of an
isolatedranclednanostructure o r  § utiliZzed inthis woekds shownrAig. 1-1
¢) [9]. Engineering nanotree conductors for solar celp@bhaltels to size scales in ultra

large scale integratias itrequirs dealing with suttO nm critical dimensions for

1 n t®eBroadsvelEP Xeonprocessor has 7.2 billion transistors.

2



polymer/exitonic domainas well as theanastructure crossectional dimensians
Further if a trunk branch union is considered astarconnect, then the interconnect
density is approximately 170 billior? éon our deposition conditiof$1]

Due to their unique optelectronic properties and variable morphologies,
nanostructured thin films have been identified as candidates-franezation energy
conversion devicg¢$2] One flexible nanostructure deposition technique is glancing
angle demmtion (GLAD) which produces highly porous thin films with tunable
morphologiefl1], [133[15] GLAD films have been used for sens@P[18] catalyst
supports or electrocheraielectroded 9p[24] and solar cel[25P[28] where the
easily accessible surface area improves response time, electrochemical activity, and
charge extraction (respectively), but increases the cgmpiexiesired film
requirements. The identifying feature of GLAD is physical vapor deposition (PVD)
proceeding at oblique angswith modulation of the azimuthal angl@llowing for
control of the apparent position of the source; together, thesgoosnehable an
unprecedented degree of control Thever an i n
performance of devices utilizing GLAD nanostructures relmates by insufficient
control of the filmds sur flafocashasmedenty bul kd mas
shifted to more advanced control of an ind
including control of phase, crystallographic orientation, and dopant level; however,

reliable diagnostics for nanostructure arrays have natryelebelopéd
1.1Solar industrg brief history and context

A viable solar technology is considered on the basis of power conversion efficiency
(PCE?® material usage, and manufacturing complexity afg].édg¢tdevices directly
convert sunlight into electricity, absorbing light (photons) of sufficient energy to
promote electrons into the conduction band, where they become free charge carriers

and are available do electrical worlOrganic PV devices (OPVs) accomplish this

2Discussed further whapter 2for the material system of interest: indiutmoxide (ITO).

3PCE is given by the ratioaitput power tanput power, where the former is typically measured under
the global AM 1.5 spectrum (1000 WAah 25°C), and the latter determinedby the device
characteristid218]



throughthe use of organic small molecules and polymers, which are compatible with
low-temperature, solution processing, and integration with flexible, plastic §ahstrates
[29], [30]Of these tectologies, polymédrased photabsorbers have garnered much
attention due to their extreme flexibility in synthesis; ideal for design and fabrication of

OPVs, but not for longerm stability and therefore lifetime of the final product.

The use obrganic, amiconducting polymers provides an attractive option to
advance commercial solar technolalyieso their potential for lewost, and wide
scale adoptiomowever they have yet to reach the requisite PCE and lifetime
thresholds of traditionalaferbasedand commercial thifilm technologie$2].
Nanostructures are expected to enhance the performance of OPVs through improved
longrange order, and increaseatieme area interaction within the otherwise disordered
photo-absorbing matrjextending the PCE and lifetiiscussed laj¢i2], [31], [32]

1.1.1Currentwaferbased and commercial tiim PV

WaferbasedPV is epitomized by singénd polycrystalline Si devices, which can be
highly efficient and stable, but experj2iv€ommercial thifilms and amorphol&
technologies have incrementally improved key metrics such as specific power and have
continued the coseduction trend of PV technologies, contributing to grid parity in
many market§33] These eaHgeneration, inorgarsemiconductor technologies
currently dominate the global PV market. However, the cost of production, thick active
layers, and enermensive processing are impeding further progress vetibesail

and current commercial thitm PV technologieR]. An overview of the various
researclyrade PV technologiessummarized ifrig. 1-2, outliningthe historical
progress made in the fields sifiglecrystal Si, polymeric, as well as other PV
technologied.he PV market has experienced a compound annual growth rate of 40 %
between 2010 to 2016, withwaifer based PV technology accounting for ~ @4 %

total production (77.3 GW worldwide) in 2016, with the remainder being comprised of
inorganic thin film technologifst]



1.1.2Emerginghin film PV

The energyntensive and costly production of inorganic, multijunction devices has
made room in the market for emergimyg film technologie$ includingperovskite,
dyesensitized, ar@PV architecture8 which offerthe prospeatf a new generation

of solar cells that afexible, lighiveight and efficienEfforts to further these
technologies includendamental physical studies, as well as applied research wherein
new materials, device architectures, and characterizaiaretbelng developed, with

a focus omanagscale engineering

The current market dominance iobrganiesemiconductor-based PV
technologies can be attributed to the-kvelivn and studied Si material sysféins
heavily leveraged by the knowldage of the microelectronics industwhile for
examplanany of the polymers utilized in the OPV industry were spawned out of the
later study of organic light emitting diodes. See Spanggaard et al. for a detailed review of
the early progression of OPV technologies; naimelgrogression from sindger
and bilayer junctions to theowcommon bulkheterojunction (BHJ35] Table 1
outlines PCEs for emerging PV technologlesg@insaddor OPVs over the course
of this projedi i.e..geced 5in281036] rccd 11 % [37In 201

Table 1-1Emerging consumer PV technologie$37]

PV technology| "EA Organization:
Perovskite 23.6x0.6 Stanford
DSSC 119+04 Sharp

OPV 11.2+£0.3 Toshiba

The lowcost potential of OPVs resides in thetemperature, solutidrased
processing allowing forspayp at i ng or O pr i wpicallyppssiblef sol ar
with current wafer and thin film PV technologies utilinmganiesemiconductors
Spraycoating enables efficient manufacturing through direct printing and encapsulation
of OPV modules on high throughput;cedled rotto-roll prodiction line438p[41]
However, OPVs currently remain limited by relatively low PCE apdrsiévice

lifetime[39], [42], [43preventingheircommercialization.



Recentesearch efforteo improve OPV PCE ardetime include, but are not
limited to, the synthesis of lnandgap polymefsr improved irradiance spectral
matchand absorptiofd4p[46] controllable domaimorphology (through annealing
and the use of different solve)P[50] and the longerm stability of polymeric
solar cells with interfacial modifiers/stabiliget$[54] Further, OPVs benefit in all
facets of their quantum efficiency from nanostructure enhancement; what remains is
assessing the cost and conigyleassociated with production and incorporation of
suitable structures (discussed latégypenetration of the phe&dsorbing matrix with
low-dimensionatanostructureis expected to yield improvemenfshato-absorption
and photegeneration of freeharge carriers lbyenabling thicker photabsorbing
layersandii. introducing longange order and increased interaction between the
electrodeand the phot@bsorbing matrif81], [55], [56]Commercial OPV devices
have yet to be established on a meaningful scale, with few companies producing
consumer products to d48#] Of note, InfinityPV (founded in 2014 by Frederik C.
Krebs of the Technical University of Denmark) produce assiala) retractable OPV
chargerfor phones complete with buiilt lithium ion batteryj57} In addition,
InfinityPV fabricates OPV cells and modules for educational use, testing and
manufacturing analysis, demonstrating theideadgeroito-roll printingcapabilities.
At the commercial scale, this coming year (2018), Heliatek (Dresden, Germany) aims to
produce the first magsoduced OPV product, with a focus on building integration
[58]

Edablishing a market for OPV devicedll require developingnew
characterization techniquegurther iterate on pursuits such as the enhancement of a
BHJ with nanostructures. A recent example of this is the work by Banerii,
demonstrating the ability tptacally probe theharge transfer characteristiceat
scalenterfaces intrinsic the photeabsorbing matrix within &PV devicd59] In
this work, we investigdtee interfaces withindividuainanostructuresuitable to be
embedded withinraOPV deviceHere, the challenge is that the interfaces are nano
scaled, often disorderexhd buried witin the nanostructureg-urther challenges
includedeconvolutinghe growth dynamics aeflects of higliemperaturprocessing

for the complex nanostructurebserved.
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Semicondcting, lowdimensionahanowires (NWghat exhibit unique opto
electronic properties offadvantagest light concentrating, light trappiagd
thepossibility to decouple light absorption and carrier collection into orthogonal
directionsall of whicharehighlydependenbn theNW dimensionsyoid fill-fraction
and intrinsic material propertigning the feature size and dengihaoostructured,
metallic thirfilms is active area of research, and constitutes the field of plg&®jpnics
[61} this approach can help to improve absorption, while permitting a reddiegon in
physical thickness of tHilm PV device. Although tuning of the plasmonic response of
our films is outside the scope of this work, the distribution oflimetaitent is
relevant to determine the dominant conductive paths within our devices (discussed in

later chapters).

This doctoral thesis work explores the isolation of ensemble nanostructure
arrays for electrical characterization and proceeds withptimeization to explore
their relevance to the field of OPVsy inproving the conductivity of the
nanostructures, we hope to minimize internal resistances and enable the tuning of the
opto-electronic response to affdue charge transfer characteristithinwthe OPV
device Future challenges include the requirement that flms must be concurrently
optimized for light absorption aelgctronically coupled to the nanostructure/polymer
interface for efficient charge extracft], [62], [63JAs thids an exploratory study,
future work will likely benefit from daagependent optical characterization and
modelling of the plasmonic response, as recently demonstrated by others for

nanostructures similar to those utilized in this [8dik
1.2Conventional and excitonic solar cells

To understand our material selection and configuration ofsubbgequent
nanostructured thifilm, it is useful to consider the underlying plocotoversion
mechanism in OPVs and how it differs froonventiosalar cellswithin an OPV

device, light absorption results in electrostatically bound charge carriers (an electron
hol e paiwxciEldRD) or exditansoticcellsas opposed to free f

charge carriers (electrons and holesjonganiesemiconductederivedconventional



solar cellfg5] The delayed charge separation charéictefexcitonsolar cells due

to the associated attractive coulomb potemsthbf the EHP extending over a greater
volumg65] Further, the characteristically poor carrier mobility in organic polymers can
be attributed to the low dielectric constant of polymers (compaieatganie
semiconductai resulting in the polymer intermolecular forces being too weak to form
a coherent-B crystal latticg35], [65] For these reasons, charge transport must
proceed by hopping between localized g&8gsnd the resulting carrier mobility is
typically low and imbalanced within OIF8&

Within excitonicolar ells the resulting exciton must diffuse to the
donor/acceptor interface for dissociafi8@|], [45]Here, theenergy differende the
lowest unoccupied molecular orbital of the acceptor and the highest occupied molecular
orbital of the dnor provides a region of sufficient electric field to facilitate dissociation
and subsequent charge collection and transport. Ideal phase segregation within a bulk
heterojunction (BHJ) would maximize the interfacial interaction between donor and
acceptophases, while providing a clear patkxoiton dissociatidreventual charge
extraction of free carriers at the respective electrbdesoverall process is
charact er i z enterna quantum efficisngys(ite.etime@amber of electrons
produced by an incident photon, shown schematicé&ily.i+3 g [32] See Gregg et

al. for a detailed review on the suljfsit

1.2.1Components of a@PV Device

OPVs require mansparent conductive electrbD€E), a metal top contact, interfacial
modifying/transport layers, and the phabsorbing heterojunctibnonsisting of
electrordonor andacceptor layers (déig. 1-3 b). In a 2008 review ghotocurrent
generation in nanostructu®@®VvVs , Yang et al . found that
(interdigitateddonor and acceptor pillars) presented an ideally nanostr@®wed

The nanostructured junction improves charge collection and incretikelshibed

that a photegenerated exciton will be formed within exciton diffusion lengtlaigd

diffuse to the dissociation interfé@#}

1A blend of polymer (donor) and fullerene (accefptoor bulkheterojungbn (BHJ) as it is often
termedi can be evolved through use of solvents, annealing, abg-layer depositigd 7], [48], [219]
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Figure 1-3 Typical BHJ and nanostructureenhanced OPV.(a) schematic bawtiagram depicting
the photegeneration process within an excitonic OPV device, adaptd@Zfdb)BHJ with donor

(green) and acceptor (purple) regionswitho ( | e f t )

and

wi t h

(right)

film of branched nanotrees; (c) engineering of critical dimdh&jp8s; (~ 150 nm) andgzincn(~ 50
nm) to match the size scale of the polymerization domains (~ 10 nm) and excitonic diffusifalengt
prototypical poly(Bexylthiophene) (P3HT)/[6;6henyl Gi-butyric acid methyl ester (PCBM) device.

A performance liitation inOPV devices is that polymers cannot efficiently

transport charges in excess, of which limits the maximum thickness of the

photoactive layer typically to < 200 [@#] Thick active layers 00 nm) yield

S p a ¢ €id. 1-3 bsleftédramg. Light absorption and charge generation are restricted

sol at ed

pol ymer

regions

t hat do

not

contr |

to this thin photoactive layer, making it difficult to achieve commercially relevant device

efficienciesAchieving a greater thickness for commercial applications requires a

chemically stable, condngt and transparent scaffolding, with features on the size scale

relevant to polymer folding within OPV devjdé$ [32], [55], [56], [68] the spirit of
the bicontinuous architecture suggested by Yang et al., the critical dimensions of a

nanostructured film can begameered in-B to match those of the naisocale

morphology of the photoactive matrix (shown schematicglty. i3 ¢) [56], [69],

[70] Further, interpenetration of the phatiosorbing matrix with nanostructures can

2Criticaldimensions are of the orde30 nm (the estimated diffusion length of a pbatited state,
, ) [31], [32]but values as low as 3 appear in literatufé7]
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bridge those regions not within afrom the charge collection interface. In this
manner, nanostructured T€Brovide a path towards an ordered phuwtotion
through the engineering of critical dimensions that match those of thaljsioobing

matrix.

When specifying the desired morphology of hanostructures for our application,
we must balance geometric camsitions by limiting nanostructure spa@ng and
branch spacin@( ) to the scale of [31], [55] while maximizing the packing
density of the photabsorbing layer. This requires that we max8nize¢hereby
introducing the concept of an optimally configuredFiign {-3 b, right frameé [55]
For this work, from a widenge of nanostructured thin films, we select films that are
considered raa-ideal for integration with an OPV dewble.then attempt to optimize

the conductivity of these films with pdsposition anneals.

