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ABSTRACT

Nanoscale materials offer opportunities to employ unique physical phe-
nomena and performance enhancement in many applications, including
energy conversion. The coupling of functional materials properties and
nanoscale morphologies is paramount for the successful implementation of
nanostructured materials. The central theme of this thesis is the develop-
ment and testing of functional nanostructured materials motivated by en-
ergy conversion applications. First, phase formation and doping are studied
for metal oxide thin films comprised of arrays of high aspect ratio nanostruc-
tures fabricated by glancing angle deposition (GLAD). Second, morphology
of branched nanowire structures is shown to be controllable by geometric
modulation of the growth environment with a newly developed combina-
tion of vapour-liquid-solid (VLS) nanowire growth and GLAD.

Phase formation in the niobium-oxygen system is systematically ex-
plored for nanopillar array thin films. The formation of different oxide and
oxynitride phases via high temperature annealing is shown to be depen-
dent on the nanopillar array porosity as well as the annealing gas type and
flow. Additionally, annealing-induced morphology changes are shown to

be dependent on the degree of oxygen removal during reduction. The util-
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ity of niobium oxide nanopillars as supports for platinum electrocatalysis is
demonstrated, and the electrochemical performance of the combined cata-
lyst is shown to be related to both the support morphology and phase.

Doping can enhance the electrical properties of metal oxide thin films;
however, doping in evaporated thin films is challenging. Niobium doping
in electron beam evaporated titanium dioxide thin films is shown to be
possible, and the transparent conducting properties of the niobium-doped
films are evaluated. The GLAD technique is also used to demonstrate the
feasibility of doped nanostructured thin films.

The concept of geometric flux engineering is introduced for the growth
of indium tin oxide branched nanowires via VLS-GLAD. A high degree
of control over the number, size, and shape of nanowires in an array is
demonstrated. Furthermore, diameter oscillation in nanowire branches is
observed and a model is constructed to support the proposed mechanism
of growth.

The advantages and challenges for nanostructured electrodes are dis-

cussed, and further suggestions for future research are made.
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tion with other researchers. Throughout the entirety of the work, Prof. M.].
Brett has been the supervisory author, responsible for top-level direction,
concept formation, and manuscript refinement.

The work in Chapters 2H4 was initiated as a part of a National Research
Council Canada Technology Development Program coordinated by the NRC
Institute for Fuel Cell Innovation and in direct collaboration with the group
of Prof. D.P. Wilkinson at the University of British Columbia. Chapter|was
published as R.T. Tucker, M.D. Fleischauer, R M. Shewchuk, A.E. Schoeller,
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Chapter Was published as A.L. Beaudry, R.T. Tucker, ]. M. LaForge, M.T.
Taschuk, and M.J. Brett, “Indium tin oxide nanowhisker morphology con-
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trol by vapour-liquid-solid glancing angle deposition,” Nanotechnology 23,
105608 (2012) and is included in the patent application R.T. Tucker, A.L.
Beaudry, ].M. LaForge, and M.]. Brett, “Branched Nanowires and Method
of Fabrication,” United States Patent Application #14 /092,720 (2013). Parts
of Chapter E] were published as R.T. Tucker, A.L. Beaudry, ] M. LaForge,
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ing for rippled indium tin oxide nanotree branches,” Applied Physics Letters
101, 193101 (2012). I designed and built the heated stage used for the VLS-
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and manuscript composition. Additionally, I conceptualized and coded the
model for diameter oscillations presented in Chapter|f] A.L. Beaudry con-
tributed to sample preparation, morphology measurements, and analysis.
J.M. LaForge was responsible for crystallinity characterization and analy-
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tion. M.T. Taschuk was largely responsible for task management, and made
significant contributions to concept formation, experimental design, and
manuscript preparation. Further reports on the VLS-GLAD technique with
significant contributions from each member of the aforementioned team in-
clude the following publications: A.L. Beaudry, ].M. LaForge, R.T. Tucker, P.
Li, M.T. Taschuk, and M.]. Brett, “Flux engineering for indium tin oxide nan-
otree crystal alignment and height dependent branch orientation,” Crystal
Growth & Design 13, 212-219 (2013); M.T. Taschuk, R.T. Tucker, ].M. LaForge,
A.L. Beaudry, M.R. Kupsta, and M.]. Brett, “Towards engineered branch
placement: Unreal™ match between vapour-liquid-solid glancing angle de-
position nanowire growth and simulation,” Journal of Applied Physics 114,
244304 (2013); ].M. LaForge, T.L. Cocker, A.L. Beaudry, K. Cui, R.T. Tucker,
M.T. Taschuk, FA. Hegmann, and M.]. Brett, “Conductivity control of as-
grown branched indium tin oxide nanowire networks,” Nanotechnology 25,
035701 (2014); and A.L. Beaudry, ].M. LaForge, R.T. Tucker, J.B. Sorge, N.L.
Adamski, P. Li, M.T. Taschuk, and M.J. Brett, “Directed branch growth in
aligned nanowire arrays,” Nano Letters 14, 1797-1803 (2014).

All graphics included in this thesis are my original work and should be
used only with permission from the assigned copyright holders.
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Background

1.1 Energy

The current outlook on global energy usage clearly indicates that fossil fuel
based energy sources are unsustainable. Such energy sources face the issues
of both limited cost-appropriate supply and high greenhouse gas emissions,
neither of which is easily solved [1]. With this era of inexpensive liquid fuels
nearing its end, alternative energy sources are of great social, commercial,
and academic interest. The total global energy consumption as reported by
the BP Statistical Review of World Energy 2013 [2] is shown in Figure
Energy usage has beyond tripled in the past 50 years. At the same time as
this upward trend is broken, traditional energy sources must be replaced
with sustainable alternatives in order to mitigate the side effects of energy
overuse in a growing population.

A large variety of alternative energy sources have been suggested, most
involving capture of power from natural sources such as sunlight, wind,
tidal forces, and geothermal heat. Other alternative energy concepts involve
fuels or chemical reactions with fewer harmful by-products (such as bio-

fuels and hydrogen). The ultimate future energy landscape will likely be
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Figure 1.1. Total annual worldwide energy consumption from 1965 to 2012. Data
from [2].

a mixture of energy sources specifically tailored to regional resources and
needs. While numerous options for alternative energy are available, most
still require either improved performance or reduced cost in their respective
fabrication or energy extraction processes to become commercially viable
solutions. In essence, alternative energy sources are widely known, but en-
ergy conversion will be the key to widely accessing sustainable energy and
converting to and from stored energy. Continued development of efficient,
sensible energy conversion devices and processes is imperative for moving
toward a future with a sustainable, stable energy supply.

Energy is mainly found or used in light, heat, mechanical, electrical, or

chemical form. Of these forms of energy, electrical energy is particularly
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notable as it has been widely accepted as a standard means of transporting
energy to end use. The electrical grid offers significant infrastructure and
inertia to develop systems that convert from sustainable energy sources to
electrical energy. While the electrical grid paradigm is itself open for mass
innovation, new energy conversion technology that can fit within the ex-
isting framework is essential for improving energy usage in the near term.
Of the multitude of energy conversion processes currently under research,
development, or deployment, this research will focus on materials develop-
ment for photovoltaic and electrochemical conversion. Photovoltaic devices
convert energy from light to electricity and electrochemical cells convert
chemical energy into electrical energy.

Materials are at the heart of energy conversion, and further develop-
ment of advanced functional materials will lead the way for more efficient
use of more sustainable energy sources. The focus of this thesis is the devel-
opment of the very materials required for improved generations of energy
conversion devices. Nanoscale features offer significant opportunity for sur-
face area and structural engineering in energy conversion devices. The suc-
cessful combination of nanostructured morphology with specific material
properties is crucial. Herein, methods for making desirable nanostructured
materials are presented and demonstrated through extensive experimental
work. The advanced materials are characterized, analyzed, and in some
cases modeled to offer understanding of how both functional properties
and nanoscale morphologies can be simultaneously designed for.