Of note,an initial attempt by our group to structure a transparent conducting
oxide (TCO), reported in 2011, utilizechasdructuredindium tin oxide(ITO)
transparent electrodes with critical dimensions of the same order as the domains found
within OPVs. This study succeeded with modest gains in key electrical metrics scaling
with surfacarea enhancement, but optimizagit@mpts were not succesgflil The
shortcomings of this preliminary stuggre mainly due tonitations of the device
electrical characterization, and an incomplete understanding of padymmeEnal
within nanostructure poresAt the time, only an indirect measure of
electricatharacteristics was available to optimize the structured ITO thirsiihees.
then, internal effortsave included structuring of gxeeptor phag&2]anddonor
phasd73] Forthe former,Thomas et al. structured accepammecolumns with inter
column spacing tuned to better match the expected dimensions encountered within an
OPV, while simultaneously increasing the hettendace are&or the latter, van
Dijken et al. utiedperiodicallgeeded substrates to deposit doaoostructures, to
the same endadditionally, several researchers have attempted to structure the TCO
electrode using singlgystal ITONWs[28], [74]however, it has remained difficult to
achieve commercially relevant device efficiencies with this technique. For further details
for the above studies, inding some initial experiments that guided our nanostructure

selection, se&ppendix A.
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1.2.2TCE selection

TCEs typically fall into the categories of graphene and graphene derivatives, conductive
polymers (e.g., PEDOT: PSS), TCOs (ef;,1@n0O, SnQ), and arious hybrid
stackg75p[77] Table 12 givesa summary of select material systems from the above

review[{75] and complimentary ezénces

Table 1-2 Selectbulk TCE material systems

. M [ t
Material systen L o L i Notes:
t M prtAl Al 6 O
Graphene 5 0.3 <5000 3
ZnO : Al 200 1 ~1865
4[78], [79]
SnG: F 500 1 ~15850
InO3: Sn 100 3 ~108150 5[80], [81]
PEDOT:PSS 700 10 <1 6

For an ntype TCE, where electrons are the majority carriers, thel@gttonic
performance igften characterized by the pairingighltonductance and transmission
to the material and deposition dependence of its observable condidtiotyits
reciprocal, resistivityn), and plasma frequencdy ( through measurement of the

carrier concentratioh (:

£ — Nt ; (1-1)

5 . 1-2)

3Ellmer estimates graphene values by areal carrier demsiti 6f andt = 0.34 nm{75] Mobility

values as higis 200,008 | 6 O have been reported for samples with modified geonfi2dds
4Competing widbandgap transparent conducting metiale material systems (i.e., the doped ZnO and
SnQmaterial systems) currently lack the dedfferanched structural control characteristic of GLAD
enhancedinglecrystabrowth of ITO, but process developments suggest that they too hold promise for
high surfacarea electrod§s4], [221]

SThere are reports of singig/sal ITONWswithr;~ 1050  ¢[1h7], [176]although théindings of

our study sggest that these are in fact metfdits.

8Polymer mobility and carrier density values estimated by Ellmer et al.

The righthand relation of equationlis often referred to as the Drude conductj2i].
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where q is the elementary chgrgis the carrier mobilityy,” is the effective masé

carriersR RR I s the per mitt i vieayerageftimabeteeermat er i al
collisions (the various scattering mechanisms are discussed ¢habegrd. Within

this study, we utilize the -8oped InOs; (ITO) material system, an inorganic
semiconducteiand ubiquitous TC{T5], [80], [82], [83[TO films retain the highest

overall figuref-merit for TCESs, although many replacement material systems are being

pursied due to sourcing issues witfl, [75], [77], [84], [8bbr a detailed summary

of the various+typeTCE technologies, see the review by Elimef @@lBelow, a

brief overview is provided for graphene and doped-oxalal systems.

Graphene

Graphene idie thinnesknown 2D material, where carbon atoms form a honeycomb

lattice structureGraphene possesses dffigh conductivity, optical transparency,

exceptional structural strength, and mechanical flekii]ilyjhe use of graphene to

replace semiconductor material systems is one of the great challenges of modern
researchOf note, the prototypical P3HT/PCBM OPV devices discussies iwork

utilize the c¢closed graphitic st-balclta,r e, or
PCBM)astheelectro accept or i n OPV device2)],due to it
[31], [87]

Within a graphitic sheet, each carbon atom possesses three valence electrons
chemically binding it with its neighbours, and a fourth lizdocalectron that
contributes to electrical conduction at the sheet level. Where metals have partially full
energy bands, insulator energy bands are empty or are separated by an energy gap.
Wi thin graphene, the ener gttheioextmeohises,f or m 06 Di
with no gap or partiaifiled bands. Consequently, graphene exhibits electronic
properties for a-P gas of chargkparticles described by the relativistic Dirac equation,
rather than the nerelativistic Schrodinger equation, witletiective mag436]and

exotic physical manifestations including the engineering of singularities in the density of

8This review asserts that the field-bfpe TCOs has nearly reached matthiyexception being ionic
amorphous mixed oxidesth anelectron mobility ~ 10 ¢hv-! s despite large degrees of structural
disorder; for comparisphydrogen passiteal amorphous SiGi:H has0.1 crd V-1 s1[75], [171]
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stateg88] and ballistic conductidf89] Currently, graphene does not possess the
structural hierarchy and corresponding high surface areazmgbalsithat we desire,
and so is suggested to be used in conjunction wittnieemsional NWs (sekapter

7, current anduture work).

Doped metabxide materials: ITO

TCOs are ubiquitous within the PV field, as they are easily vacuum depositexl, combin
high transparency in the visible and -mdégared with neametallic electrical
conductivity (typicallyintherangpof mAi m p m mA ). TCO thinfilms can

be further optimized through high temperature anneals and are highly tuatabte. Fe
such as the onset of absorption andpthgtion of theplasma edge are adjustable
through the introduction and control of an electron degeneracy in this class of wide
bandgap semiconductors (discussed further in terms of Sn and oxygen vaagncy dopin
in chapter 2specific to ITO NWSs).

ITO is the dopednetal oxide of relevance to this work. High aspect ratio ITO
nanostructures can be fabricated via anisotropic ¢Tdjigi.AD [90] kinetic vaper
liquidsolid (VLS) growt[iL1], [91], [92Rhnd novel chemical synthesis technj§8gs
Each nanostructuring technique induces additional variations in structure geometry,
which further extend the range of electrical otz that can be expressed by
individual nanostructures. GLAD and VLS are the techniques primarily utilized in this
work, and represent the current state of the art in the structuring of ITO. These
inherent singlerystaNWs often possess high aspetibsabranched morphologies
with enhanced electrical conductivity, high transmissivity, and relatively low defect
densityf11], [92], [94], [95The available enhancements to growth control within this
material system involves flux engineeringding depositionrateadd modul at i on)
[11] branch placement and shado@j@nd the ordering &§W arrays through the
use of lattice matched substrg@é$ Of specific interest to us is the capglaf the
| TO material system to produce highly branc
their appeance) through a low temperatsedfcatalyzed VLS growth procgkkl|,

9n this regime, resistance no longer scales with the length of wire (as is clagsisa)ypth becomes
guantized, depending on the ratio between the width of the wire and the Fermi wavélerfigth (
electrongdiscussed further ahapter 2in terms of the kinetics of growth for suizron NWs)
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[92] Recent advances by the Brett research group have allowed for the refinement of
these nanostructures, which together with the GLAD tpehaffords us the ability to
tune structure features on the size scale relevant to OPV[déyi¢&8], [31], [55]

GLAD is anadvanced physical vapor deposition (PVD) technique that involves
the engineering of thin film columnar structures on the micro and nanoscale. The
pairing ofdynamic substrate rotation and highly oblique collimated vapor flux allows us
to precisely modifihé apparent incoming direction and angle of flux incident upon the
substrate and the subsequent evolving nanostructured film (§picalty. Widen
paired with a threshold substrate heatigrg ZA0 °C for our experimental system), a
hybrid VLSGLAD growth regime is enabled, which further extends the library of
nanostructures possible (Bag 1-4 a). Further details of the growth process specific
to the ITO material system are discussetiapter 2 including the use of various
azimuthal angle modtitan schemes explored by our lab (degrees of freedom shown
schematically irig. 1-4 b).

In the present study, GLAD films containing amorphous nanopillar structures
are deposited at low temperaturesodfiqueangle & = 83°). The film is integrated
between a bottom, Au contact, and a scylsteip contact. The resulting devices are
utilized as a proadf-concept for our proposed measurement methodcloaytér 4.
Subsequent process and fabrication procedusgspéiesl to VLESSLAD NW films
deposited at moderate rates (0.5Hm@slobliqueangled = 85°).As filmsdeposited
atlowa(i.e., < 70°) result in dense films that have significant lateral condhetbety
filmscan bestudiedwith tradiional thinfilm electrical characterization techniques, and
serve as experimental contidigkey contribution has been the fabrication and testing
of nanostructurarrays, and the exploration of garstcessing anneals to optimize the
NW conductivity, while maintemg the highlybranchedstructures suitable for
integrationwithin OPV devices The primary challenge of this work was to design,
fabricate and test the fei@rminahanotree ensemble artayiile our collaborators in
the chemistry department focusadriegratingteorterstructures into OPV devices
(discussed ichapter 7).

10Selected for study as film morphalabdegradation (i.e., loss of branches) is observed for higher rate
films, discussed furtherghapter 2
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The use of ITO is justified, despite scarcity isgtiesn, for three practical
reasons: the exploratory nature of this warkyalidating the micrabricated test
structures utilized in this work through experimentation with suchkaavell and
well characterized material system,i@ndcadencally by the study of the growth

mechanisms of this unique material system.

Previous study: Low dimensional OPV

For OPV applications, our NW specification criteria requires that we maximize the NW
packing density, selecting structures with features aménef, , while ensuring
optimal electronic alignment with the pkaibsorbing polymer. Combining the above
two constraints allows us to further improve the internal quantum efficienty{

the OPV device by extending the allowable abmonegion, while ensuring that all
regions are within a dista, dérom the electrode¥o further improvéhe absorption
efficiency(s ) of a NWenhanced photpunction see discussion of: N\NWV spacing

and organizatiofb5], [97] branch configuratiof64], [70], [96]and the metallic
nanoparticle distributid60] The latter is instrumental in determining the plasmonic
response of a given metallic thin &ilmican be used to improwe, while permitting a
reduction in the physical thickness of thin film PV di¢e

Typically, exciton diffusiog () in a polymer consists of both iatiain
transport and inteshain hopping, and each of these two processes have their respective
characteristic length scales. Kannan et al., considered a syittahothe organic
phase of a N¥énhanced OPV where, under the condition of quantum confinement,
one encounters only single chains between NWs, thereby eliminatoignimter
hopping55] Further, cofinement in the NWs was also suggested to incressto
reduced phonon scatterifigd] Transport in this regime can be traced to the

transmission probability from polymer to NW in the limit of overlapping exciton

1Ydeal phase segregation within a BHJ maximizes the interfacial interaction between donor and acceptor
phases, and upon absorption of a suitablgetiephoton (measured by the absorption efficncy,
provides a clear path faxciton dissociftion, and eventual charge trangfer)(@and collectiors( ) of

free carriers at the respective electrodes. Thi s

guantum efficiencg ( ) (shown schematicallyFig. 1-3 g [32]
17
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domain¥. In this case, carrierahsport within the N¥énhanced OPV may be
completely determined by its chemical potgnti&iilarly, within dysensitized solar

cells (DSSC), Gregg et al. have shown that changing the equilibrium electrical potential
across the device has littlenoreffect on the device behaviour, suggesting that the
device is governed entirely by the chemical potential grediés |

Theoptimal transfesf charge carriers into the NW requires modification of the
work function { ), modifiedthrough carrier doping and modification of the surface

dipole (discussed furthersection 2.5.1[98] The former is considered a bulk effect
(i.e., through the shifting Fermi level) and the latter a near surface effestyfktem
(relevant to the energy alignment at the hettndaces). The requirements of
electronic coupling and charge injection between polymer and NW are captured by the
charge transfes ( ) and charge collectign () efficiencies, respectivélgra NW in
thesidecontacted configuratipa region of sufficient badbending is required for the
former, and a minimized NMis required for the lattéTowards maximizirgy ,there

is a compromise when fabricating highly conductive dTiltns: NWs with high
conductivity are achievable through deposition at elevatf&#jdies/eveincreasing

the deposition rat&)Yresuls in a reduction of the number of branches (and an increase
in trunk diameterlL1] In this elevated rate regime branches decreaseyaeesn
(discussed ichapter 2. In this workwe explore high temperature anneals to pair the
desired branchedWs with tuneable NW conductivitgeasurable witg¥ terminal

crossbridge Kelvin resistor (CBKRBgvice architecture.
1.3Chapter summary

Struwcturing the photactive matrix in-B allows us to improve upon the idealized
chessboard morphology suggested by Yang et al., decoupling taetpteotayer
thickness from exciton diffusiimited photecurrent generatios theresulting

12This is a simplified picture oflssociation interfaémplemented at the N\dolymer interface (e.g.,

through immobilization ofgg[223], [224] this architecture requires modificatiowork in practice

account for thenhomogeneities in tiW surface potentiébeechapter 7 for further discussion

3Typically, such a junction is characterized by charge transfer into the semiconductor, and a
commensurate image force in theamnét such a case, a charge neutral level which does not necessarily
align with the Fermi level, results in Bagadingi( . e . ,  pinna dafithis oterface@ontol of

the width of this region is necessary to minimize the charge injeci@rirbarrpolymer to NW.
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photocurrenhis equal to the external quantum efficiency of the device integrated over
the solar spectrurby improving charge generation the nanostructures contribute an
enhancement factor to RCE Thisallows us to challenge the current limits of light
absorptioc and charge generation in the nanostructure/polymer niBftiE.
morphology represents a further step to limit recombination losses associated with
polymer regions not within the (i.e., the isolated regions between nanostructured
domains). Thus, tadvance OPV technology towards an idealized-ahstobing
junction, we use interpenetrating, nanostructured TCEs, which provide an expedited
track for charge extraction in OPVs while also serving as a structural support for the

photo-active matrix.

Although GLAD-structured ITO is capable of achieving aideatized OPV
device architectuf27], [31]initial experimental results have not achieved the expected
improvements. The difficids described share a general origin: the internal structure
and composition of GLAD films are poorly understood, leading to complex factors that
limit device performance. As a result, focus has recently shifted to more advanced
control of an individual nanst r uct ur ed s mat eri al propert
crystallographic orientation, and dopant[lelg[94], [99With these new capabilities,
it isincreasingly importata electrically characterize GLADD structures, with the
aim of evaluati ng t-dleetroriclpidpertids fot ORY deviaeni que o
applications.