This introduction chapter is structured as follows: the opportunity for
nanoscale engineering to impact energy conversion processes will be ex-
plored, along with the primary fabrication techniques used throughout this
thesis. (Section[I.2). A basic introduction and discussion of device limita-

tions is given for each of photovoltaic devices (Section[1.3) and electrochemi-
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cal cells (Section[1.4). The background and current state-of-the-art of each of
nanostructured fuel cell catalyst supports and three-dimensional transpar-
ent electrodes will then be reviewed (Sections[.5 &[1.6] respectively) before

an outline of the remainder of the thesis (Section[L.7).

1.2 Nanostructured Materials

The unifying theme for the two classes of energy conversion device dis-
cussed to this point is the concept of using of high surface area electrodes in
an attempt to improve performance.

A roughened surface has a higher surface area than its footprint area.
This surface enhancement factor (the ratio of the real surface area to the geo-
metric footprint area) is always greater than or equal to unity, and increases
with roughness or porosity. Higher surface areas are achieved in surfaces
with high aspect ratio features, but this increase in feature dimensions nor-
mal to a flat surface requires more material and changes the overall mor-
phology. For a topology of a given height, increasing the number density
while maintaining the same aspect ratio of features results in an increased
surface area. Reducing features below ~pm in size to the nanoscale regime
enables surfaces that appear macroscopically flat, but can have surface area
enhancements on the order of 10 to 100 times. Herein lies the power of using
nanostructuring — a very small amount of material can be exploited for an
incredibly high surface area.

Nanostructures can be synthesized in many shapes and varieties, but in
general can provide extremely high surface areas with a very small amount
of material. In the case of nanostructured electrodes, the best configuration
consists of high aspect ratio nanostructures affixed to a common conduc-
tor. In practice, a planar conductor with high aspect ratio nanostructures

protruding normal to the surface gives both a high surface area and elec-

4
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trical access to each of the structures. This “nanopillar array” architecture
has been used for a wide variety of applications [3]], including high surface
area sensors [4-6]], transistors [7], biological interaction devices [8-10], elec-
trodes for displays [11] and solar cells [12-14], and catalyst supports for
electrochemistry [15] or water splitting [[16}17].

In each of these different applications, material properties are of equal
importance to the nanostructured morphology. The marriage of functional
properties to controllable nanoscale morphology adds a layer of complexity
to nanostructured electrode fabrication. Composition, crystallinity, and sur-
face properties must be considered and controlled in addition to impurities
and defects to achieve the desired combination of optical, electrical, chem-
ical, and mechanical properties in a nanostructured material. As such, a
significant portion of this thesis project has been devoted to the exploration
and development of nanostructures with distinct functional properties be-
fore any demonstration of application.

Of the many different ways of producing nanostructures, two methods
are heavily used in this project. Glancing angle deposition and vapour-
liquid-solid nanowire growth are reviewed in Sections and re-

spectively.

1.2.1 Glancing Angle Deposition

Glancing angle deposition (GLAD) is directed self-assembly technique used
for fabricating nanostructured thin films [18-20]. The GLAD technique uses
geometrical shadowing of highly collimated vapour flux to drive columnar
thin film growth. Through engineering of the flux geometry during growth,
arrays of complex nanostructures can be sculpted using this technique.
The basic premise of GLAD thin film growth is shown in Figure

When a substrate is tilted at a large angle (depicted as &, the deposition
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Figure 1.2. Schematic representation of columnar thin film growth via glancing
angle deposition. Vapour flux is incident on the substrate at a highly oblique angle
« from the substrate normal. Rotation about substrate normal by angle ¢ can be
used for complex structure control.

angle) relative to a collimated vapour source, nucleating film material casts
trailing shadows from the vapour incident on the surface (Figure [T.2{a)).
These shadowed regions prevent incident vapour from reaching the surface
or film nuclei behind topological features, thus promoting growth of the
highest features. This process results in the competitive growth of columnar
features, as shown to develop in Figure[1.2{b). The most basic case results
in the formation of an array of tilted columns. The addition of controlled
rotation about the substrate normal axis (by the azimuthal angle ¢) enables

changes in the direction of shadowing, and therefore makes more complex
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structures possible. Nanostructured films comprised of arrays of slanted
posts, vertical posts, zig-zags, helices, and polygonal spirals — and vertical
combinations thereof — have all been demonstrated by GLAD [20].

The GLAD technique has been used for nanostructuring of metals, semi-
conductors, oxides, and organic materials. In fact, GLAD is nearly mate-
rial independent and can be used for essentially any material which can be
formed into a collimated vapour and subsequently condensed on a surface.
This material non-specificity is one of the most appealing features of GLAD,
meaning that the technique can be used to create nanostructured thin films
of materials for which chemical synthesis routes have not yet been devel-
oped.

The properties of GLAD films have been extensively reported on by
previous researchers [20]. For application as a nanostructured electrode,
the surface area of GLAD films is highly important. Krause et al. [21}22]
have reported a detailed study of the surface area of TiO,, SiO,, and SnO,-
In,O3 GLAD films, revealing several important conclusions. Early studies
of obliquely deposited films showed increasing intercolumn separation with
increasing «, so it should be expected that the surface area of GLAD films is
highly dependent on the deposition angle. In addition to the intercolumn
spacing, « also affects the micro- and mesoporosity of the film columns,
which is present as a fine, “feathery” microstructure [23]. The ~nm sized
pores are responsible for an order of magnitude enhancement in surface
area compared to the solid geometry of only the columns, and are espe-
cially important to consider when GLAD films interact with gas and liquid
phases [24,25].

Chapters use GLAD for fabrication of nanopillar metal oxide thin
films. Crystal phase formation (Chapter [2) and composition (Chapter

are studied to achieve desirable properties for application demonstration
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(Chapter[3). The geometric principles of GLAD are then used to affect kinetic
crystal growth in Chapters[5and 6]

1.2.2 Vapour-Liquid-Solid Nanowire Growth

The vapour-liquid-solid (VLS) growth mechanism allows for the crystalline
growth of nanowires [26-28]]. VLS growth exploits the solubility of one
material in another near supersaturation at temperatures above the mix-
ture’s eutectic point. A schematic of the process is shown in Figure A
liquid “catalyst” droplet is used to mediate the phase reaction by collect-
ing growth material from the vapour phase. After continued collection of
growth material, the catalyst droplet will become supersaturated with the
growth material, and under ideal conditions will precipitate a solid crystal
of the growth material from the catalyst. Under stable temperature and
vapour source conditions, layers will continue to precipitate, making high
aspect ratio crystal growth possible.

The first demonstration of VLS growth was for Si whiskers using Au as
a catalyst material [26]. While the Au/Si system remains the archetype for
VLS growth, numerous other materials have demonstrated Au-catalyzed
VLS growth: group IV materials (Ge [29], Si;_,Gey [30]), III-V materials [31]
(e.g., GaP [32], InP [33], InSb [34]]), and oxide materials (e.g., Sn-In, O3 [35],
Zn0O [36]). Additionally, VLS growth can be mediated by other metals, such
as In-catalyzed Si [37], Sn-catalyzed Si [38], and In-catalyzed InAs [39]. In ad-
dition to two-material catalyst/growth systems, self-catalyzed VLS growth
has been documented. Of specific interest to the research presented here,
indium tin oxide (Sn-InyO3 or ITO) undergoes self-catalyzed VLS growth at
a relatively low temperature [40]. In this case, In-Sn acts as a liquid droplet
with In-Sn-O as a growth material.

In contrast to the GLAD process described in the previous section, VLS-
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Figure 1.3. Schematic representation of the vapour-liquid-solid growth mechanism.
The liquid catalyst droplet (L) collects growth material from the vapour phase (V)
and precipitates a solid crystal (S).

grown nanostructures have a number of different properties which make
them appealing in certain applications, including single crystal structures
and low-dimensionality. However, the VLS reaction is not universal, as
it depends entirely on the temperature—phase behavior of the materials in
question. For this reason, VLS growth is not an option for many materi-
als. VLS growth also offers limited control over shape, size, and spacing of
nanostructured features, all of which the GLAD process is well suited for.
Different nanostructuring techniques are better suited for attaining dif-
ferent types of properties, as is evidenced by the contrast between the phys-

ical GLAD and chemical VLS methods. Chapters [ and [f| are focused on
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using a hybrid VLS-GLAD growth to achieve high controllable morphology
single-crystal branched ITO nanowires for high surface area transparent

conducting applications.

1.3 Photovoltaic Devices

Photovoltaic devices convert energy in the form of photons to conducting
electrons [41},42]. In practice, photovoltaics are typically aimed at capturing
energy from the sun, and most are designed to most efficiently match the
solar spectrum. The basic operation of a photovoltaic device involves (i)
the absorption of light as excitons, (ii) the dissociation excitons into charge
carriers, and (iii) the collection of charges from the device. Balancing and
improving the efficiency of each of these three steps is the route to improving
the overall conversion efficiency of a photovoltaic device.

Photovoltaics are widely commercially available in many forms, how-
ever, there are very few places in the world where photovoltaic devices
are used for significant primary power generation. The wide-spread use of
solar cells for utility power generation is limited by the cost/power ratio
compared to other energy sources. Reducing the lifetime $/W of photo-
voltaic devices through a combination of reduced cost (manufacturing and
installation), improved lifetime, and increased power conversion efficiency
will make photovoltaics increasingly viable for utility-scale power genera-
tion.

Semiconductor materials are used in photovoltaic devices, with crys-
talline Si accounting for the large majority of manufactured photovoltaic
devices [41]. While Si-based photovoltaics are the incumbent — largely due
to Si processing knowledge transferred from the semiconductor electron-
ics industry [41,43] — numerous other photovoltaic material systems have

been demonstrated, including thin film photovoltaics (CdTe [44,45], chalco-

10
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genides [46,47]], or amorphous Si [43])), organic photovoltaics (OPVs) [48-51],
and quantum dot solar cells [52,)53]. The dawn of these new photovoltaic
technologies promised simultaneous “low cost” and “high performance” en-
ergy conversion in mechanically flexible packages; however, in recent years
large scale crystalline Si photovoltaic manufacturing has continued to im-
prove performance while cutting costs. This effect of the economics of scale
has left many new technologies very far behind in $/W metrics, meaning
the cost-case for thin film and organic photovoltaics may never materialize.

Nonetheless, while there was a large scale opportunity for high perfor-
mance organic photovoltaic devices at the beginning of this research project,
there continues to be niche opportunities and scientifically interesting dis-

coveries for the field.

1.3.1 Organic Photovoltaic Devices

Organic photovoltaic devices (OPVs) operate in a very similar manner to
inorganic photovoltaic devices, absorbing light and converting the energy
into electrical charges. However, rather than utilizing a p-n junction for
absorption and charge separation, the photoactive layer in OPVs consists
of an electron-donor and electron-acceptor heterojunction [54]. Photons are
absorbed by the acceptor layer as an exciton (a bound electron-hole pair). If
the exciton diffuses to a donor—acceptor junction before relaxing as thermal
energy, it will dissociate into an electron in the acceptor layer and hole in the
donor layer. Early OPV devices used planar bi-layer heterojunctions [48],
where the donor and acceptor were thin (~100 nm) layers between one
transparent and one metal electrode. Advancements in OPV design intro-
duced the bulk heterojunction (architecture shown in Figure|1.4) to overcome
limited exciton diffusion lengths. A bulk heterojunction photoactive layer

is a finely mixed layer of donor and acceptor material, each with ~nm sized

11
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Figure 1.4. Schematic representation of a typical organic photovoltaic device with
a bulk heterojunction photoactive layer sandwiched between transparent and metal
electrodes. Layers without labels correspond to commonly used charge injection
layers.

domains [55]. While the bulk heterojunction concept vastly improved the
performance (specifically improved short circuit current leading to increased
power conversion efficiency) of OPV devices, several limitations still exist.
The record power conversion efficiency for research grade OPV cells has
improved from 1 ~ 5% ton =~ 11% during the time of this research;
however, this performance is still lower than inorganic devices based on
either crystalline Si or thin film materials. OPV efficiency is limited by light
absorption, as many organic materials have limited absorption outside of
visible wavelengths. Additionally, charge extraction in most OPV photoac-
tive materials require thin layers, which generally do not absorb all available
light. OPV efficiency is also limited in the exciton dissociation and charge

extraction processes, with electrons and holes often recombining in the bulk
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heterojunction before extraction.

Many approaches have been taken to ameliorate the different loss mech-
anisms in OPV devices. Better processing and new materials with superior
intrinsic absorption or charge transfer properties have shown improvements
to OPV performance. Another way to overcome device limitations is to
change the OPV device architecture, as was done with the introduction of
the bulk heterojunction. The use of nanostructured electrodes to improve

the performance of OPVs is discussed in Section[1.6.2]

1.4 Electrochemical Cells

Electrochemical cells convert energy between chemical bonds and electric-
ity. While some electrochemical cells can cause chemical reactions with the
introduction of electrical energy, we are most interested in the class of elec-
trochemical devices which extract electrical energy from chemical reactions
for this background discussion.

Electrochemical fuel cells (often referred to simply as “fuel cells”) are de-
vices which facilitate a chemical reaction to extract energy stored in chemical
bonds of a fuel and convert it into an electrical current. All fuel cells consist
of an anode, a cathode, and an electrolyte to transfer charge, however, the
materials and design of each of these components vary depending on the
fuel and operation conditions of the cell. Fuel cells typically use a catalyst
to enact oxidation or reduction reactions at the anode and cathode.

Fuel cells have been proposed as a potential solution for future power
generation, specifically in remote and mobile applications. Currently, fuel
cells are commercially available for remote power generation, however au-
tomobile fuel cells remain largely stalled in wide-spread availability and
adoption [58]. Automobile fuel cells are hindered by three factors: (i) infras-

tructure, (ii) cost, and (iii) performance [59]]. Infrastructure is an issue for
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automobile fuels cells as the so-called “hydrogen economy” is necessary for
dispersed fueling stations to make fuel cell-based transportation a viable
option [58]. As with many infrastructure issues, it is very much a chicken-
and-egg problem, where hydrogen production and fueling stations will not
be invested in until fuel cell automobiles are more widely used; yet, fuel
cell vehicles will not be widely adopted until fueling stations become more
available.

Fuel cell cost and performance are linked, as is the case in many energy
conversion devices, where cost/power is a very important metric. Perfor-
mance includes output power, conversion efficiency, and durability, how-
ever for mobile applications, weight and size are also restrictions. Where
cost is concerned, the largest cost component in vehicle fuel cells is the cata-
lyst, which is typically Pt [60]. Recent reports calculate 72-94 g of Pt in an
85 kW automotive fuel cell stack, which at conservative estimates of $45/g
accounts for $3,000-$4,000 for Pt cost alone. Therefore, to improve the com-
mercial viability of fuel cells for vehicles, power and durability must be
increased while reducing the total mass of catalyst used in the cell. Research
in non-noble metal catalysts may offer solutions for inexpensive catalyst
layers in the future [61], but low-cost, high-performance alternatives have
yet to be demonstrated.

Several different types of fuel cells exist, including those that operate at
low temperatures (<100 °C, such as proton exchange membrane fuel cells)
and those that operate at much higher temperatures (>700 °C, such as solid
oxide fuel cells) [62]. Proton exchange membrane fuel cells have many prop-
erties which make them appealing for mobile applications, including fast
start-up, responsive power density, reasonable size, and acceptable oper-
ating temperatures [63,/64]. For these reasons, significant research efforts

continue to drive PEMFC development with the hopes of large-scale impact
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Figure 1.5. Schematic representation of a single proton exchange membrane fuel
cell and ideal process steps for hydrogen fuel reaction.

on the automobile industry.

1.4.1 Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells — also known as polymer electrolyte
membrane fuel cells (PEMFCs) — are hydrogen-fueled electrochemical cells.
Typically, PEMFCs are complex multilayer devices, with a proton exchange
membrane sandwiched between gas diffusion layers, catalyst electrodes,
and flow field plates as depicted in Figure Hydrogen fuel is oxidized at
the anode into protons and electrons, and oxygen is reduced at the cathode
into oxygen ions. Protons travel through the electrically insulating proton
exchange membrane, while electrons create an electrical current which can
do work in an external circuit. The protons, electrons, and oxygen ions then
react producing water, which is the product of the reaction cell.