1.4Thesis outline

1.4.1Research goals and objectives

Fabricating the CBKR devices utilized in this wotkd®asan exercise in bridging the
morphological and electronic domains while dealing wilfd sub dimension$¥he
overarching goal is validate théhroughpost (i.e., axial) conductivitgasurements
usingdirect and indirect experimental approachdgetate the results to deposition
parameters (i.e., deposition angle, rate, substrate temperature etc.) suitable for forming

GLAD films of desirable conductivity.
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Primary objectives:

1. Validate electrical test structures fabricated within this waekstanding and

eliminating defects to isolate an intrinsic measure of our nanostructures;

1 This required the adaptation of a typically plaBR device architecture to

accommodate ourl3 structures.

2. Use the above test structumesnodifythe eletrical properties of our material
system through pedeposition anneglisivestigated to increase the requisite charged

carrier density through oxygen vacancy doping of these branched nanowires)

1 This requiredhe exploration o&in upwards bantiending egion, oxygen

vacancyeutralizatiompon cooling of samples, and a shifting Fermi level
Secondary objective:

3. Interpret our results within the current understanding of GLAD and VLS growth

mechanisms.

1 This required pairing recent literature and expeehaobservations to address

the multiple paths towards metallic «drelINWs.

My key contribution has been the fabrication and testitefedlly isolated
nanostructurarrays (of the type outlinedFig. 1-4 @', and the exploration of pest
processig anneals to optimize their conductivity, while maintaintighhgranched

structures suitable for integration within OPV devices.

1.4.20utline and approach

The remainder of the thesis is organized as follows: background information is provided
on the eletrical test structures, thin film growth and the ITO material sgbipef
2). Then the experimental and characterization tools are dischegter (3.

Experimental details for the integration of different types of nanostructures follow

“Yjilms deposited at low & (i.e., < 70A) result
this work, these films are studied with traditional thin film electrical characterization techniques, and serve
as experimental controls.
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(chapters 4and5). The main result of this thesis, outlininggtenization of our thin
films, conclude the experimental warkapter §. Finally, our observations are

summarized, and guide suggestions for future ethaybtér 7).
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2 DC electrical characterization
of nanostructured thin films

For our purposes, high electrical conductivity along the length of GLAD stfuctures
normal to the substrate plands necessaty exploit the high surface area of GLAD

films for potential use in optoelectronic deyiceweve the internal structure and
composition of GAD films are poorly understood. This ledadsomplex factothat

limit device performanead necessitates a measure of the intrinsic properties of a thin
film. To measure nanostructure conductivity alehgng axis, good electrical contact

to both ends of the structure is required. This has been experimentally demonstrated by
others with2-wire measurement of individual nanostructures isolated between
nanoprobe and substrate; in this configuration, reeasuir is limited by probe
dimensions and feature density, as well as low currenf@i@@sfgchniques using a

probe paired with a metallic droplet large enough to contact an array of nanostructures
extends the observaldst current through the ensemble array to 41D4, [102]
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However from 2-wiremeasurements ordy indirect measuref the evolving i | md s
electrical properties can be determasetlis measure includes tHei@ contribution

from top and bottom electrodes § and the contact junctiorss §.2 contributions

result from the interface formed between measurement prolaegieerd sample; in

the case of sensitive measurenemig)(i.e., that of a nanostructured thin film) these
contributions can occlude the desired measurements, and as such must be minimized.
An absolute measure necessitates the implementatfwicé aeasurement, which

isolates our desired intrinsic measure from the above contributions.

By minimizing the contact resistivity ( 2 ! , wherd is the area of the
contac} at the two interfaces of interest (i.e., where electrodes contaptahd to
bottom of nanostructures), and integraliVys within afour-terminaldevice, we
attempt to obtain an intrinsic measure of resistivjtjo( our nanostructures. The
former minimizes the contributions2ofand the latter enable4-&iremeaurement
and the removal of the contributions fram The design and fabrication of such a
device all ows us to apply Ohouliredated.w and
Application of this model to our nanostructure arrays allows us toéea about the
intrinsic electrical characteristics of our nanostructures as they shift with different
processing conditions (namely, high temperature oxidation and reduction anneals). The

key points of consideration for the electrical test device are:

1. 2-wirevs.4-wiremeasurements

2. Design and fabrication of @etminal, microrscaled electrical test structures
including the fabrication of ohmic junctions

3. Integration of a narrowly distributed-guapulation of nanostructures into the

above device (disssed further ichapter 5.

Initially2-wiremeasurements were performed to study the application of a sculpted Ag cap to bridge and
interconnect our nanostructured fil®seAppendix B for an outline of initial-@iremeasurements of
GLAD-ITO films.
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2.1Electrical characterization of nanostructured
thin films

2.1.12-wireand 4wiremeasurement of nanostructures

The DC electrical characterizatioranfisotropic, dense planar thim is typically
determined via one of two metkpdepending on sample geometaytinear probe

for infinite and semnfinite 2D samples, ar. a van der Pauw configuration fdb 2
samples of arbitrary geometry. The linear probe technique is often utilizelina an in
four-pointprobe (4PP) coitfuratios, and is a robust technique with standardized
equipment and a weléveloped analytical toolki03p[105] The van der Pauw
configuration has been utilized to consider samples fabricated on theaalier@oth
methods ard-wiremeasurements that utilizerfoideally point contacts that are used
to mitigate resistances associated with contact contributions typkeairef
measurements. Farstandard measurement on a thin Wilnerefilm thickness, t is
much smaller thahe probe spacing, the equatimmf is[103p[106]:

y
M — ——

1® 0 O 1)

Where) s the applied test current, affiithe voltage drop across the saniplthe

doping profile of the thin film is known (i.e., iimsform across), thenm can be

found directly, otherwise sheet resistahce pj) i s presented on an
Moving fromtheQ nrscale to nansecale samples requires correction factors accounting

for nonidealities stemming from redwed film thicknessed, finite lateral

dimensions, anii. probing near the edge of a sanip8p[105] For a detailed

outline of the determination 2f, the evolution of van der Pauw structures and the
available electrical nédth test structures for semicoaotr process characterization,

see the thesis by S. Sriitb6]

2For a 4wiremeasurement, the four prelae separated into outer force (i.e., cur@enying) and inner
voltagesensing pairs, with a negligible current (and therefore voltage drop) at -{hrelseffite
interfaceln the case of an inline 4PP measuremenare limited to the lateralisemnce along the
currentpath between the inner two probes of interest, which does not account for anisotropies in
nanostructured thin filmSlectrical anisotropy has been observed in nanostructured ITO thin films, with
in-plane resistivity dependingtbe azimuthal angle between nanostructure orientation and electrical
conduction directiofiL11]
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When applying the 4PP technique to GLAD films, it has been observed that as
a increases, the-plane resistivity increases frosarbulk values to many orders of
magnitude greatf0], [L0@G[111] Films deposited at increasingly oblique angles also
have increased porosity and nanostructure sepaoaiti owr2-wiremeasure of the
resistance across the thickness of the film revestiesepmcrease foa > 70° (n
chapter 4we observe 5fold increaseseealsoAppendix B). For this reason, there
exists a threshold deposition angle for each rhaystem above which the standard
4PP characterization techniques yield ambiguous[883uji©8)[110] that are likely
a measure of the morphological evolution of the thin film rather than an accurate
measure of. This relationship has been attributed to a decrease in film density, which
results in diminished and preferential conductive pathways (i.e., electrical anisotropy)
andii. leads to laterally isolated structures in the extreme (as obZgppeddx B).
Reliable characterization and optimization of the electrical properties of nanostructure
arrays is a challenge due to this laterally disconnected architeetesgensive
boundaries that exist in GLAD structures, as well as the statisticgtidhein the
microstructural properties (e.g., statistical distributions in column diameter, crystallite

size, dopants etc.), are also expected to affect electrical bEHRPHLES]

Efforts to achieve isolated measurementsgiediTfONWSs have involved the
4-wire electrical characterization, conducted across lithographically defined contacts
(shown schematically king. 2-1 g [1158[119] These studies have been limited by
relatively low through put (typically <MWs for a given study). Complementary to
these isolated measurements, it is desiraldediop a measurement technique that
integrates and characterizes the nanostructure ensemble behaviouo ribemal
substrate (i.e., axialy configuration common in typical device applicali@ss.
structures must be fabricated on the size scale redevambelectronic devicas,for
large arrays, the contribution of the junctions is on the same scale as the device
resistance2( ), preventing a direct measurement of the resistance contribution of an
individual nanostructur@ (). In chapter 3 an initial sensitivity study outlines the
relationship between the dimensions of our test structures, the number of

nanostructures contained and our sensing limits according to available equipment.
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(b) Contacts
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Figure 2-13D-CBKR and critical dimensions.Schematics of (a) 4PP NW testing configuration; (b
Greek cross architecture in testing configuration, inset: 2L configuration shown, with 2I resulting
straightcontacts))(c a modi fi ed CBKR with 2 Om critica
the contact window where nanostructures are incorporated into an idealized test structure with n
top and bottom contacts. Contacts are typically numbered from,thetdapg counteclockwise.
Current is typically injected up through the diffusion layer (i.e., here, the bottom ITO contact and th
array) into the metal top contact.

2.1.2 Micron-scaleclectricalest structures

To measure a homogenous tfilim on the size scale relevant to microelectronic
devces, a Greek Cross is often utilized Fgge2-1 b [106], [120]To stug the
junction between two dissimilar materials, aloriosg Kelvin resistor (CBKR) is used

to determine the specific contact resistimify fhich controls the contact interface
resistance, [121]6[125]In a commercial productidine, monitoring the variability of

m between a metal and a diffusiomare§.e., a semiconductor thilm) is critical to

the fabrication process, as too largerasults in the majority of the deviceagput

being dropped across the interface and introduces an inefficiency in operation

(discussed later in terms of an ohmic junction). Therefore monitoisntypically
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undertaken with a CBKR fabricated on the same wafer or die as conventional devices t

monitor the process, and is highly sensitive to fabrication pafameters

Towards an intrinsic measure of our ITO nanostructueesiust adapt the
CBKRtest structure to incorporate our nanostructures (shown schemdficalByin
c,d).The nowterme d  édti hnreenes i 0 n a-CBKR)Bds Bifical diddhsions
that are determined by our prandforioral | it hocg

size scale allows for meas@edl pm

Previous study: CBKR in operation

With our general specificats and fabrication challenges outlined above, we first
considered a typical CBKR device and the basic assumptions originally presented by
Loh et al[125]

1. Neglect the minority carrier contribution (as the 1setalconductor interfaces
inject far more majority carriers). This allows us to solve the majority carrier
continuity equation in the semiconductor region immediately beneath the metal
contact (elsewhere, in the charge free regién, mt holds).Under bias, a
current) is injected into the contact through the horizontal arm and a
constant Kelvin poteéial 6 ) 2 )is measured in the perpendicular arm,
far away from the contéct

2. By assumin@ j L 25 , the contaetliffusion system can be
described entirely by the surface potential V in the difftegioon This
relatiorship is governed by the Helmholtz equatuwich applies in the

diffusionregiondirectly underneath tieetalcontact

— — —6 — (2-2)

3Discussed isection 2.3is the tuning ofr and its relevance to the -EIBKR.

46 , which does not depend on its point of measuretenté 2 fm fxA and therefore includes
geometric contributions resulting from asymmetries in the test current path. Spurious contributions cause
deviations from extracted and actuahlueg§126]

5In this 2D modelconductivity is assumed independent of the x and y spatial (agaldéffects of

the zaxis are lumped into the one parametgr[125], [126]Deviations in device resistance with
processing then give some indication of the changing channel dimensions. For an isolated nanostructure
this carapply to oxygen rich, assumed atisigl device regions (the surface depletion regibapter 5

and chemical depletion layer observetapter 6 discussed later).
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The last ternof the Helmholtz equation represents the current flow in a direction
perpendicular to the diffusion level into the metal level (which is referenced as zero
potentiafi i.e., the metal layer is assumed to be an ideal ground plane). The potential V,
dependsmthe material parametezs, ) and the physical dimensions (w, l) as well as

the two spatial variables (xUnder special circumstances, namely when the contact

sizg(l ),is smaller than the transfer lerigth mj2 )@ the distance at which 63% of

the currehhas transferred to the sanipl@ mj! (t hat ilsu mphde ,mobddoenl e
holds)[125], [126]This Bdimensional model assumes that the potential is constant in

the semiconductor layer and the current density entering thet gontlow is

uniforn®.

Of importance to achieve an isolated measuge &dr a CBKRIis the
mi ti gat i oomr cowd idbnecqudr r eafihre device topograplyudsuits im ¢
regions of varying electric field density and spurious contributiansmeasured
Kelvin resistanqee.2 2 2 ). Investigated in detail by Schreyer etsal.,
approaches zer@, approacheg (i.e., for small the measured resistance
approaches a constant value which is a function obmif&act geometryPther
notable geometric considerations includeule heating at sharp corners; &nd
current bending where right angles in the current path result in additional contributions

to 6 (discussed further ainapter 3in terms oflhe applicable design rules).

A

The CBKR can be fabricateththeformeei t her a 0
the angle between top and bottom contact arms is 90° (i.e., there a right angle in the
current path) whi ch can resul treinn bEmkEe 6B&A&L I Ng
configuration can correct these contributions by aligning the injection and extraction
points.Although the 2l configuration is known to exhibit a geometric contribution to
resistance measurem¢b®y] our electrode resistivity values and test currents are low
enough to mitigate any current crowding igsueside of edge defect contributions),
and we do not expect current bendimg to our D architecture (discussed further in

section 2.3in terms of the electrostatics at the metal/nanostructure inteffaee).

6This model applies for cases in which 1, where the latter is set by thencie dimensionsSee
figure 2-4 (discussed further in terms of an ohmic junct¥githin this model, the of a contact will
approachw j! as the contact size decrease below the transfer length
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pairing ofour 3D geometry and ohmic juians, is believed to negate the above
geometric contributions, as suehutilized a CBKR in the 2I configuration vs. the 2L
configuration for ease of alignment and fabricatioRi{se2l h insefor schematic
[121], [128], [129Is0 of notenontlinear behaviour has been reported with increasing

) [122] but was not observed within the test window for our devices.