For this discussion, the limitations of current PEMFCs are more impor-
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tant than the specifics of operation. Commercial PEMFCs most often use
Pt supported on porous C as a catalyst layer. While these Pt/C catalyst
layers have been demonstrated as manufacturable, there are many issues
with both performance and lifetime mostly attributed to corrosion and wa-
ter management issues [62,65]. The small ~nm-sized Pt particles have very
high surface area; however, the random nature of the porous C network
renders a notable fraction of the Pt nanoparticles electrically isolated. The
performance per mass of Pt must be maximized in order to justify its inclu-
sion in the cell. Furthermore, the Pt tends to migrate on the support and
agglomerate during extended operation, leading to degradation in output
power. Nanostructured catalyst supports have been demonstrated as a route
to simultaneously improving the performance and durability of Pt-based
fuel cell electrodes. The use of nanostructured catalyst supports is discussed

in further detail in Section

1.5 Fuel Cell Catalyst Supports

The catalyst layers are the core of the modern PEMFC design, acting as the
site of the chemical reactions responsible for energy conversion in the cell.
Catalyst layers exist between the electrolyte (membrane) and gas diffusion
layers in each half cell, as shown in Figure In the case of H,/air-fed
PEMECs, oxidation of H, occurs at the anode and reduction of O, occurs at
the cathode. Electrocatalysis at the anode turns out to be relatively easy, and
Pt and other metal surfaces have been well developed at PEMFC anodes
for quite some time [62]. The O, reduction reaction at the PEMFC cathode,
however, has proved to be more difficult and considerable development is
still required.

Pt and Pt-alloys have been the primary material of interest for cathodes,

as these materials exhibit relatively high activity toward O, reduction [60,66]].
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Unfortunately, Pt- and other noble metal-based catalysts are prohibitively
expensive to be used in large amounts, and must be carefully dispersed to
maximize performance/cost. For this reason, catalyst supports are used
to physically hold and electrically connect dispersed catalyst particles. In
the ideal case, the functional catalyst material could be minimized to a
monolayer-thick skin on an inexpensive support, offering optimal diffusion
of reactants and products. Desirable materials for PEMFC catalyst supports
should possess high electrical conductivity, high surface area, and high elec-
trochemical stability in a corrosive fuel cell operating environment [67,(68].
Beyond this basic combination of properties, catalyst supports which lend
to easy recovery of catalyst metals after disposal have an added advantage.

The following sections explore current commercial and state-of-the-art
catalyst support materials as well as nanostructured fuel cell catalyst sup-

ports.

1.5.1 Catalyst Support Materials

The most popular PEMFC catalyst-support combination is Pt/C, where
the C support is often Vulcan XC-72 or BP-2000 carbon black [69]. Finely
ground C powders and inks have been traditionally used due to their high
surface area, electrical conductivity, and ease of preparation and application
to membrane (i.e., Nafion) layers. However, these uncontrolled dispersions
can lead to poor catalyst usage and also have poor durability. Electrochemi-
cal surface area of the catalyst is lost during operation due to dissolution and
agglomeration of the Pt nanoparticles or corrosion of the C support [64,70].
In response, a variety of alternative, non-C materials have been explored as
catalyst supports.

C-free catalyst supports have been explored across a wide array of ma-

terial classes: metals, carbides, nitrides, oxides, and polymers [67,70]. In
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each case, researchers are seeking a material which has facile synthesis and
exhibits some combination of the desired properties mentioned in the previ-
ous section. Antolini ef al. [67], Shao et al. [68], and Wang et al. [70], among
others, have reviewed the subject extensively.

Transition metal carbides have been utilized as catalyst supports since
the 1970s and some (i.e., tungsten carbide — WC) have been shown to ex-
hibit Pt-type electrocatalytic properties themselves. In fact, WC is thought
to be the most promising of the transition metal carbide materials because
of its low electronic resistivity (107> Q) cm), synergistic catalysis, and high
resistance to catalyst poisons [68]. Regardless of the theoretically desirable
properties of the WC catalyst support, Pt/WC catalysts are still reported
with low electrochemical surface areas and poor performance requiring fur-
ther development [71].

Metal oxide materials have also been extensively explored as catalyst
supports. With electrical conductivity as a main limiting factor, many metal
oxides are inexpensive and highly stable in under fuel cell operating con-
ditions. While many intrinsic bulk metal oxides are electrically insulating,
many sub-stoichiometric, doped, and nanostructured metal oxides have
been shown to have acceptable electrical conductivity for catalyst support
applications [67]]. Primary interest has been in Sn-, Ti-, and W-based oxides;
however, many other metal oxides have also been considered. The prime ex-
ample of a sub-stoichiometric oxide catalyst support is the Ti-O system [72].
The so-called Magnéli phase materials of the form Ti,O,,_1 possess rela-
tively low electrical resistivity (10~ Q) cm) and have been commercialized as
a mixture containing several conductive Ti-O phases (TizOs, TisO7, etc.) [73]].
The Nb-O system has received attention in recent years as NbO; has been
singled out as having stability second only to TiO, and synergistic catalytic

effects have been observed with Pt/Nb-O electrocatalysts [74,75]. Addition-
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ally, while the NbO, phase is semiconducting (10* Q) cm), the NbO phase
has a very low resistivity for an intrinsic metal oxide (10~* Q) cm). Chap-
ter 2l unfolds a systematic study of phase formation in high surface area
nanostructured Nb-O, followed by a demonstration of the electrocatalytic
potential of nanopillar Nb-O films in Chapter

Metal-doping in TiO; has also been used as a route to attaining high elec-
trical conductivity, with interstitial dopants of many different metals (e.g.,
Cr, W, Mo, Fe, Nb) attempted [76]. Many groups have shown Nb-doping
of TiO, to be highly effective in enhancing the electrical conductivity with
examples as transparent conductors and catalyst supports [77,78]. Specifi-
cally, Nb-TiO,-supported Pt electrocatalysts have shown enhanced stability
in comparison to the sub-stoichiometric Ti-O phases in addition to excellent
electronic properties [78]. While promising results have been shown for
the Nb-TiO, material itself, the combination of good composition control
and high surface area nanoscale morphology is a necessity for commercial
device applications. Chapter@]will focus on composition control of Nb-TiO,

for compatibility with the GLAD nanostructuring process.

1.5.2 Nanostructured Catalyst Supports

High surface area is highly sought after in PEMFC catalyst supports. Tradi-
tionally, powders and porous materials were used to achieve high surface
area by decorating with small catalyst particles. While reasonable perfor-
mance has been achieved using these stochastic morphologies, valuable cat-
alyst material tends to be rendered inactive due to limited electronic or gas
pathways resulting from the random nature of the support. High aspect ra-
tio nanostructures, as introduced in Section offer a superior architecture
for good gas diffusion pathways, high surface area, and superior electrical

connection.
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Possibly the most widely known nanostructured catalyst support is the
3M Nanostructured Thin Film (NSTF) support [15,[79]. Developed in the
mid-1990s, the nanowire network support is synthesized from an organic
perylene material and has very high surface area. Debe et al. have shown
Pt/NSTF electrocatalysts to have simultaneously higher activity and better
voltage stability in direct comparison against Pt/C. The enhanced activity
is attributed to the pseudo-ordered nature of the perylene wires, offering a
large, accessible reaction surface. The high stability comes from a compara-
tively low increase in Pt grain size, attributed to the skin-like structure of the
Pt on the support [15]. A variety of catalysts [80-82] and underlayers [83]
have been tailored to the 3M NSTF supports, however, wide commercial
application has yet to be achieved.

While the 3M NSTF support has changed the paradigm for nanostruc-
tured PEMEFC catalyst supports, the perylene material is inherently limited
to low temperature processes. Furthermore, the NSTF support material is
electrically insulating, and relies on conduction though the Pt catalyst layer
for electrical connection. These limiting factors leave an opportunity for
thermally stable, electrically conductive materials of a similar morphology.