For a typical planar CBKR, is given byl125], [126], [130]

2 . K UAU - (2-3)
By minimizing the contact resistivity) @t the two interfaces of interest (i.e., where

electrodes contact the top and bottom of nanostructures), and integrating NWs within a
four-terminaldevice, we are limited in this device by a singtéaat In this case,

2 can be replaced by the resistance of a parallel array of resistors reprdd@nting an

of mean dimension® ()i here the modified Kelvin potential is dependent only on the

resistance of an elem&ntand thenumber of elemgs,.  within a given devicsde

the device error analysiscbapter 5. Applying a similar-2 model (above) to our

NW arrays, we assume that the NWs are uniform in the x and y dimensions, with
variations assumed only in thdiraension (i.e., alotige length of the NWSs). The

design and fabrication of such a device al
parallel resistor mod&educing this discussion required that we address multiple

scattering mechanisms (discussed later). Applicatiomafdkito our nanostructure

arrays allows us to learn more about the intrinsic electrical characteristics of our
nanostructures as they shift with different processing conditions (namely, high
temperature oxidation and reduction ann&ads)ations ir2  with processing then

give some indication of any change in the channesentiemal dimensiorfsor an

isolated nanostructure, this can apply to oxygen rich, assumed insulating device regions

(the surface depletion regiorcirapter 5and chemical degtion layer observed in

chapter .

Made posible by establishing a homafion 4 the bottominterfacendminimizing the workunction
offsetat the topnterface.

8For nanescale structures, particularly in thetmmted configuration mefaduced gap states are
secondary to dominant electrostatics at reduced dimensions. Wtrémivdensities, it is therefore
expected that the electrostatics owing to our NW dimedsioinsate the current flow (discussed later).
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Figure 2-2 Candidate material systems exploreda) A variety of metal and meigide materials
compatible with GLAD were investigated for integration into the dawvitpresented previously; (b)
ITO was selected for due to its ability to form well defined nanostructure and (c) tunable branching
VLS growth. Also explored were (d) Afilns (e) and Cr films; deviseale defects prevented the use of
the latterfj.

2.2Candidatenaterial systems

The initial search for a candidate material system required that we consider the ease of
deposition and integration into final device form as previously disEigs2e2ld), as

well as the stability of the thin film dgrpostdeposition anneals. Ultimately ITO was
selected due to the well understood and characterized deposition parameters as well as
the flexibility in the tuning of the nanostructuresHige@-2b, c) [9], [11], [90], [131]

These structures are discussed in detail in the proceeding section. Also investigated were
TiO;structures de plig 2-2d,ahdse atructuées were &l§oAised iis e e
the SBDpolymer poreonfinemenexperiments outlined #Wppendix A) and Cr
deposited afig. 22 ekr The Btfer nfagr@lesystem proved to be
incompatible wit our microfabrication processing window, likely due to the high
density of defects in the electrode tseregion (sddg. 2-2f). ITO films were also

found to have significant flrand devicéevel defects, which precluded the use of
narrow tracesof the bottom electrode in many cases (see later chapters, and
Appendices CandD). Defects dictated nominal device ategs ( o f 2for2 5 Om
GLAD-ITO and VLSGLAD-ITO devices in order to achieve an unobstructed measure

of the electrical characteristics. Also investigated were Ag nanostructured films
deposited at oblique angles; however, due to the relatively low melthg@iBR]

films did not maintain their nanostructured form duringgegstsition annealing (not

shown).
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Figure 2-3 Integration schematic for the nanostructures(a) Schematic of oudrwire testing
configuration; (b) schematic model depicting an array of parallel resistive elements in seriestwith ¢
resistance; (c) nanotree films are integrated within devices fabricatedtgpe (&) pvafers, with
sputtered ITO acting as the growth surface and bottom electrode.

2.30ur methodology

Shown schematicallyHigure 2-3ais device in findwiretestirg configuration. We

utilize an idealized parallel resistor model, Wiggne 2-3 b is a schematic depiction

of a circuit model containing an array) Of parallel resistive elemeagts (n series

with a contact resistan@e X Further,tuningm is dependent on the barrier height
(governed by the pairing of metal and semiconductor, and the quality of contact) and
the doping density (measured by the position of the Fermioleaal effective mass

(i *) of carriers within the nansture(s)95], [133], [134figure 23 cis an example

of processetlWs integrated within our devices. Devices are fabricatetyms i
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wafers, with sputtered ITO (IEQ acting as the VLS growth surface and bottom
electrodeRig. 2-3d).Our par al | el circuit model begins

€ KA (24

Where thes; is the proportionality constant empirically determined between current
densityJ) and an applied electric fidtd, for a homogeneous sample with dimensions

of length Land cross section A in a uniform electri¢fidgsuming the applied electric

field is oriented parallel to the mat@riahg axis, J = I’and the potential difference
between its two ends is V = EL. The deposition of uniaxial films (introdati#atg ra
symmetry) and the fabrication of ohmic contacts (ensuring that the majority of voltage
is dropped across the bulk of the NWSs) allows us to combine the above relations and
solve2 for the parallel array:

2 m,j! (2-5)

Here, R is determined from the device resistahcg (i the4-wire configuratn
applyinddh md s6 | p w2 )(Utilizinga simple parallel resistor mgdstsumes a

uniformcurrent distribution)

— (2-6)

Here2 is a typical resistive element (i.e., a single post of mean dimensionis) and
the number of elements it a device. Assuming uniform posts numberipngnd
that the applied field is uniform across a given electrodeqi.e.,L 2 ), we

can combine equations4Rand (5):
m . 2 - . - (2-7)

Substituting the previous relationships for current density and device voltage yields the
righthand relation; and assumes a uniform current density and ohmic junctions

(schematically showrFigy. 2-4 afor a noruniform current distribution arising from a

%Here L is the length of MW (, Q. In chapter 4 a cylindrical model is used for GL-AID
nanostructure to acunt for the observed broadeningahcstructures (discussed later).
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devicescale defeita similar situation is encounteredhapter 4due to the edge
defects causéy the step height difference introduced by the bottom elg{i2gle

Deviations in deviaesistance with processmige some indication tie
changing channel dimensitmsugh the effect on the supported transverse ntfdes.
note, the channel dimensions of the core configurations olieehiedvorkare on
the order of the elastic mean free pla)hopserved by others for similaOINWs
[119], [135], [136jequiring that we consider the mesosadracter of our parallel
arrays(beyond the scope of this work, skapter 78 Future work) Here,the
conductance of the sample is given by the sum of all the transmission possibilities an
electron has when propagating with energy equal to the thetaital {()'°[137]
(This is believed to be facilitated in our ITO NWs by the ionic contribution introduced

by oxygen vacancié® and G ions™.

Through the microfabrication techniques described in the coming chapters, we
are able to adapplanar fouterminalCBKR device architecture to measure the axial
resistivity of nanostructuratdtaysand obtain a measure2of This required that we
fabricate higlguality electronic junctioris select suitable nanostructures to be grown
upon lithographically defineoihtacts, aniii. test devices withaspecified tolerance
range, so as to avoid damafe assumption here is that we are operating at
sufficiently low current densities, and where conduction modes do(ttoe faiter is

discussed ichapter 3.

2.40hmic junctions

In the present study, the ohmic behaviour of devices is a critical requisite for an intrinsic
measure of our nanostructures ¢bepter 4for GLAD-ITO devices andhapter 5

for VLSGLAD-ITO devices)For an ideally ohmic junction, there isiaimpeded

19n a mesoscopic system, the electron motion is quantum mechanically coherent in the entire sample; the
transport is therefore analyzed as a wave scattering problem; a measusesisgdtebeimesoscopic

if the length scales characteristic of the device fulfill the relationship outhnéd byM /b M fl

/b MJb (here, we have, in ascending size, the atomic Bohr radius, the Fermi wavelength of the electron,
the elastic mean free path, the sample size, the coherence length, and the energy relakedith length)
1\Within ITO thin film samples, the presence ofabile electrolyte has been shown to eliminate all
equilibrium or induced electric fields with a screening length of {22%Im
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Figure 2-4 Current injection and voltage characteristics of 3BKR. (a) Topdown schematic ¢
current injection where difference i Hunifdrmm
current distribution. For out VEGLAD devices the current path is through: the top contact
interface 1 (Ag/ITQLs), the arma under test, interface 2 (IWQI1TO sp, and through the bottor
contact (IT@p; inset: edge view of same. (b) Schematic band diagram depicting an n+ regio
ideal ohmic contacts with uniform current distribution resulting in a-limekation adapted from ref
[125], [126]

transfer of majority carriers from one material to another (shown schemdigally in

2-4Db). The fabrication of high quality contacts that pass a uniform current density can
be extremely challenging. Fabrication requires geometric camssdpeaticularly the
configuration of the region between top contact anértiag under tegtdeally
overl apping with the 6contact windowo)
metaisemiconductor interface. The former requires considefdtieroverlap region

of the metal top contact and nanostrusfuviile the latter requires alignment between

the energy levels in the conduction band é&nd valence bandoj in the
semiconductor and the Fermi lewgl) (n the metal. Lineauwentvoltage ifv)
characteristics are indicative that under test the majority of the voltage is dropped across
the bulk of th&NW(s) (i.e., there is a negligibly small voltage drop across the junctions),

providing an isolated measure ofdtray undetest

The fabrication of an electromjade (ohmic) junctions requires detailed
consideration of the metal top contact as well as the individual nanostructures. For
example, a typical VAigsown ITO NW containa metal catalyst nanoparticle, and so
influences the local carrier concentration and therefore alignment at the electronic
junction Fig. 2-5 a shows an elemental map of a typical NM®@ containiig an In
catalyst nanoparticie the particular charactetina technique utilized here is

discussed further amapter 3. An estimatéor the relative position of the Fermi Level
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(defined with respect to the metal top contact chemical potgntiadh pd A6

(estimated using typical values for metalliciTO v p T A| )2
For VLSGLAD-ITO devices the interfaces of interest are:

1. Interface 1l:between the top contact (Ag) and individual NM@s (ITOv.s)
under test. An Ag focontact selected for its tHilm stabilityj132]and its
similar work function and mobility to ITO (~ 4.6 eV, ~ 406 ¥rhs?) [13],
shown schematicallykig. 2-5b; and

2. Interface 2:betweerNWs and the bottom contactonsidereés a m+
homojunction, with a gradient of carriers fromJE® ITOss>.

The influence of the respective junctions must be assessed in conjuhctimn wit
devica-vcharacteristics, which to the fostler demonstrate a negligible contribution
from the interfaces (discussed in later chaptenSigsee5 c for schematic barnd

diagram of an ideal ohmic junctwith an unimpeded transmission pathway

For an enébonded metallic nanostructure forming atomic contact with a metal
electrode, it is expected that a tunnel junction is formed between the metallic contact
and our metallic nanostructurBsiring the study of metal contacts to degenerate
semicoducting NWs, Stern et al. demonstrated similar behavior to bulk interfaces, and
found that they can be treated with the same tunneling model used for the bulk
materidf [123] Considering then the reginearthe metal catalyst droplet, hene
barrier to conduction estimated athe workfunction offset between Ag and ITO
(shown schematicallyRig. 2-5d). This offset is dependent on the crystal orientation

of Ag [138] and the local surface cdiwhs and metallic contributions of the

1Estimated using © 1@l . Of note, Reunchan et al. found that the introducti@®eb an ITO

unit cell begs the consideration of an evolving band structure with an indirect transition becoming
energetically favorable (8®transition was estimated ® 200 meV below the CB134]

13As theNWSs and bottom contacts are both subject topostessing anneals, we must consider the
difference in oxygen diffusion betwtesm however, bgurrentcontinuity the direction of the band
bending at the bottom interface is expected sed@ndary to the dominant electrostgtzg)

14Carrier transport across an ohmic junction is characterized by 3rpeatenyismd]: 1. Thermionic
emission, where carriers have sufficient energy to overcome thezbditiEnmionic field emissi,
wher e 06 htanneing through tleetop 6f the barrier; @hdrield emission, where carriers can
tunnelthrough the entire barrier. For the latter, the depletion layer is sufficientiyfinarmasult of
high doping density in the metallic isemductof1].
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Figure 2-5 NWodmetal interface. (a) elemental mapping determined with eleetrergyloss
spectroscopy (EELS) of ardepositedW grown at moderate rate (1.0 nima= 85°); (b) edgeiew
schematic for overlap region between conformal Ag top can@d@iO NWs(the purple region is the
insulating polymer used for isolation); (c) metal contact to a degenerate semiconductor band diag
an ohmic contact; (d) contact between a metal antdlacnm@anostructure results in the presence of ¢
tunnel barrier whose profile is determined by the-fundtion offset of the metal and metallic

nanostructure pg andf ito); adapted from reffl24]
nanostructure, all of which vary with deposition conditions (discussed further with

respect to ITO irsection 2.5. An estimate then of the barrier height in this region is
f MpminAs

For nanescale structures, particularly in themmtied configuration metal
induced gap states ampected to beecondary to dominant electrostatics at reduced
dimensiongAt low current densities it is therefore expected that the electrostatics owing
to our NW dimensions will dominate the current[l@#] Discussion of this situation
is necessary due to unique structures encountered wiitopessing, and is expected
to be the cause of the anomalous distribution of our devices (discussed further in
chapter 9.
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2.5ITO material system details

The key metrics when considering the performance of a TCO is Heé¢eoptmic
response of the structures (related to the carrier generation level, i.e., through the
introduction of6®) which involves balancieguations 1-1 and1-2 to tune the pas

band for incident light as welktasingof the charge transfer characteristics within an
OPV and modification of the charge injection barrier throughfumng s y § tise mo s
modified througlf98}

1. Carrier doping (decreases as Fetavel increases for fix ionization potential);
and
2. Madification of the surface dipdieificreases as ionization potential increases
for fixed Fermi level).
The former is consider ed aelebtroriickesperfsd e c t
i.e, through the shifting bagap and Fermi level) and the latter a near surface effect for
our system (relevant to the energy alignment at the-inetefiaces within an OPV

device). Sezhapter 3 for an outlineof the characterizationethods

ITO is a veltkknown, wide bandgap, degenerately dopgzersemiconductor
fi astandard TCE used in manganic light emitting diodasd OPV$75], [80], [82]
ITO has an intricate cubic bixbyite crystal structure with a unit cell comprised of 80
atoms[133], [134]and an evolving band structure, highly dependent on phase,
crystallinity and dopiri§0], [81], [133]184], [139], [140For example, an ITO thin
film is often defined as oxygen rich or metallic, with the (222) lattice plane associated
with a high density of interstitial oxygen sites, affecting the incorporation of Sn dopants
during film growth141], [L42Heavy degenerate doping has been shown to add up to
0.590.8eV to the fundamental bandg#g, § of In,O3 (sedFig. 2-4 ¢), with resulting
values o = 3.594.1 eV being reportéa typically cited value is 3.75[@¥3}], [144]
The workfunction of ITO varies depending on growth and annealing conditions.
Typically, a value of 4.7 eV is used for the-ftwadtion of ITO[112] but this can vary
by up to 0.6 eV depending on processing conditiébkSee Bel Hadj Tahar et al. for
a detailed review on the optoelectronic properties of ITO, including variations with

postprocessing81]
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Of note, Ishida et al. explored the gegposition annealing of films deposited
at normal incidence aad- 45°, in air and hydrogen atmosphgr#g], [18]. Within
these studies, it was demonstrated that the stdiatz=and phase of the tiiims
could be affected by the annealing process, decreasing with the amounts of metal In and
Sn, and amounts of crystalline ITO phase. It was further notedribaliray also
introduced complicated surface eff@ctan issue that is exacerbated with increasing
deposition angle, and the resulting increaseface area to volume ratd& are
furtherinterested in the interior structure of the NW as well asitibal electronic

dimensions.

The neassurface region is defined by a thin amorphous surface layer and
epitaxially matched branc[@#8] After the formation of a trurkranch pair, coimued
deposition with incomplete incorporation, results in an amorphouskjdehich is
believed to contribute to the local ordering during annealing. During the study of the
dependence af on the volume fraction of amorphous and crystallinespPasee et
al. noted that through structural relaxation and crystallization, local ordering increases
the locab®concentratiofil47] Further, for ITO thin filmg50 nm, sputteretlyulff et
al. found thain situations of elevated deposition rate the crystal growth rate is critically
defined by the. diffusion of oxygen into the metallic structure, ianthe fast
crystallization of amorphous ITO phag@48] The above outlines a metallic core,
surrounded by an amorphous shell, with the skin similarly defined by the pairing of an
ordered region and a region of disorder (see the later asymmetrical crystal grain

dimension as well asemental compositionap$i chapter 9.

2.5.1Further electrical properties of ITO

For ITO, aneffective mass valueiof m@i is typically usg@4], [14Q]in the case

of bulk ITO,T is generally accepted as being the raliged'@nt®, where the lower

bound was determined by Gupta et al., relating to the degenetaof liidt [150]

and the upper bound is an observed limit relating to the Sn doping limits and disorder

tolerance due to lattice def¢81q, [82]During 4PP electrical transport measurements

150ccurring when the doping density exceeds a critical carrier density (¢& pm Al
determied by Gupta et al.), and the impurity band merges with the conduction band, i.e., Mott critical
density[226]
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on single ITONWSs, Cliu et al. estimated the electron elastic+ineapath { ) from

the measured Drude resistivity to bedt®bnm § = 1105220 nm)119] Similar

values have been noted for sputtered thin film ITO samples §24026n] =50

7 nm)[135] In thecase of a complete degeneracy, mobility and carrier concentration are
no longer independent, with a carrier density dependence introduced forim#ébility (

T )[81] highlighting the sdifmiting natwe of carrier doping in ITO due to ionized

impurities@therrelevant scattering mechanisms within our system are discussed later).

Previousstudy Shifting plasma edge with carrier concentration

Figure 2-6 depicts a typical ITO transmission spectraypestby Granqyvist et al. for

200 nm ITO thin film§151] Here, with reference tothep m A1 curve: region A

is associated with the strongly allowed absorption due to electtmanidteansitions;

region B is the high transmission passband in the visible spectrum region; and region C
is asociated with free carrier absorption. The work by Grangvist et al. demonstrates a
progressive bleghift in the plasma edge and thaetof transmission with increasing
carrierconcentratiopt 1 o p m Al ), with the former being redatto the
previously outlined relationshgafation 1-2) definingd , and the shifted bandgap
attributed to the BursteMoss effect151], [152]n thiscase, the Mott critical density

is exceeded and electrons occupy the conduction band in the form afoengalect

The energy gap is shifted as a result of the doping and the magnitude is determined by

two competing mechanis{B2}

I. Bandgap narrowirgs the donor level merges with ¢baduction band
(the secalled Mott criticalensity)and
il. Narrowing counteracted by BersteinMosseffect (due to blocking of the

lowest states in the conduction band).

For the degenerately dopegDsmaterial system, thetreffect is a widened bandgap.
Ofimportancetousisthatanincrease a f i | m6s carrier concentr
directly through the shifting plasma edge. This alewsndirect observatias UV

vis spectra include interactions between the incident béabramithes and film

undergrowth. Compare witiie 3D-CBKR devicemeasurement, where we isolate a
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Figure 2-6 Representative metabxide behaviour.(a) Neamnormal transmission spectra for a do
tin oxide thin film outlining the Bursté¥foss blueshift of the bandedge with ineasing carrie
concentration determined by Granqvist §%l] calculatedsing the shown values of electron det
and film thickness&.igure credif151]

subset of the film.é., the top ~ 5% of structures within the thin film saim@es
chapter 5for further discussion). Doping of ITO is further discusssettion 2.5.3
in the context of studies pertainingitgke crystal ITONWS.

2.5.2GLAD structured ITO

A GLAD deposition assembly utilizes 2 stepper motors; one modifies the azimuthal
position of the flux and the other changes the substrate tilt with respect tacthe sour
(see Fig. 27 @. These two degrees of freedom act in concert and, when varied in time,
yield complex structures that evolve 4D according to predefined deposition
programs and feedback cont@LAD functions primarily on the basis of atomic
shadowng and limited adatom mobility (B&e 2-7 b, ¢ [13], [153PuringtheGLAD
structuring of thin filmsyugstrate rotation is computer controlled, and monitored using

a crystal thickness monitor (CTM) for feedback control to account for variability in the
PVD rate. Substrate rotation alters the apparent location of the vapour source, and

therefore alters tlslhadowing dynamics, allowing for films to be sculpted according to
variations in thazimuthal angle of the substrate chuck during depoSifi8] Once
nuclei form, they shadow regions immediately next to them, capturing subsequent flux

on the initial nucleation sites, forming the GLAD strudiité. increasing substrate
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Figure 2-7 GLAD deposition apparatus and film nucleation.(a) Control over the vapor flux angle
relative to the substrate and rotation about the substrate normal is asmgwegrogrammable
substrate holder equipped with two stepper motors; (b) substrate profile depicting atomic shadc
the incident flux; (c) auxiliary view of sdfigure credit: GLAD image database, accéared016

temperature4(), the number density of nucleation centers deondsle their size

increases due to the Ostwald Ripening mechdridin

Previous study: Low tempierr& deposition of structured ITO

Harris et al. conducted a detailed study with GIADdeposited under various
conditiong90] With fixed , tilted columns resultdéiq. 2-8 a, b, but with slow and
continuous motion, helical structures are fabricetgd 2-8 ¢). By rotating the
substrate 180at fixed intervals, a stack of columns with alternating directions, or
zigzags, is forme#i@. 2-8 d). The pitch of the resulting structures is defined as the
amount of vertical growth during a 366tation in . As the angular velocity is
increased the pitch approaches the column diameter and helical geometry is lost, and
uniaxial structures redeling dense vertical columns or posts are obsErge?i§ 6.

Films deposited with biaxial symmetry can be engineered with features on the order of a
few nanometers by adjusting growth and transition int&igal®-8 f). This process
refinement, uiting thef-sweep technique to mitigate coltbmmadening, enables
fabrication of uniform columnar filmi$he 7-sweep technique involves periodically and
discretely rotating the substrate back and forth about the substrate normal as the film

grows(as oppeed to the continuous rotationfiused to create vertical po3ithe
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GLAD modulation schemes are summarizédle 2-1 This technique was utilized
in the previously referenced work by van Dijken et al. as well as in the preliminary

polymer poreonfirement experiments outlineddippendix A[72]

Table 2-1 GLAD modulation schemes

f rotation
Pitch Stepped Continuous
Large Zig-zag Helix
Small SBD Vertical post

Of further importance is the local shadowing environment and the
incorporation of distinct defeétsparticularly the ionize oxygen vacancy déf¢t (
where the defining features of GLAD are {i&5]

1. The angular broadening of the incident vapor flux, and
2. The surface trapping probability (Sige 2-9 afor schematic).

2.5.3VLS-GLAD structured ITO

Typically GLAD operates inragime where surface diffusion is limited to allow
shadowing at the nanostructleneel todefinefilm morphology13], [153]Increasing

the ratio o## (film growth surface/substrate temperafuoegource (anateriaimelt)
temperaturel( ) to > 0.3, promotes adatom mobility and can result in the 'blurring’ of
featuresKig. 2-9b) [156] When Ebecomes a significant fractiod of and a catalyst

is present, VLS growth can occur (e.g., the &utectic in the case of ITO2).
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Figure 2-8 GLAD ITO parameter-sweep.(a) no rotation, fixed deposition angle 60°); (b) no

rotation, fixed deposition angée<85°); (¢ slow rotation; (d) alternating 180° deposition intel
(e) vertical uniaxial and; (f) vertical biaxial films. Figure [0@dit:
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Reported by Wagner and Ellis in 1964, the first demonstration of VLS growth
was for Si whiskers using Au as a catalyst materiarhe VLS growthof Si NWs
can also be mediated by other metal catalysts, sudi%& Bimilarly, ITO NW
growth has been demonstrated with Au; however, higher temperatures are required to
form catalyst droplets (pulsed laser depositt@®C)117] For seltcatalyzed VLS
growth in ITOoccurs at aomparatively lo'emperatuf®2] Here, InSn serves as the
metal catalyst when it is heated above its eutectic meltinghpaasing this ratio
beyond a critical threshold temperaturel©53240 °C) results in sadbtalyzed ITQs
nanotreeand the precipitation of fully extended NWs (shown schemati€iglly+a
¢ and from the top down ird). Sefigure 2-9 efor insufficiend . The resulting
structures grow in a regime where growtbtesmiined by the rate of impinging flux

upon a metal catalyst drofgketeFig. 2-9 ffor schematic, as well as later discussion)

The growth mechanism proceeds as follows: {8e inetal catalyst is heated
above its eutectic melting point and form&igiloy catalyst droplets on the substrate
[92] These droplets form at relatively low temperatures (€)1860d collect growth
material, catalyzing the Vg@wth of crystalline ITOIWSs. This also includes the
epitaxial growth dW branches on the sidewall of M\ trunk. Subsequent direct
impingement of evaporant results in a ssgiteirated alloy, exploiting the solubility of
one materialintheotherabe t he mi xtureds eutectic point.
to the liquigsolid interface, evaporant atoms are incorporated into the available

adsorption sites of the lattice, resulting in the vertical dicd8ih

The key element in the VLS growth process is that the resulting struetures gro
in a regime where the crystallization rate exceeds the nucleation rate, resulting in
6 whi s k e[l5®] Tlyesednivdremt single crystal NWs often possess high aspec
ratios, enhanced electrical conductivity, high transmissivity, and low defgdtidensity
[92] The combination of GLAD with the VLS process to produce -sirystal
Onanotreed® structures present-=elec@wonic i mpr ovem
applicationg11] Additionally, adjusting deposition conditions can increase the
complexity of their resulting structyrEs9], [160]
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A defining feature of VLS growdh the nanometre scadee the chemical
potential oscillations of the catalyst droplet, recently reported by Wafay $tL.:.
growth in Si NWEL58] Through analysis of the kinetics of the axial and radial growth,
Wang discovered that oscillations between fast and halted growthifesstechas
leapfrog changes in lengthd quantization in the kinetics of gré®ith58] This
behaviour stems from the fact that as 1/kefe/'R is the radius of the catalyst droplet)
approaches an equilibrium value, it follows an oscillatory instead of a monotonic path
(see previous schemdiig. 2-9 f). Owing to this nanometre size effect, the authors
produced ultrdong single crystalI$Ws (> 1.5 cm, Rw= 240 nm)[158]

Previous study: Growth of higlelynductivédoranched nanotrees

Figure 210outlines thatasthedepd t i on angl e is increased (a
decreased *¢ O0 = 5'pfinad) mearerderssely branched structures, with
limited undergrowth result. Explained by Beaudry{£1]l.

1. With increasing a, the combination of de
trunk-to-trunk spacing results in decreasing shadowing from neighbouring
whiskers. The resulting number of brangleesunit trunk length increases
rapidly with increasing a, as this dom
incident on trunk sides.

2. Increasing the flux rate results in a reduction of the number of branches and an
increase in trunk, and branch diameter, t he i ncreased O will
increase the rate of material crossing the vapbqguid interface. The liquid
droplet will increase in volume until the rate of hmuswlid transition has
increased proportionally. In this elevated rate regrareches decrease to
nearly zero as increases in trunk diameter, and a relatively unchanged nearest

neighbour distance, result in dominant geometrical shadowing effects.

18n section2.5.4we discussed briefly the effects of elevated growth enabled thesaginometer
sizeeffectg158] the depletion othe local growth environmeait oxygens suggested to lead to the
precipitation of a metallic core.
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Figure 2-9 Transition to kinetic growth regime.(a) schematic of surface trapping mechanism.
Figure credi{155] (b) increasingsIT v to a value ~0.3 promotes adatom mobility, 'blurring'
features, adapted from Patzig §iL&6] (c) schematic of the pratation of fully extended NWs; (d)
top-down SEMs of our polymer infilled \ATBO films; (e) partially extended NWs; (f) schematic of
catalyst droplet. Figure crefiB8]

In the present studgtructures are selected with near ideal morphokagy (
feature spacing on the order of, requiring growth at moderate rées nm ¢) and
high deposition angla € 85°)to maintain kanched morpholog¥ig. 2-10,middle

row, right). However, deposition at moderate rates results in structures with limited
carrier concentrations (discussed [@4} T he exploration of pogirocessingmeals
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is meant to optimize the NW conductivity, while maintaining the-iighthed

structures suitable for integration into OPV dekogghis experiment we utilize

1. Anair anneal, we can correct structural disorder; followed by
2. Areduction annéavhich increases the free carrier concentration through

introduction of doubly ionized oxygen vacané®s (

2.5.4Degeneracy in ITO

The substitutional incorporation of Sn in thgincubic bixbyite crystal lattice
contributes one conduction electwhile &®contributes tw§81] These sources of

T have a subsequent influence on the overall structural, electrical and optical
characteristics of the TCO film. Below are the equations govermaogrparation of

the above dopants into the lat{#}

b 068 ¢cQ -0 (2-8)
¢31/7 ©¢3% o cA -/ (2-9)

However, the process of incorporating these dopants is highly sensitive to various defect
complexesedl61jand references therein for a more thorough treatment of the defect
chemistry of ITOThe resultingnaterial system has a lattice parameter close to that of
In.0s (for ITO a= 10.1810.31A)162]and the resulting film characteristics are a
convolution of deposition parametérsaamel vy, oxygen pasti al
well as Tand Sn (at. %4B1], [141], [162]The above two sourcesiof must be

carefully adjusted to maintain film crystallinity, as®xan introduce local disorder

and a corresponding reduction imnd optical transmittanf@4], [117], [L51These

doping variations contribute to observed mobility values betwe#tb0 £V s?