Several groups have used high aspect ratio C nanostructures such as car-
bon nanotubes and carbon nanorods a support materials [84,85]. Gasda et al.
used patterned substrates and the GLAD nanostructuring process for highly
controlled inter-nanorod porosity; the Pt/C nanorods with engineered pores
were measured to have twice the current density of typical Pt/C nanorods
which was attributed to enhanced O, transport to the catalyst surface [84].

There are several other examples of GLAD nanostructured thin films
used as catalyst supports, primarily with metallic materials. Khudhayer et al.
measured the electrocatalytic properties of GLAD Pt nanorods [86]. Unsur-

prisingly, the nanostructured catalyst exhibited high electrochemical surface
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area (surface area enhancement factors can be calculated from the article to
be in the range of 5-20), but have relatively poor Pt usage as indicated by the
catalyst’s mass activity. The same research group later used Cr nanorods as
Pt supports, demonstrating comparable electrochemical surface area with
1/4 of the amount of Pt [87]]. Interestingly, the activity normalized for Pt
mass was not markedly different for the Cr-supported catalysts. High as-
pect ratio GLAD supports of different materials have also been fabricated
and tested by Bonakdarpour et al. (Pt/Ti) [88]], Francis et al. (Pt/Ni) [89], and
Gasda et al. (Pt/CrN) [90]]. Each of these cases have demonstrated surface
area improvements relative to traditional particle supports, but still have
limited performance — primarily attributed to the Pt morphology. Further
studies and development of Pt coating techniques for nanostructured sup-
ports should lead to high performance nanopillar catalyst supports.

The concepts of metal oxide support materials and controlled high aspect
ratio morphologies will be coupled for the study of nanopillar Nb-O and
Nb-TiO; catalyst supports in Chapters In contrast to metallic supports,
phase and composition control is highly important for metal oxide supports,

and many factors contribute to overall performance, as will be seen.

1.6 Transparent Electrodes

The combined functionality of optical transparency and electronic conduc-
tivity has enabled a range of technologies which are widely available today.
Transparent conductors, which are typically thin layers, make optoelectronic
devices such as heated windows, displays, light-emitting diodes (LEDs), or-
ganic light-emitting diodes (OLEDs), photovoltaics, organic photovoltaics,
and transparent thin film transistors (TTFTs) possible [91,92].

Transparent conducting layers are used in applications where electrical

current flow and light transmission are simultaneous requirements, often
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desirable in orthogonal directions. As is implied by their name, the two
most important properties for transparent conducting materials are optical
transparency and electrical conductivity, where the balance of these two
properties is application dependent. Generally, high optical transmittance
(Tvis) is sought after for wavelengths in the visible range, with values of
>80% considered good [91]. Transmission depends on the complex refrac-
tive index of the material and is impacted by neighbouring layers and the
layer thickness. Electrical conductivity is typically measured in terms of
material resistivity (o) and sheet resistance (Rs). While resistivity can indi-
cate the quality of the material itself, sheet resistance is thickness-dependent
and most often used as the conductivity metric for a transparent conducting
layer. Sheet resistance values are considered good when below 100 2/
and exceptional below 10 (2 /[, which are most often obtained with layers
on the order of ~100 nm with p < 1073 Q) cm [91].

Several figures of merit have been suggested in the literature for compar-
ing transparent conductors. In this work, we have chosen to use the Haacke

figure of merit (¢rc), as displayed in Equation [1.1][93],

X

Tvis
_uis 1.1
Prc R. (1.1)

where Ty is averaged transmittance over the visible wavelength range (ei-
ther 400 nm < A < 750 nm or 400 nm < A < 780 nm in this work), R; is
sheet resistance calculated from four-point probe measurements, and x = 10,
as suggested by Haacke [93]. High quality transparent conductors have a
Haacke figure of merit in the range of 1 x 1072 Q™! < ¢prc < 50 x 1072 Q7L
While other transparent conductor figures of merit would have also been
suitable for comparing the materials developed in this work, the Haacke’s
factor was used for its simplicity, applicability to available measurement

equipment, and historical significance.
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1.6.1 Transparent Conducting Materials

Until recently, transparent conductors were exclusively thin layers of ei-
ther metals or conducting metal oxide materials. Newer work has shown
nanoscale materials, such as carbon nanotubes or metal nanowire networks
to have significant potential as transparent conductors [94]. For metallic
thin films, there is a very small range of thicknesses (< 50 nm) where low
sheet resistance is possible and the layer is semi-transparent. For this reason,
metal-based transparent conductors are limited to applications where low
transmission is acceptable.

Significantly better transparent conducting properties have been demon-
strated for wide-bandgap semiconducting metal oxides, which are exten-
sively reviewed by Chopra et al. [91] and Granqvist & Hultaker [92], among
others. Wide-bandgap (E; 2 3 eV) semiconductors offer a large window
of transparency across wavelengths, where the transmission at small wave-
lengths is limited by the onset of interband absorption. The high resistiv-
ity of these materials is countered by substitutional doping, typically with
metal atoms that can donate an electron (for n-type transparent conducting

3 can be

material). Carrier concentrations in the range of 101 — 100 cm™
reached through doping to significantly enhance the conductivity while still
maintaining the plasma wavelength edge of the transparency window at
high visible wavelengths. The combination of high carrier mobility and care-
fully balanced carrier concentration is crucial for high quality transparent
conductors.

Originally observed for thin CdO layers [95], transparent conducting
material development has heavily focused on doped In,O3, SnO;, and ZnO
thin films [91},92,96]. Specifically, Sn-In,O3 (ITO) has dominated commercial
applications due to its well established high transparency (Tyis 2 85%) and

conductivity (Rs < 10 QQ/0). Additionally, these high quality properties can
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be achieved for ITO at low deposition temperatures with scalable sputtering
processes [97]. The main drawback for ITO is the cost and reported pending
scarcity of In [43]], which has prompted a resurgence of research on reduc-
ing In content through nanostructuring and developing In-free transparent
conductors. Regardless of the possibility of In scarcity if usage is massively
increased, ITO continues to be widely used and will likely continue to be
used for many niche applications as alternatives replace large-scale planar
ITO layers.

Some of the most promising In-free transparent conducting oxides are
F-SnO; (FTO) [98], Sb-SnO; (ATO) [99], Al-ZnO (AZO) [100], and Nb-TiO,
(TNO) [77]. While these materials have not yet been widely adopted in
industry, FTO is used in many research grade optoelectronic devices. Fur-
thermore, the performance metrics of AZO and TNO are approaching those
of ITO and continued development of routes to manufacturing them should
result in increased availability of In-free transparent conductors in the fu-
ture.

In addition to materials development, process integration is important
for transparent conducting layers. Transparent conductor thin films are of-
ten used without patterning, as substrates for device fabrication; however,
the availability and development of processing for patterning, and more re-
cently nanostructuring, of transparent conducting layers is becoming more

crucial for manufacturability.

1.6.2 Nanostructured Transparent Conductors

The combination of transparent conductive materials with high aspect ratio
nanostructures offers a unique opportunity to alter the interaction of both
light and charge with a device’s transparent electrode layer. Nanostructures

have been used to enhance the capture or extraction of light as well as the
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capture or injection of charge carriers. This makes a high aspect ratio nano-
electrodes highly appealing for devices which require simultaneous optical
and electrical processes, such as light-emitting [11], photovoltaic [101], pho-
tochemical [16]], or spectroelectrochemical [102] devices.

In the case of the photochemical and spectroelectrochemical devices,
high surface area is desirable to maximize the adsorption of surface species
for electrochemical reactions. While optical transparency is only a material
requirement for certain configurations of photochemical water-splitting de-
vices, high aspect ratio nanowire arrays of metal oxides (e.g., TiO, ZnO,
WO3, Fe;O3) have been often chosen in this application [16]. The high
surface area and electronic properties can be tuned for the photochemical re-
action. Researchers have also demonstrated hierarchical branched nanowire
structures as an integrated water-spitting system [17], where the ability to
tailor properties and architecture of wide-bandgap metal oxide nanowires
lends a path to improve performance. For the spectroelectrochemistry ex-
periments, protein reaction kinetics were gleaned from simultaneous opti-
cal probing and electrochemical cycling of proteins adsorbed on a surface.
Porous ITO nanopillar films enabled these studies due to their combined
high surface area, and transparent conducting properties [102-104].