[80], [81]where mobility can vary significantly within samples of &imilar
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Figure 2-10Demonstrated range of the VLSSLAD-ITO material system.Filmsgrown at = 50°

anda = 85° and various rates (500 nm scale bars). Pairing of VLS growth with GLAD yields a
composed of single crystal nanotrees, with control over trunk diameter, branch placement, and the
of NW features in a film. Figureadit:[9], [11]
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ITO unit cell: Planar ITC thin films: VLSHTO thin films:
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Figure 2-11ITO crystal schematics from literature:ITO unit cell for (a) fully crystalline (b) fully
amorphous unit cell. Figure crddi83] The oxygen partial pressure during deposition has been show
select between diféat orientations, with oxygen deficient growth resulting in (c) [400] textured films
oxygen rich growth in (d) [222] textured films. Figure ¢idd@}:From ref9]: A schematic illustrating
the crystal structure and facets of a samgial ITO nanotree trunk growing in the [100] direction,
shown from (e) auxiliary and (f)bgwn perspectives. Figure crdéit:

Further pertinent litature observations include the effect of crystalline order
(or lack there of) and preferential growth orientation. Towards an understanding of the
relationship between different crystalline phases and electrical conduction, Rosen et al.
simulated the quehing of a molten ITO source, and investigated the precipitation of
unit-cells with varying degrees of crystallinity. When quenching times were varied, it was
found that it is possible fot to extend beyond the conduction band minimum in a
fully amorous crystdlL33] demonstrating that a degeneracy cartrbduced in a
highly disordered sample (B&e 2-11 aandb for crystalline and amorphous ITO unit
cells, respectively). Kim et al. noted distinct geometric relations for preferentially (400)
and (222) oriented sputtered ITO thims; the authors ebgined their observations in
terms of the relative surface energy of a given crystal plane, with (222) oriented films
favored with the presence of oxygen in the sputtering afhbmefer taFig. 2-11 ¢
andd for crystallographic orientation schemdafi@gm LaFoge et al., a schematic
illustrating the crystal structure and facets of a-siggtal ITO nanotree trunk
growing in the [100] direction (deg. 2-11 eandf for auxiliary and tegown
perspectives, respectiviy)Note, branch growth occurs in the four {100} direction

normal to the trunfQ].
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Previousstudy Sn and oxygen vacancy dopinggITO NWs

In the pursuit of highly conductive ITWs, Sn an@®doping have been pursued by
severalasearchers in the figiil], [82] Meng et al. demonstrated that they could
improve the average resistivitlN@fs by four orders of magnitude through in situ Sn
doping (0 to 19 at. %), with an observearparation limit preventing further doping
in theNW (Fig. 2-12, open triangles,~ 0 . 2 [mIV}HoweYer, there is a steep
degradadin in transmission betweed20 at. % of S[163] limitingtheamounbf Sn
dopingsuitablgor TCO applications.

LaForgeet al. demonstrated an approximatelyftddiincrease in in highly
branched, laterally connected nanotree riedwb~ 12 0 Qm) by increasin
deposition rate from 0.5 nrhte 3.0 nm $(Fig. 2-12, open diamondsy = 0.3° 0.1
mY t c[84) For the observed increase$ init was suggested that therémsed
growth rate resulted in a lower oxygen incorporation rate and therefore an@ftreased
(inferredas the Sn concentration was constant at 6 at. % in tHe4ijlhis gain in
electrical péormance can be at the expense of the ideal morphology, and introduction
of a complex metallic cesbell architecture (semy. 2-12 inset). In this work, it is
suggested that metallic cores are precipitated under conditions of elevated rates where
oxyge incorporation is limited; this includes oxygen deficient conditions introduced
through competitive growth dynamics (i.e., flux starvation as branches are buried into
the film)[99] The point of interest here is that the formation of such structures at
elevated rates is consisteriwitt h & r @lgdba g r owt h mechani sm out |
Similar chemicatpourdeposited structures have been reported by Kim et al., with
Au-embedded ITO NWE.64] and Li et al., with illed[165]In,0O; NWSs, indicating

that there are multiple paths towards metallic NWs.
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Figure 2-12 Resistivity varying with Sn [at. %] and deposition rateThe dashe line is the
‘commercial grade' threshold (Delta Tech., OM@&m). Inset: Precipitation of a metallic core at 3.0 nm ¢
1. Transmission Electron Microscopy images of NWs deposited at elevated rates.

Previousstudy Scattering mechanisms

Key parameterghen considering the intrinsic resistivity of a structured thin film are the
sources of scattering. Electron mobility in a bulk TCO is limited by ionized impurity
scattering, which is considered the dominant scattering process for carrier
concentrations aep m A1 . The maximum carrier concentration is limited by
dopant solubility in the host material, and larger impurity densities can form~clusters (

¢ pm Al for ITO) [75] At reduced dimensions, other factors need also be
considered. These include the dimensions of the nanostructure as they contribute to the
surface scatterify)66], [167&nd the size of the crystallites as they contribute to the
grain boundary scatterifi$8] both of which have been found to contribotéhe

electrical resistivity diWs on the size scale observed within this \MdR]
Considered by Fuchs and Sondheimer, when the film thickness decreases below the
bulk electronic MFResistivity increases due to diffuse scattering at the film boundaries
[166][167] Considered by Mayadas and Shatzkes, as thin films proceed to a thickness

less than the mean grain size, the increased contribution from grain boundaries also
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contribute to increases in resistidi68] Durken et al. found that both effects may be
neededo explain electrical performance, incorporating the variation of mean grain size
on wire dimensions during the study of polycrystallidhdMs(10570 nn) [113]

Factors concerning th dominant scattering mechanisthnat need further
consideration, and that will &eploredn later chapters are:

1. Forour nanotree arrays, |, and atlow current densities it is expected that
the electrostatics owing to our NW dimensions willrdde the current flow
[124], [16]1 [169]

2. For sufficiently large crystal grain sizes (D > 2@ &3 been observed that
grainboundary scattering is not the dominant scattering mechab&m
[1709[172]

3. Weakdisorder arising from the random potentidghatNW surfacect to

screen electrons towards the core oNtWE95]

2.6Chapter summary

In-plane resistivity measments of metals and conductive oxide GLAD films have
been previously perform@d], [L0G[111] revealing the increasinglane resistivity

with increasing oblique depimsitangle. Electrical anisotropy has also been observed,
with differing irplane resistivity for different nanocolumn orientatjibh%] A
thorough study of both4iplane and througbost axiaconductivity as a function of

film composition, morphology, porosity, and crystallinity/phase is required to
understand the complex interplay between film morphology and corresponding

electrical properties.

Quantifying differences between vertcal latergblane characteristics of
GLAD films requires expanding on established techniquepfaneémeasurements
(which largely neglect morphological effects) and tailoring techniques to apply directly to
GLAD films. In the coming chapters we ouwtlithe dagn and fabrication of@D-

CBj where the region of interesnisinsic toour nanostructure arrays.
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This research builds from tleéectrical characterization of ITO films by
LaForge, which revealgductural confinement on the scale ohani@nometref94]
and motivated the air annealing treatment to correct this disorder (discussed further in
chapter §. To further these findings, the data point determined from our work for as
depositedréss t i vi t y f otfilmiFig=2-18 SoSed cirdle) &nd hOrsccrs
processed sampked. 2-12 purple squar€) These data points require some context,

and in later chapters, the following considerations are important:

1 The fabrication of defefrtee contacts;
Limiting uncertaintin equation 27 to propagated counting error; and
The precipitation of coghell structuresngludingspontaneously, at

growth).

1These values were determined using an estimateddgotetien layer of ~1 nm (discussed later).
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3 Experimental detalls

This chapter contains a brief overview of the experimentaldseted in this work,
including an outline of the fabrication methodology, the assessment and characterization
of asdeposited and processed filasyell athe testing of completed devices. The
experimental process flow used to fabricate and tdsvtbessbriefly outlined here.
First,films are deposited at moderate rates upon bottom contacts and, in the case of
VLSgrown NWs, processed and encapsulated in an insulating polymer. The
encapsulation is required to prevent Agvgadiedeposition, wbh can result in
contacting of top and bottom electrodes, and short circuiting of the device. As discussed
in the previous chapter, the selection of Ag and its conformal application to our
nanostructures yields ohmic characteristics (determined foe\eeeludder study).

Via equation-1 and1-2 we can obsenshifts in the degree of doping within NW
arrays and thin film witness samples. Various characterization techniques allow us to
probe the macroscopic, filevel properties as well as the bulkhaadsurface regions

of the nanostructures. Deconstructed devices are used for EELS characterization, while
witness samples were used for UPS, AES, XRD aiiSJsharacterization.
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3.1Thin film deposition

The vacuum deposition of structured thin films rexjewatrol over the substrate
position relative to a fixed source and a directional particle flux from source to
substrate. Dynamic control over substrate rotation is set by the motion of two stepper
motors that are computeontrolled with custom softwar@dvanced control
incorporates feedback from the CTM to allow the motion of the substrate to be
triggered by predetermined stagpscified as functions of accumulated thickness
during growth. For our GLAD depositions, Gimdnitored growth was employed,
whereas VLS depositions were timed with constant, continuous rotapoev{ees

Fig. 2-7 afor schematic of deposition apparatus).

To reduce the angular distribution of flux material (evaporant) arriving at the
substrate, long thredistances (L) anoM/ vacuum are required to minimize collisions
within the gas during transit (L ~ 42 cm, < 100, reffective source diameter ~ ))cm
[154] There are several techniques to generate a particle flux in a PVD system. The two
main methods used in this thesis are electron beam (EBE, used for naeostructu
deposition) and sputtering (used for the deposition of smooth, planar bottom contacts),

both are described briefly below

3.1.1Electron beam evaporation

Within an EBE system, electrons are generated by thermionic emission, accelerated
through a higivoltagefield (5.6 kV), and directed to the source with electromagnetic
sweep coilsA tailored sweep of the electron beam (circular in our case) distributes
heating, and is adjusted to avoid uneven deposition rates (requiring ~ 10 min

conditioningprewarmingthe source before deposition).

A highly collimated vapour flux is necessary to achieve dynamic control of an
evolving structured thin film. This flux is produced by heating a crucible full of source
material with a 8100 mA electron beam. Upon sufficiexating, the vapour pressure
of the source material will exceed the hydrostatic pressure within the chamber and
produce a highly collimated (low divergence) vapour flux of low energy patrticles (E ~

100 meMj with radiative heating from the vapour sourcegbainsecondary
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consideration for loswemperature depositioji$4] During deposition, an impinging

vapour atom is adsorbed at the nanostructure surface, and is incorporated or re
evaporated. In the former case, the adatom has excess energy, and transfers it to the film
surface until it is in thereguilibrium; the general trend for thin film deposition is an
increase in crystallization due to increased adatom mobility with increasing substrate
heatingTs) [154]

In the present research, ITO chunks (Materion Inc., Milwaukee, WI, 91:9
In.03:SNQ, 99.99% pure) were used as source matar@lstom GLAD deposition
chamber (AXXIS, Kurt J. Lesker, base pressure 2Bal0 The GLABTO was
deposited by EBE (£ 42 cma = 83°) and nominal deposition rate dd.2 nm 3,
and was conditioned for ~ 10 min with a circular sweep of the dE9h&E&LAD
ITO structures investigated during the conductivity study were deposited in a single
depositionl ¥ = 0% a5= 8%f)nwitts varying process parameters administered
postdeposition (se&ppendix Cfor the motion files of the present stucdgdito set
the growth steps and material CTM tooling factors).

For heated deposition$s was monitored using tgpeT thermocouple
mounted approximately 1 cm above the center of the deposition ch{k] {see
calibration details). The deposition chuck was thermally isolated from the substrate
motion drive shaft by a Macor headpiece. Dense glandd.&nm 3, a = 30°,t =
200 nm), and = 50° VLSGLAD films & = 0%.a5 507,i10.ss 59, were

processed in parallel to serve as controls faro86° VLSGLAD films (ITOy.s s9.

Ag top contacts were also deposited within the abovetidepdsamber, with details

provided irsection 3.4 In addition to films grown for CBKR characterization, multiple

films were grown by A.L. Beaudry; these films are used to supplement the current work,
particularly t ho-aa dsivéddetalediohapttrbzed f or t he

3.1.2Sputtering

By employing sputtering to deposit our dense planar bottom contacts (Au for GLAD
devices and ITO within oxide trenches for MALRAD structures), we are able to

produce smooth bottom contacts that serve as the grofattesor our subsequently
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deposited structured thin films. For this PVD technique, vapour flux is produced by
bombardment of solid target with heavy ion'sifAur system). During this process a
plasma is ignited and accelerates the positively chagyemvards the negatively
biased target. This results in momentum transfer events and results in the ejection of
target atoms forming the flux. In an ideal case, sputtering has the benefits of
maintaining the stoichiometry of the target due to the pitysittile transfer process

(i.e., sputter yield can vary with material, but is typically better than with evaporation). A
reactive gas can also be added (i.e., oxygen in the case of ITO deféitither

tune the properties of the deposited filnis ©a relatively high pressure process (>10

Pa) that results in increased scattering, improving step coverage in wafers with
topographyparticularly within our oxide trenchmgli{ned irchapter §. Compared to

EBE, this is a higher energy prodéss 10 e\ and results in significant substrate
heatind154]

3.2Summary of experimental process

Outlined irfigure 3-1is the experimental pess flow utilized to populetguatior?-6

in order to yielda. A similar procedure was followed to determirier ITOgiap

devices (discussedhapter 4. Initial study of the optimization anneals was conducted

on planar samples, and for this reason, we proceed with two approaches to assess the

effects othe reduction anneals on our nanostructured thin films:

1. 375 °C, reduction flow sweep (reductiatDatccm30 sccm, 100 sccm)
2. 10 sccm temperature sweep (175°C*, 275°C, 375°C, 425°C*)