Possibly the largest use of nanostructured transparent electrodes has
been in the field of organic optoelectronics, specifically for hybrid and or-
ganic photovoltaic devices. As outlined in Section photon absorp-
tion and charge collection are two very important parts of the photovoltaic
conversion process where efficiency can be lost. Many researchers have
suggested and attempted the concept of decoupling light absorption and
charge extraction through the use of a nanostructured electrode, as shown
schematically in Figure In this configuration, the transparent electrode

is an array of high aspect ratio structures embedded into the photoactive
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Figure 1.6. Schematic representation of an organic photovoltaic device with high
surface area nanostructured transparent electrode.

material and enables a thicker bulk heterojunction and/or reduced distance
for one of the charge carriers to travel for collection [105]. As collection is
only improved for one of the charge carrier types (the hole for a “forward
device” as in Figure([L.6), this architecture should have the largest impact on
performance when a mobility imbalance exists between the donor /acceptor
materials of a bulk heterojunction.

Nanostructured ITO electrodes have been used for dye-sensitized solar
cells (DSSCs) by a number of researchers, seemingly starting with Joanni et
al. [101,106H108]]. The three-dimensional ITO nanowires (up to 10s of um
in length) coated with TiO, showed improvements of up to 1.5, with max-
imum efficiencies of 7 ~ 4% [107]. Efficiency improvement was largely

attributed to increased electron transfer from the electrolyte to the 3D elec-
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trode resulting in increased short-circuit currents.

For OPV integration, some of the first examples of nanostructured elec-
trodes were published by Yu et al. [105] and Rider et al. [13]. As with TiO,
coating in the DSSC device class, charge transfer layers are also highly im-
portant in OPV devices, where the hole-transporting poly(3,4-ethylenedi-
oxythiophene)-polystyrene sulfonate (PEDOT:PSS) is often used. Yu et al.
used spin-casting over ITO nanowires in contrast to the electropolymeriza-
tion method onto GLAD ITO nanopillars by Rider et al.. Both groups report
superior short-circuit currents for the nanostructured ITO, leading to en-
hanced power conversion efficiency (a relative increase of 14% (1 sun) — 38%
(5 suns) for Yu and 31% (1 sun) for Rider). While the relative efficiency gains
showed positive results, the absolute values were still # < 4%, with the
authors suggesting potential improvements to be had in processing, pho-
toactive polymer choices, and ITO structure and quality.

During the time of this thesis work, several others have also reported
on the benefits of nanostructured ITO as OPV electrodes [109-111]. In
cases where efficiency improvements were observed, the combination of
enhanced charge collection and superior optical effects (i.e., anti-reflection,
transmission, scattering) at the electrode were deemed responsible for the
increased short circuit current and fill factor [109]. Some three-dimensional
ITO electrodes led to inferior OPV device performance, attributed to poor
electrical properties of the ITO nanostructures (increased series resistance)
and large probability of leakage current (decreased shunt resistance). For
nanostructured transparent electrodes to improve device performance, it
has become clear that the transparent conducting material must be of ex-
tremely high quality in addition to being well nanostructured.

In addition to efficiency improvement, nanowires have also been used

in devices for their mechanical properties. ITO nanowire networks are less

27



CHAPTER 1: BACKGROUND

susceptible to degradation caused by flexing than thin solid ITO films. An
ensemble of cross-linked nanostructures are able to mechanically withstand
a higher degree of bending or stretching while maintaining high conductiv-
ity pathways throughout the network [112]. High quality flexible transpar-
ent electrodes will enable mechanically bendable and stretchable OPV and
display devices.

Nanostructured transparent electrodes can be further improved by using
In-free alternative materials or by improving the properties and understand-
ing of ITO nanowire arrays. Chapter 4 will focus on the development of
nanostructured TNO films, aimed at the eventual application of a three-
dimensional transparent electrode. In Chapter [5| techniques to improve ITO
nanowire array growth will be studied, allowing for improved morphology

and property control of ITO nanoelectrodes.

1.7 Thesis Outline

This thesis focuses on materials development for nanostructured catalyst
supports and transparent conducting layers, rather than on the application
of the materials in a device. The work in each of Chapters has been
previously published in some form as indicated at the beginning of each
chapter.

The Nb-O system, which is of interest for PEMFC catalyst supports, is in-
troduced in Chapter 2| Nanostructuring of Nb-O and combined crystalline
phase formation and morphology control are studied across a range of nano-
pillar thin film structures. The effects of surface area and reducing anneal
atmosphere on phase formation are revealed. The phase formation results
from Chapter 2|are then exploited in Chapter 3| where nanostructured Nb-O
thin films of different crystalline phases are tested as Pt catalyst supports.

Both morphology and phase of the support affect the performance of the
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overall catalyst structure.

The Nb-TiO, material system acts as the link between Nb-O and ITO
materials, it is of interest as both a catalyst support and transparent conduc-
tor. Chapter [4 explores composition control on the properties of electron
beam-deposited Nb-TiO,, working toward GLAD nanostructured Nb-TiO,
films.

Nanostructuring of transparent conductors is further studied in Chap-
ter[5lwith the introduction of the VLS-GLAD growth technique for branched
ITO nanowires. The range of morphology control for branched ITO nano-
wire arrays through VLS-GLAD is shown in addition to the transparent
conducting properties. Following, one of the unique features of VLS-GLAD
is modeled and explained in Chapter | where diameter oscillations can be
well controlled in the branches of VLS-GLAD ITO nanowires.

Finally, an overview and concluding remarks on the work are provided

in Chapter|[7]
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Phase Formation in
Nanostructured Niobium Oxides

A version of this chapter has been published:

R.T. Tucker, M.D. Fleischauer, R.M. Shewchuk, A.E. Schoeller, and M.]. Brett,
“Phase formation and morphology control of niobium oxide nanopillars,” Materials
Science and Engineering: B 176, 626—632 (2011) [25].

2.1 Introduction

The combination of functional properties and nanoscale morphology is crit-
ical for nanotechnology-enabled devices. As the starting point in this thesis,
phase formation in nanostructured metal oxides is explored as a route to-
ward controlling the material properties and morphology. Metal oxides are
becoming increasingly relevant for application in sensing, energy storage,
and energy conversion devices [113]. These materials can exhibit a combi-
nation of desirable qualities including variable optical properties, tunable
electrical conductivity, corrosion resistance, and temperature and chemical
stability [67]. Advances in nanoscale processing have allowed for develop-

ment of metal oxide nanowires, which offer great potential for enhancing
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surface area, confinement, and charge transport properties of metal oxide-
based devices [114}115]. While amorphous metal oxides have been used in
semiconductor applications, the best electronic performance is observed for
metal oxide films with a high degree of crystallinity. Development of con-
trolled phase and morphology metal oxide nanostructures will have direct
application to improvements in the electronics, sensing, and energy fields.

Various stoichiometric phases of the niobium-oxygen system (including
NbO, NbO, and Nb,Os) have been used as electronic, optical, and catalytic
materials [116]. Tetragonal NbO, has been wrongly identified as having
relatively low electrical resistivity (6.7 x 1072 Q) cm [74])) when the accepted
value is on the order of 10* Q) cm [117]; however, NbOs is still believed to
have high chemical stability [75]. Specific applications of niobium oxide
films include oxygen reduction catalysts [74], electrochromic films [118],
chemical sensors [119-121], blocking layers in solar cells [122], electron field
emitters [123], and pollution abatement catalysts [124]. The large surface
area to volume ratio of high aspect ratio nanostructures is expected to greatly
improve metal oxide performance, specifically in sensing and catalysis ap-
plications. To date, minimal work has been carried out on the controlled
nanostructuring of niobium oxides [125], and study of phase formation and
phase transformation is even less explored.

One method used to fabricate high aspect ratio nanostructures is glanc-
ing angle deposition (GLAD), a bottom-up technique which exploits the ex-
tremes of the structure-zone model to fabricate structured thin films [[18-20].
As described in Section this physical vapour deposition method is
based on self-shadowing of incident material when the vapour flux is at
significantly large oblique angles to substrate normal. Glancing angles and
complex substrate motion have been combined to fabricate thin films struc-

tured with arrays of vertical posts, zig-zags, and helices. One strength of
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GLAD lies in the physical nature of the structuring, such that the technique
can be applied to nearly any vacuum-compatible deposited material [20].

Formation of distinct phases in nanostructured metal oxides is essential
for full exploitation of optical and electronic properties in device applica-
tions. Metal oxide films structured by GLAD are generally amorphous as
deposited, and can be promoted to polycrystalline phases through high tem-
perature processing [126,127]. To date, most investigations have focused on
adding oxygen, generally to return the film to the same stoichiometry as the
source material. Annealing under specific gaseous environments (e.g., oxi-
dizing or reducing) can extend the number of phases available at a certain
annealing temperature. Under extreme conditions with additional gases
present, phase transformation (e.g., from metal oxide to metal nitride) can
be accomplished [128,129].

This chapter explores phase formation and morphology change in nano-
pillar niobium oxide films fabricated by GLAD. As-deposited amorphous
Nb-O films (deposited from Nb,Os) were annealed at high temperature in
a reducing environment with various flow rates. The resulting phase and
morphology of annealed films is explored for its dependence on both initial

film structure and annealing conditions.

2.2 Experimental Methods

2.2.1 Thin Film Deposition

Nanopillar niobium oxide films were fabricated on p-type Si (100) substrates
(University Wafer) via glancing angle deposition in a high vacuum chamber.
A description of the GLAD process is given in Section [1.2.1|and Figure
where the deposition angle « is the angle between vapour flux and substrate

normal and rotation in ¢ is about the substrate normal.
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Niobium oxide source material (NboOs pieces, 99.95 %, Alfa Aesar) was
evaporated by electron beam to provide uniform vapour flux across the
substrate area. The deposition flux rate was maintained at (10.0 & 0.5) A /s
for all depositions, measured via a quartz crystal monitor (QCM) located
near the substrate. Substrate motion for vertical post film structure was
controlled by software with real-time film thickness feedback to achieve one
rotation in ¢ every 10 nm of film growth while the deposition angle a was

held constant.

2.2.2 High Temperature Annealing

Post-deposition processing of films involved high temperature annealing in
a controlled reducing atmosphere. Films were annealed in a quartz tube (1
inch outer diameter) inside a temperature controlled Lindberg Blue tube fur-
nace. The furnace was calibrated with several metal melting points (e.g., Cu,
Ge) in the temperature range of interest. The annealing routine consisted
of (i) 20 minute dwell to allow the annealing gas to purge the tube, (ii) tem-
perature ramp to 1025 °C at 10 °C/min, (iii) dwell at 1025 °C for 1 hour, (iv)
passive cooling to room temperature with the gas still flowing. Hydrogen
forming gas (5% H;/balance N, < 5 ppm H,O, Praxair) was allowed to
flow through the tube with flow rate controlled by rotameter to adjust the
strength of the reducing atmosphere. The rotameter was calibrated against
a Lab-crest Flowrator kit; however, certainty of the forming gas flow rate
was limited to 5% of the rotameter maximum, equivalent to 20 sccm for
the 400 sccm rotameter. Changes in flow rate, furnace geometry, or system
leaks had significant effects on the properties of annealed nanopillar films,

as noted in initial calibration experiments prior to the results presented here.
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2.2.3 Characterization

Film morphology of the prepared samples was observed via scanning elec-
tron microscopy (SEM, JEOL 6301F). Samples were coated with Cr to reduce
charging effects before imaging in secondary electron imaging mode. Crys-
talline phase identification was performed using X-ray diffraction (XRD) on
a Bruker D8 diffractometer with a Cu K, source and area detector. XRD
patterns were then compared to the powder diffraction file (PDF) database
for known phase peak locations. X-ray photoelectron spectroscopy (XPS)
was performed with a Kratos Axis 165 spectrometer to verify presence of
elemental species. Relative concentrations of atomic species were obtained

after sputtering away the film until readings were constant (~30 nm).

2.3 Results & Discussion

2.3.1 Niobium Oxide Thin Films

Solid thin films of Nb-O were deposited at near-normal incidence (« = 30°).
A cross-section view of an as-deposited film and representative XRD pattern
are shown in Figure a) and Figure respectively. The film morphology
is typical of dense planar films, with slight columnar structure present and
the XRD pattern shows the as-deposited film to be amorphous, with no
diffraction peaks present.

High temperature treatment in reactive gas environments can induce
phase and composition changes in thin films. For oxygen-containing ma-
terials, annealing in the presence of H, reduces the O, content in the film
while annealing in the presence of O, can increase the O, content in the
film. The planar Nb-O films were annealed at high temperature in flowing
5% Hj (balance Nj). Plan view SEM images of films deposited at « = 30°
after annealing at 1025 °C with various 5% H; /N, flow rates (100, 200, and
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(a)

Figure 2.1. Scanning electron microscopy images of planar niobium oxide films
deposited at o = 30°, (a) cross-sectional view as-deposited, and plan view images
after annealing at 1025 °C with (b) 100 sccm, (c) 200 sccm, and (d) 400 sccm 5%
Hy/Ns.

400 sccm) are shown in Figure b)-(d). The films show stress-related
cracking after annealing due to shrinking in volume with oxygen removal.
The most reducing annealing condition (400 sccm 5% H; /N, Figure d))
shows development of columnar pores normal to the film, suggesting pref-
erential removal of oxygen effectively etching at the morphological grain
boundaries in the film.

XRD patterns of the annealed planar Nb-O films from Figure [2.1] are
shown in Figure After annealing, the planar Nb-O films are polycrys-

talline, with films annealed in less reducing environment (< 200 sccm 5%
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Figure 2.2. X-ray diffraction patterns of planar niobium oxide films deposited at «
= 30°, including a film prior to annealing (as deposited) and films after annealing
at 1025 °C under either 200 sccm 5% Ha/Ar or 100400 sccm 5% Hy/Ny. Refer-
ence NbOy, NbN9Oq 1, and NDN patterns (PDF 82-1141, 25-1360, and 71-0162,
respectively) are included. Data from [25]].
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H> /Ny or Hy/Ar) crystallizing into the NbO, phase. At flow rates in the
< 200 sccm range, both the N and Ar-balanced forming gases have a sim-
ilar effect on the film reduction (see Chapter 3| for 5% Hj/Ar annealing
results). However, at higher flow rates, the N>-based forming gas affects
reaction of the N species with the film, leading to the formation of Nb-O-N
compounds. Annealing under 400 sccm 5% Hj /N3 leads to formation of a
NbN,O;_y (x = 0.9 or x = 1) phase. The formation of oxynitride phases
was at first unexpected, but is justified in the following section. Within the
explored range of flow rates (< 400 sccm), increasing the forming gas flow

rate results in an increasingly reducing atmosphere for the anneal.

2.3.2 Nanopillar Niobium Oxide Thin Films

Motivated by the prospect of high surface area conductive niobium oxide
catalyst supports, phase formation in porous Nb-O nanopillar films was
investigated. Nanopillar niobium oxide films were grown at various deposi-
tion angles ranging from a = 30° to a« = 87°. Nanopillar niobium oxide films
of 500 nm nominal thickness grown at deposition angles a = 70°, 80°, 84°,
and 87° are shown in Figure|2.3; higher deposition angles resulted in both
increased porosity and increased feature diameter.

The films deposited from Nb,Os were shown to be amorphous by XRD,
with patterns similar to Figure After annealing the films were found
to be polycrystalline. Notable changes to the nanopillar morphology are
shown in Figure For more porous nanopillar films, the post-annealed
structures are a significant departure from the as-deposited films shown in
Figure Nanopillar GLAD films exhibit wilting (collapse) and clumping
after annealing; however, the overall porosity is still correlated with initial
deposition angle. Comparison of a film deposited at &« = 70° before and after

annealing (Figure2.3(a) to Figure 2.4(a)) reveals larger feature diameter and
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2

1 um 500 nm

Figure 2.3. Plan view scanning electron microscopy images of nanopillar niobium
oxide films before annealing (cross-sectional images inset) deposited at (a) « = 70°,
(b) & = 80°, (c) a = 84°, and (d) « = 87°. Images from copyright © 2011
Elsevier.

defined pores after annealing. Similar changes are noted for Figure 2.4(b)-
(d), with additional wilting present for increasingly separated features.