Nanotree films were subject to a -st@ge anneal used in previous work
(summarized iMTable 31) [27} anneal 1 (atmosphere, 1 hr, 500°C linear ramp,
passively cooled), and anneal 2 ¢toee tube furnace, 375°C, 5%985% balanced
Ar, 13100 sccm). During anneal 2, samples were ramped lineahglbfdr 60 min,
and passively cooled to < 90°C before removal. Repepiadiénsheet resistanaf

planar films antfO s sofilmswas verified using both 4PP (Signatone, 1.6 mm) and

IThe latter study is complicated as the indicated (*) samples were oxygen annealed for 24 hrs (as opposed
to 1.5 hrs) due to a gmint malfunction with the oven controliksthe results of both stigs cannot
be directly comparedevicelevel trends are presented where applicable.
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AL4-007A (4 devices)
(Calibration study) L T LT T T P T TR T LT TS
+ ':' AL3-104 (112 devices)
:  (Proof-of-concept, ch. 4)
AL4-007B (94 deViCeS) FEEEEsEEsEEEEEEEREEEEEEEEEEEEE .
(Full scale study, ch. 5)
Ui o i e e g g R e et Sy g e
: Definition of growth surface Device Fabrication and!l
(ITOgp bottom electrode) . .
: i | Electrical testing I
|
L | Nanowire growth | Nanowire tilt characterized
NW ; (Discussed in ch. 2) (L ~ tim) |
I |
| High temperature anneals _>I variable hydrogen flow I I
| (Discussed in ch. 6) —>| variable anneal temperature I I
|
I Polymer-infill > Process verification N Determination of Np |
D | (NW tip exposure) <+ (re-coating) (Per device basis) |
| |
I Ag capping > Ideally plasma_ashed |
(Definition of top contact) samples (determine Dyw) | |
| 1 I
| Measurement I
I (Determine Rp)
| y !
m____-_____-______--___
Post-measurement . . . .
characterization (e.g., EELS) Thin film characterization
(Discussed in ch. 6)

Figure 3-1Experimental process flow and relation to equatio®6. An initial calibratin study had a
yield of 25% (AL9D07A). Processes were further tuned and yield improved for subsequent prc
groupings (5194% yield for AL9D07B). Key parameters are highlighted (left) with the process flow
device fabrication and electrical tedisgussed primarily in this chapter, and subsequent thin fil
characterization discussed furthehiapter 6

Hallprobe (Accent HL5500PQGhese two techniques yielded measurements that were
within 5% of eachother for a given samapldwere found to follow trends noted in
literaturg173], [174]

Samples were prepared using standard-fraezge cleaving techniques, and
images were obtained with a scanning electron microscope ({8Ei RE $4800,
15 kV, 22 O0OA) an dmageanaysiysofevdie7b] Sranangssionma g e J
spectra (188300 nm, PerkikImer NIRUV) were taken of films on UWyfade, fused
silica substrates, before and afteeals. Xay diffraction patterns (XRD, Bruker D8
Di scover, Hi St ar area detector, Cu Ka,
measurements (AES, JAIIBOOF, probe diameté8hm at the sample, 24 mm WD),
ultraviolet photoelectron spectra (UPS, KratbsR1.2 eV He | source, 10 V bias),
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and transmission electron micrographs (TH®L 2200 FS, 200 kwgre taken of

films deposited on Si substrates. Within the following sections further details are

provided for the specifics of our thin film depas#tj@aevice testing protocol and thin

film characterization.

Table 3-1 Growth and processing detailsSummarized processing parame
(including process temperature, ambient and process time) for the stuithus
reduction gas flow rates to optimize nanostructured thir{Séefgopendix C).

Process . Process time
Process: Temperature [°C]: Ambient. [min]:
Growth (AL4007b) 240 Vacuum 5 min
Anneal 1 500 Atmosphere 90 min
Anneal 2 375 5% H /95 % Ar 60min

3.3CBKR design rules

The definition of our measurement window requires consideration of our device

specifications and the allowable current density. The former is a combination of the

interface bandngineering describeahapter 2 as well as thedce layout described

below. The latter is estimated from the study of the current density failure limits in Au
NWs, previoud-wiretesting by others ainglelTO NWSs, as well asom the NW

diameter and planar density observed for the films undemsthidyand previous

work.

Reported systematic contributions to the electrical characteristics of the planar

CBKR architecture include:

1. Contri
[125], [26]

2. Coniacting metallic trace thicknessontact width ratios (typical range i0.03

butii

ons

from

edge

Flge 23§ [6 22]s

0.2,similar to the range utilized in this work); as well as the

3. 2lvs. 2L configuration (discussed previousl¥ige2 1 b [121]

Zdeally the test current flows directly into the contact wjndomideal structures have an extra

contribution frommear planar matereound the contact window (shown schentigtiodrig. 2-3 @

[121]
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Theobserved linedarvcharacteristics, as well as deviations due to deigaésta our
3-D architecture and GLAD films, allow us to separate systematic contributions from
our deviceFurther device characteristics are judged against the response of our thin
film controls (discussed furthechapter 5andchapter §. By compang deviations
in the expected response of our thin films, and observed daditierzlevel defects,

wecanaddress the effect of various systeroatitributions

3.3.1Lithographically defined contacts

To define the critical dimensions of our test strig;tiime dependence aof & device
area necessitated device areas rangingfnotto4l00um?. An initial sensitivity study
was conducted in preparation for the integration of GOADnanopillars deposited
ata = 83° (ITOsLap 83). We found that focusimg larger linewidths was preferable to
combat device area variation, as there is a diminishing effectet€laagrwith

increased linewidth.

Using the relationship f@r (=m,j!) and a simple paralpgst modelthe
dependence af on devce area and pesasaliameteng) is shown irrig. 3-2 aand
b, respectively. The large body of prior work on GLAD has shown that typical post
dimensions near ~ 30 masultfor our deposition conditiorfe.g., sefd 1], [90), this
leads to likely upper and low bounds for numbers of posts per uaidoémterest
in our case, the numhbarnanostructures a test structure. Holdimgconstant and
varyingm, the correspondirg v al ues f or ‘“eviedemonsteatethdd 0 0 Qm
postbase dimensions can have potentially large contributions in our experimental range
(i.e., for < 30 nm there isnatableincrease in resistance). Considering our practical
lithographic limits (~ 2m, resulting in > 30 in thecase of VL$LAD ITO
devices), and situations requiring the highest instrument sensitivity (e.g., cases for which
we are pantially measuring metallievs), the range of tested NWs was1. M
p 1 n{where the lower bound is a fabrication limit, and the upper &owhderved
limit for our sizescale paired with further isolation due to fadymer idfill set

outlined inchapter 9.
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Figure 3-2 Determination of device dimensions and photomask designa) Dependence ofRn
device area, and (b) Dependence ohRostbase diametgc)t 1 array of device chips; (d) housing
36 deviceseach (par r ay) . Devi ce 2a8ped$§ and dongfer thé systematid
determination of intrinsic electrical properties of the nanostructures between lithographically d
electrodes; (e) final device configuration.

To isolate any unwanted systematic resistance contributharte;ragsk was
designed with trace lengths variednfdn50.75mm, and1l mm) and with triangular
contact pads (heigh200Qm, bas® 200Qm). Linewi dt hs were 2 Om (our
l'ithographic | imit), 5 OQm, andophtl Om; t he
bottom electrodes define the resulting device area. Devices were spaced generously at
the photemask level (2 mm, centercenter) to allow for sufficient tolerances during
mask alignments, as well as ease of device isolation dufm@gessig and
characterizatiorFig. 3-1 a, h. Devices were fabricated in a CBKR configuration
(shown schematicallyFiy. 3-1 § on ptypedp TtGéilicon wafers (University Wafer, 4
inch, nominally 100 9. Mevices were fabricateging arrays, with one slaused
for both top and bottom contactse(,mask rotated 90° for the second round of
lithography). For the fabrication of GLADO devices we updated our procedures to
incorporate process refinements implemented after the study of theskeqmoopt
devices (discussed furtheclmapter 4and5). Wafers were cleaned with a 3:1 v : v
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mixture of sulphuric acid (96%) and hydrogen peroxide (30%) at 130 °C for 20 min. A

30 nm Cr adhesion layer (Kurt J. Lesker, 99.95% pure) wasispotied at a mof
~0.38 nm 3 (0.933 Pa Ar, 33 cm throw distance, 2 W).c&u (Materion

Microelectronics Inc., Milwaukee, WI, 99.999% pure) was chosen for the bottom

electrode for its air stability, low resistivity, and relatively high melting point. A 180 nm

thickAu layer was sputter deposited at a rate of ~0.24(ArB33 Pa Ar, 33 cm throw

distance, 0.5 W cn

Foll owi

developed using a NaGdsed developer (Shipley Microposit 354) with the endpoint

ng each r e sheflCrelecirade de@mngtsy wad s
defined by standard contact photolithography techniques; HPR 50égitoias
exposed at 140 mJ €rat wavelengths of 365 nm and 400 nm. Photoresist was

deposi

being determined via visual inspection (after ~25 s). Au/Cr electrodes were

subsequentl wetetched to yield the final contact geometry (Au etchant: Fisher
Scientific, 200 g KI&@r5g 1./2L deionized water; Cr etchant: 882367, Fujifilm
Electronic Materials, North Kingstown, RI).

Ag top contacts (Materion Inc., Milwaukee, WI, 99.99% puesjiepasited

via EBE in the same GLAD deposition chamber as our nanostructures, at ~0.25 nm s

Ag contacts were defined by photolithographic techniques outlined previously, using a

4:1 dilute solution of Cr etchant : deionized wateiT&#de 3-2). Further details
regarding the deposition parameters of the Ag top camtgrbaided irchapter 4

and5 for GLAD-ITO devices and VI-6LAD ITO devices, respectively

Table 3-2 Line width measured at the center of millimetesscale traces.

Wa[ @m] Wa[ @Qm]
Nominal 2 5 10 2 5 10
Experimental | 1.1+0.1| 42+0.1] 93+0.1| 1.3+0.1| 42+0.1| 89+0.3

3.3.2Testing protocol

While highly metallic IT®IWSs with diameters of 325 nm have been shown to be
extremely resilient to joule healirgf] Karim et al. have observed diameter dependent
) in AuNWs with diameters 00 nm[177] Based on our

failureX ™ pm ! i
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values for NW diameter and planar defisifyweimps ed a t est current | i
QA to I i mit c gt e minimziegnosie heatif@ls] Dépending

on the number of structures contained within a devicegghlss in the current per

device ranging from OdB. 3, wigich is expected to be well below the expected
diametedependant failure limit when considering a $itWlevithin an array under

test.Further, only devices with stable, lingaharacterigs were studied further.

Device resistance was measured with\lprecision with collection intervals
spaced while limiting joule heating. Faiue resistance measurements were collected
using a digital multimeter (Aligent 34401A). Dévicharactestics were obtained
using a power supply (Agilent UB001A) and digital multimetevireaonfiguration,
li mited by the 10 mU resolution and the 10
digital multimeter (this process corresponds to a resistivity range that extends from 10
U cm™MJochm) respectivel y). Wes)mapreseltit hat devi

a lower practical upper limit.

In-plane sheet resistance of planar films was measured with a standard 4PP
(Signatone, 1.6 mm probe spacing). The following testing protocol was used to
characterize and verify the measurement app@tafus and 2), top and bottom
electrodes (step 3 and 4), as well as the multiple probe configurations (step 5), outlined
below (seeTable 33). Data analysis was then conducted using a fixed probe
configuratior(i.e., ichapter 6we fix) oT!).

Table 3-3 Device testing protocol.

Step: Prope . | Notes:
configuration:

1 13/ 2-4 Measure R record contact resistance (short probes
together, record-®ire multimeter reading)
Verify apparatiin 4wire configuration: resistance o

2 4-wire 180 nW(nominal) resistor determined in force / sef
configuration

3 1-3 Measure + :record 2wire resistance

4 2-4 Measure : record 2wvire resistance

4-wire, Measure thallowed probe configurations (to mitiga
5 multiple issue of measurement offset, check for Schottky b
configurations| and / or currenicrowding effects.
6 - Rejectdevices that display unstatilaracteristics.
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Of interest to us is the frequency response of the nanasraicays here, a
variation in thickness or composition of the dielectric layer is believed to be the root
cause of the resultant impedance spectrum closely approxiotatsat phase
elemen{sed-ig. 2-5for composition and schematic of the MWtalinterface). This
behaviour is thought to arise from inhomogeneities in the electtEdi@l system that
can be described in terms of a (normalizable) distribution of relaxation times due to
frequency dispersion of the capacitance at the intés@oeferencgl78] and
references therein for further discussidrg.above outlines a threshold where a device
is characterized by ettteecontinuous metallic core or a broken shell. Here, we are
bounded by the rangen LIATMm Mp 1t LIA i, where the lower bound is the
resistivity of In and the upper bound ITO. As the variance within a given array
increases, fewer loops 10) are required to saturate the observed resistance (for our
devicew M. Mp m x[@t79] From this, we can only obseretative shiftin this
behaviour with high temperature processingliapeer 7 future work for suggtions
how to extend beyond this limEurther, dugo the exploratory nature of this work,
lineari-v characteristics were considered sufficient and we avoid depletion of the
junction with larger biases and higher probing frequencies, for risk ahglamag
contact’

3.4Thin film characterization

Toward a deeper consideration of the phase, crystallographic orientation, and doping
profile within our samples, we us&EM to determine the mellV dimensions as

well aghe local feature density; XRD to determine the mean crystallite size and
orientationiii . EELS-enabled TEM to determine the radial chemical composition; and

iv. AES/UPS to determine the surface composition andfwockion, respectively.

These techniques are briefly introduced bekestable 3-4 andFig. 3-3).

3An initial attempt wamade on GLADITO devices to probe into the MHz range, but yielded purely
resistive samples. Initial estimates indicate that a power supply with GHz probing frequencies and/or the
inclusion of a blocking layer is required for me&stine latter was expkat in earlier study of ITdonp

structures by our gropeeAppendix A) [27]
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Near
surface
region
Probe
depth
1-5 nm
Section
isolated
for EELS

Film level NW level
Figure 3-3 Characterization scheme of ITO thin films and controlsVia equation 1.1 and 1.2 we «
observe shifts in the degree of doping withinaik&ys and thin film controlgrious characterizatic
techniquesllow us to probe the macroscopic, (a) film level properties as well as the (b) bulk
surface regions of the nanostructures.

Table 3-4 Characterization techniquefi region of interest.

Near-surface region Bulk
Film-level UPS XRD, UV-VIS
NW-level AES 3D-CBKR, EELS

3.4.1SEM

SEM is used extensively througttbis work to determine the morphological evolution

of films (with# adn)d, nanostr ukt ande )chndrthe lbcalipastn s  (
density (used to determing seeAppendix D for further detailsWe can determine

the number of exposed/M, in part, as they extend above the plane of the polymer in

fill; the catalyst droplets and exposed section of the NW trunk provide a large
interaction volume and therefore operate as a large secondary electron source for the
SEM detectoin our casehie primary electron beams are produced byefigksion

(15 kV accelerating voltage). When impinged on the specimen, the beam is decelerated
and its energy transferred inelastically to atomic electrons in the sample. The resultis a
distribution of elecbns that manage to leave the specimen in the form-ehé&rgy
secondary electrons, or higeergy baekcattered electrons. Secondary electrons are
emitted from the core of atoms and, due to their low energy, they originate from the
surface of the sanap providing information about the topography and morphology of

the film. The output signal is captured by a detector consisting of a
scintillator/photomultiplier pair and serves to modulate the intensity ofrasi&&d
synchronously with the primamaln, forming the SEM img3&4]
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3.4.2XRD analysis

XRD analysis iIs used to observe how
crystallinity, as well as chesin crystallite size and orientation. Crystalline materials are
typically defined as polycrystalline (with random or textured crystallite orientation) or
single crystal. Neerystalline materials are termed amorphous, and have ramigg

order. Thisneasurement technique involves the coherent, elastic scattering-of hard x
raylight4p > 10 keV or k < 0.2 nm) to obtai
of atoms in a crystal lattice. The Bragg gngsarélated to the crystal spading)by:

cA OEi 11 (3-1)

The diffraction profile are obtained by rotating theay sourcethrough allf
positions, and recording the intensity of diffracted ligljt IThis analysis provides a

proc

n i nf

i nger printd of t he nchapterqihaldtticeoconatane s wi t hi |

(a is calculated using equaftah grain size (D) was determined using the Scherrer
equation (with K5 0.9, k = 0.154 nm)

)of —— (32

3.4.3EELSenabled TEM

Transmission electron microscopy (TEM)
morphology, composition, and local crystallinity (as compared to thevdilm
characterization of XRD measurements). Pairing this technique wih elergy

loss spectroscopy (EELS), the elemental composition and distribution within our
processetiWs can bascertainedlo enable the transmission of an energetic beam
through the long axis of oMWs, a miebody plan section of several devices were
isolated using a Focused lon Beam (FIB). Applying this methodology to a given device
provides many candidate structures for study (discussed faltaptang. All EELS
characterization within this study was conductédil@yui from the National In&ite

of Nanotechnology (NINT), Edmonton, AB.

4n a symmetri€ /2] scanthe angle of incidence of the incomingyxbeam and the position of the

diffractometer/goniometer can be varied independently to access regions of interest in reciprocal space.
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During EELS characterizati@m incident transmission beam (~1.1 eV) scans
the crossection of an isolated NW rsdction (~ 150 nm thicked-ig. 3-3), and the
resulting elemental peaks are resolved usioiplercomponent analysis (PFT20]
Electrons are transmitted through a thin sample and arei.eithecatteredj.
elastically scatterediiarinelastically scattered. A spectrum image is composed of the
number of inciderAransmitted electrons inelastically scatssesfinction of energy

loss.

Spectra can be recorded from highly spatially localized regions of the sample (~
1 nm). From 50 eV (~lo¥wss limit) up to several thousand eV of energy loss, the
inelastic excitations involve electrons in the localized lobats@mn atom sitesdges
arise from excitations from the core orbitals to just above the Fermi level of the
material)Once collected, specific energy losses corresponding to the characteristic core
edges of the atomic species present in the samipéesedected, allowing for elemental
mapping181] This analysis produces a .dma3 file that caprisidered as a three
dimensional data cube whosedimensions (reapace imaging dimensions) and z
dimension (energy loss in the spectra) contain spectroscopic mrficetatd to the

local bonding environmefffior the spectrum collection process Aggeendix F).

3.4.4Surface characterization

As discussed thapter 2 thework-function and phase of the ITO thin films can be
affected by annealing in oxidizing and redusmiwvironmentd-or this reason, the
complementary techniques of AES and UPS are used to yield insight into the surface
composition and wotkinction (respective)y as the surface properties of NuY's

shift with posfprocessing anneals. Determinatiothefsurface wosunction and

surface composition is critical for device performance because they affect the energy
barrier height at a given hetenerface(i.e., within an OPV devidd)l, 12] These
techniques are used in conjunction shifts in2 as it varies with processitmy,

better understand hdive array and device architecture panface characterization of

5PCAis a statistical technique that uses the varianceofitiastin different dimensions, the data setis
then reconstructed using only those principal components, eliminating those that repr¢s8@} noise
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our NWs was carriedut at theAlberta Centre for Surface Engineering and Science,

University of Alberta, by Shihong Xu.

Photoelectron spectroscamnsists of a primary beam of phb6tons incident
upon a sample, and using an inelastic secondary elecwéinotuhe energ
distribution curve, we can directly soea the ITOQvork function145] AES yields a
guantitative compositional analysis of the surface rétgos,. augezlectrons have a
short mean free path; therefore, we are limited to scad®ig 6f sample surface.
An auger electron is equivalent to the relaxation energy released in the form of an
gected electron upon sufficient excitation, and proceedsisbe beam excites an
inner shell electron, ionizing the atom and producing a corg.eolejpper level
electron decays into the core, transferring its energy to anothésugbpéstcon that
is ejected (resulting in a doubly ionized atom). AES analysis therefore allows us to

observe relative shifts in surface chemistry with our processing anneals.

3.5Chapter summary

Throughout the device fabrication process we utilized the thin dilactehization
techniques outline within this chapter, specifically SEM is used extensively to determine
the mean dimensions of our nanostructured thin films (particularly to populate our
simple parallel resistor model, equ&t®n We conduct XRD anaiys$o gain further

insight into our mean crystallite dimensions, and to ensure crystal stability with high
temperature processing. The pairing of EELS and the techniques of AES and UPS are
used to observe bulk and surface compositional shifts, respébivapplication of

the above techniques are described in the coming chapters, and are used in conjunction
with UV-vis characterization (describecthapter 2 to relate the optelectronic

performance of films to the eleetiwemical shifts in our natstures.
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4 Electrical characterisation of
GLAD-ITO nanopillars

This chapter outlines the incorporation of amorphous GIDADnanostructures into
the 3D-CB device architecturéhese devices demonstrate pafefoncept of our
capability to achieve asolated measure of the electrical performandeeof
nanostructure arrays. A key point of consideratiorregibeof uniformity across the
device chip (nominapp@ A i p® A i areacontainingheg @device array). Due to
norridealities encounterduring weetching, ouregionof uniformity was limited to
the inner 1 device array (or ~ 1 éaentral regionkignificantly lowering our device
yield per chip from 36 to 16. The total number of GLAD devices fabricated was
112, with edge detsdurther limiting us to ~ 40 devices used to deteareasonably
unbiased measuremf(sed-ig. 4-1for device chip level uniformity, discussed later in
this chapter amevicelevel defects).

ections of this chapter are taken from: Lalany/tial.resistivity measurement of a nanopillar ensemble using a
crosgridgeddvin architectdST:A, 31, 3, (201327]
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GLAD-ITO ‘ g bl g {

Pomaa® kgt by g

Figure 4-1 Device fabrication overview. (a) A typical deviegghip is shown with the region of uniform
fabrication highlightedlashed region); (b) the transition from nanostructure to planar top contact
challenge overcome through grading of the top contact (discussed later). Shown above is a dele
top contact from a cleaved saniipléor this reason samples were fréemetured during SEM sample
preparation (note the tapering of nanostructures discusbegtier 3.

To investigate any alteration in the performance of the structured top contacts,
Ag contacts were deposited on laterally isolated GLAD stsy@i@ea = 86°). The
measuredr was found to be within ~ 5 % of planar EB&posited Ag samples
(determined via standard 4E)cating that the overlap region with the nanostructures
does not appreciably degrade the conductivity of the top cdi@chu bottom
electrode provides a flat and chemically stable growth surface, further selected for its
ease of fabricatiofRigure 4-1 ais an image of a typical device chip with an inner region
of uniformity (dashed squafie the Ag traces of devices side of thisregion
demonstrated significant undetting during wet etching and typically registered as
open circuits during device testifkgirther, &ey challenge is the transition of our
graded Ag top contact from conformal structured thin filemptanar layer within a
thickness range, tuned to mitigate issues of film strésg(dekbfor an example of
a delaminated top contact for a cleaved sar§ejficant effort was expended to

ensure the quality of this interface, with the assdalatiedtion details outlined below.

4.1Post capping and wet etch of top contact

Figure 4-2 outlines op and edgeiew SEMs of adeposited GLABITO devices, as
well as Agapped ITO films, with and without wet etchifg. @-2 aof). To bridge the
morphological difference between a vertical post array and the desired planar electrode
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Figure 4-2 ITO gLap s3 device wetetch. Plan and edgéew SEMs of: (a, b) ITO films prepared on
Au contacts using GLAD with deposition angle 83°), (c,dp= 83 A |1 TO film or

with 250 nm graded € 83°- 30°) + 100 nm planar Ag,and @f 83 A | TO dcapp
etching nordevice aredge., no Au bottom contact).

layer, we used a capping layer with the deposition angle varying linearly with thickness
from 83° to 30°, as per previous sfu@2] An initial oblique deposition angle during

the capping layer deposition is used to minimize the chance of irgrsitluticircuits

between the top and bottom contacts and minimize film §liges$2 c, d. Various

Ag cap thickness of 200 nm, 225 nm, and 250 nm, and etching times were investigated
(shown after wegtchingrig. 4-2 e, ). Figs. 43 a and bshows thehange in surface

void fraction as a function of cap thickness and etching timedsee 3.3.%or the

details of the etchants used), determined from plan view SEM images using ImageJ, with
areal void fractions < 1% (g&g. 4-3 cfor a representatiaeea). Our 250 nm graded

Ag film was then followed by a 100 nm thick planar Ag layer depasite@Qit
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Figure 4-3 ITO cLap s3 device optimal wet etch(a)Porosity of uncamal films (triangles); reducing
porosity with increasing thickness (‘variable cap') of Ag (circles); 250 nm Ag cap + 100 nm plane
(‘cap/planar) Ag; (b) increasing-tmmtact resistivity and surface void fraction with increasing etch
time in nordevice aas, etch times longer ti2ns resulted in device failure; (c)-plew SEM of
partially etched Ag top contact; (d) ImageJ threshold image of same.

Wetetch characteristics were adjusted to balance device definition and isolation,
as excessive etching resulted in the complefédifelectrode traces. A variety of etch
times and their effects on the top contact were investigated to allowdefimed||
laterally electricailyolated contacts while not undermining device areas. Smaller devices
were observed to be especially sensitive tetohéng (expectedie toperimeter
scaling)Fig. 43 ci | l ustrates the eff euptingglatebkaf O opt i mi
conductivity in nolevice areas to an extent that device areas are fully glatedi (
di void fraction mask determined via the i ms
between 20 s and 25 s wamd to beoptimal for our condities,rangingrom ~1.5 x
10°Wcm to open circuit. We note that the effect of etch time on our devices is highly
sensitive to fabrication parameters, and will require optimization for each deposition
angle or porosity. Towards a measune, dhese nanostructures were incorporated

structures into the idealized foarminal device (shown schematicafigird-4a, b).
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planar Agl
graded Ag}

Figure 4-41TO gLap s3 device schematic and procesfiow. (@) BBCBKR i n t he 021
intersecting line widths adZnm corresponding to contact areasddD®nm? (b) 3D CBKR Device
intersection (Au/ITO / Ag). (c,d) photomask pattern is transferred to Si wafer coated with 100 nm
of Au (e,f) GLAD ITO structures are deposited on lithographically defined Au traces (g,h) structure
capped with graded Ag top contagt: (3317) + (0.28+0.2)h [nm] for IT&ap s3 Structures
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4.2Device fabrication

Nanostructured ITO films (400 nm nominal thickness) were deposited on Au electrodes
(seerig.44c, , at an oblique incident flux angl e
nm per substrate rotation) tuned to obtain dense vdrticalies (seig. 4-4 e, ).

These deposition parameters produced tapered frustums, spaced approximately 50 nm
apart, and are similar to ITO nanostructures fabricated in our initiatGR¥XBtudy

[183] Nanostructure spacing and morphology can be further adjusted by varying the
deposition angle and pitch, respectiMey], [185]Post width and density were
determind via analysis of cressctional and tepew SEM images wilimageJ

software. Image analysis treatment was consistent for all films and was conducted over
an ~80 pmsamplaegion(top-down analysis) for post density, and an ~1.8 um range

for post width(edgeview analysis), with post width measurements taken at different
heights above the substrate surface (a procedure outlindd&6}efhel TOgiap 3
nanostructure diameter was found to fit the farm(33+7) + (0.28+0.2)h [nm],

varying with height due to nanostructure broadefimite gpowerlaw is commonly

used to describe post growth, the Meticaposts studied here are not consistent with
power law scaling at small thicknesses. This is attributed to a critical threshold not

surpassed, within which the effeftde initial nucleatn dynamics dominate.

4.3Completed devices

Figure 4-5 ashows a cross sectional SEM of a completed device, cleaved through the
device intersectigrgion(shown schematicallyFig. 4-4 g, and in an isolate region in

Fig. 4-4 h). To check for ohmic behawuioin our devices, sense and force probe
polarity were varie#if. 4-5 b). We note that test currents in excess of ~5 mA resulted

in unreliable measurements, possibly due to excessive joule heating and subsequently
damaged test structufg87] Device area is nominally defined as the plan view overlap
between the bottom (Au) and top (Ag) electrodes. SEM characterization of completed
devices shows a ddfeegion along the boundaries of the Au electrode, where an
intermediate morphology néar dense planamas found (visible iRig. 4-5 a and

magnified irFig. 4-6 a, b.
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Figure 4-5 GLAD-ITO completed devce. (a) Edge view SEM of active region and (b) s&awmple
curve for completed CBKR device (8% a =83° ITO).

Theaboveedge effects can be attributed to growth of the ITO film at the step
edge between the Au electrode and Si substrate (~200 langle Aeposition angles,
ITO deposits on the side of the Au step at near normal incidence, resulting in a defect
region along both long edges of the Au electrode, similar to previougx8pplts
the edge defects dominate device performance, resistance is expected to scale roughly
with edge lengtlscaling wittthe overlap between the silver ebelet and the gold

electrode. As a first order approximation, we can write the expected length scaling

aspj ! ,where isthe nominal device atdf on the other hand, the edge defects
do not contribute significantly, resistance shoutdaspal (as is the case for larger
devices, sd€g. 4-6 ).

Device area was calculated from Ag and Au widths after the etching procedures;
etching produced a slight decrease in device areas below the nominal values due to

pattern transfer issuegidg lithographyrigure 47 ashows resistance data from the

2As linewidths vary as 2 Om, 5 Om, and 10 OQOm, a
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