The phase formation observed was largely dependent on annealing gas
environment. When the films were annealed in either air or N» gas, the pillar
structures completely coalesced into faceted Nb,Os crystals of ~500 nm
diameter. Alternatively, annealing in hydrogen-containing environments,
such as forming gas, enabled access to lower oxygen content phases such
as NbO; or further reduced phases. Figure displays XRD patterns of
the different porosity niobium oxide nanopillar films from Figure [2.4along
with peak positions for NbO,, NbNp 9Oy 1, and NbN. Past a certain point of
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300 nm | f‘ .

Figure 2.4. Plan view scanning electron microscopy images of nanopillar niobium
oxide films (cross-sectional images inset) after annealing at 1025 °C with 200 sccm
5% Ha/N; flow. Films deposited at (a) « = 70°, (b) & = 80°, (c) « = 84°, and (d) «
= 87°. Images from copyright © 2011 Elsevier.

oxygen reduction, the films absorb nitrogen from the 5 % H; /N, forming
gas (nitrogen is used as a carrier gas for safety reasons). A cubic niobium
oxynitride (NbN,O;_,) phase was present in both mixtures with NbO,,
and on its own at high forming gas flow rates. The films matching this
NbN,O;_, phase cannot be clearly distinguished between NbN(9Op 1 or
NbN through our XRD.

XPS was used to verify the elemental content during this phase transfor-
mation. XPS spectra of annealed Nb-O films are shown in Figure with
sample atomic concentrations calculated for each of these phases and shown

in Table The films were observed to have substantial nitrogen content
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Figure 2.5. X-ray diffraction patterns of nanopillar niobium oxide films deposited at
different deposition angles « after annealing at 1025 °C with 200 sccm 5% Hy/No
flow. Reference NbO,, NbN9Oq 1, and NN patterns (PDF 82-1141, 25-1360,
and 71-0162, respectively) are included. Data from [25].
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Figure 2.6. X-ray photoelectron spectra of O, N, and Nb peaks from niobium oxide
films annealed at 1025 °C, resulting in either (a) phase I: NbO, or (b) phase II:
NbN,O1_y.

when the crystalline phase matched the NbN,O;_, pattern and virtually
zero nitrogen content for films matching the NbO, phase, confirming the
formation of nitrides in highly reduced films. Transformation from Nb,Os
to NbN has been reported for heated nanoparticles in precursor gases with
accessible nitrogen [129]. A similar mechanism for nitrogen substitution is
presented here where we suggest that the Nb-O catalyzes N, decomposi-
tion, and the cubic nitride phases are more energetically favorable when
sufficient oxygen has been removed. Our hypothesis that some oxygen may
remain after these annealing processes was confirmed by XPS, suggesting
the NbN,O;_, phase to be mostly NbNy 9O .

The general trend apparent in Figure|2.5/is that films deposited at higher
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Table 2.1. Phase designations for niobium oxide nanopillar films after annealing
and sample atomic concentration of Nb, O, and N from X-ray photoelectron spec-
troscopy data.

Phase Structure at.% Nb at.% O at.% N
I NbO; tetragonal 46.3 52.9 0.8
IT NbN,O;_, cubic 50.3 20.8 29.0

deposition angles form further reduced phases under the same reducing
conditions. A dense film (¢ = 30° or 50°) has reduced to NbO, (I) and
very sparse films (x = 84° or 87°) have reduced to NbN,O;_, (II). Films
of intermediate porosity (x = 70° or 80°) consist of a mixture of NbO, and
NbN,O;_, (I+II); the XRD patterns for « = 70° and 80° in Figure 2.5|clearly
contains peaks of both NbO, and NbN,O;_, phases. A similar trend was
observed for the other forming gas flow rates at which experiments were
conducted, including 50, 100, and 400 sccm.

We suggest that films deposited at higher deposition angles are more
suitable for diffusion and reaction of the forming gas due to the increased
porosity and feature spacing. Our results indicate that the susceptibility to
reduction of these films is correlated to both surface area and volume. The
more porous films have less material volume for the same nominal thickness,
further contributing to more rapid reduction.

Increased forming gas flow rate was observed to significantly suppress
coalescence of features, and thus reduce morphology degradation, as shown
in Figure A niobium oxide film deposited at & = 80° is shown after an-
nealing at various forming gas flow rates (50, 100, 200, 400 sccm). While coa-
lescence is prevalent in a weaker reducing environment/lower flow rate (50
sccm, Figure a)), the thin vertical post structures are left more intact after
annealing in a stronger reducing environment/higher flow rate (400 sccm,

Figure 2.7(d)). This trend is consistent for forming gas flow rates between
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Figure 2.7. Plan view scanning electron microscopy images of a nanopillar niobium
oxide film (« = 80°, cross-sectional images inset) after annealing at 1025 °C with
5% Hy/N» flow rates of (a) 50 sccm, (b) 100 sccm, (c) 200 sccm, and (d) 400 sccm.
Images from copyright © 2011 Elsevier.

these two extremes (100 scem, Figure 2.7(b) and 200 scem, Figure 2.7)c)).

XRD patterns for the GLAD film (« = 80°) annealed at various forming
gas flow rates (shown in Figure[2.7) are displayed in Figure 2.8 along with
peak positions for NbO,, NbNp 9Oy 1, and NbN. Higher forming gas flow
rates lead to further oxygen reduction in final film phases. For this « =
80° GLAD film, a 50 sccm forming gas flow rate resulted in NbO, phase
formation (I) and 400 sccm forming gas flow rate resulted in NbN,O;_,
phase formation (II). Intermediate forming gas flow rates (100 and 200
scem) result in mixtures of NbN, O, and NbO, (I+1I).

Properties, including molar weight, mass density, and melting point for
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Figure 2.8. X-ray diffraction patterns of a nanopillar niobium oxide film (x = 80°)
after annealing at 1025 °C with 5% Hy/N; flow rates of 50-400 sccm. Reference
NbO,, NbNy 9Oy 1, and NbN patterns (PDF 82-1141, 25-1360, and 71-0162, re-
spectively) are included. Data from [25].
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Table 2.2. Properties of select niobium oxide, oxynitride, and nitride phases along
with calculated volume containing 1 mol Nb atoms®.

Weight Density Melting Volume

(g/mol) (g/cmd) Point (°C)  (cm®/mol Nb)
Nb,Os 265.81 447 1500 29.7
NbO, 124.91 5.90 1901 21.2
NbN9Op 1 107.11 8.28° - 12.9
NbN 106.91 8.47 2300 12.6

a All values from [[131] unless noted.
b Values from [132].

Nb,Os, NbO>, NbNp 9Oy 1, and NbN are given in Table [131,[132]. As-
suming the niobium content in the film is constant and only oxygen and
nitrogen content are altered through the processing, the volume of relevant
compounds normalized to 1 mol Nb was calculated. The volume is reduced
from 29.7 cm?®/mol Nb to 12.6 cm?® /mol Nb if the film is completely reduced
from as-deposited Nb,Os to NbN. Greater than half of the volume can be
lost through this phase transformation process, likely contributing to the
morphology change differences observed for different phases. Another con-
tributing factor is the melting temperature of the newly formed phases. In
the case of the phases explored here, the melting points of the post-annealed
films are greater for increasingly reduced phases, increasing from 1500 °C
for Nb,Os to 2300 °C for NbN in Table We suggest that higher melt-
ing temperature in reduced films is responsible for the observed structural
preservation of nanopillars during annealing in high forming gas flow rates.

To summarize the relationship between film porosity and reducing en-
vironment, a partial, qualitative phase map is constructed in relation to the
fabrication parameters of deposition angle a and forming gas flow rate. The
phase map is shown in Figure [2.9| for deposition angles « = 30°, 50°, 70°,
80°, 84°, 87° and flow rates 50, 100, 200, 400 sccm annealed for 1 h at 1025 °C.
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Figure 2.9. Summary of phase formation for nanopillar niobium oxide films an-
nealed at 1025 °C according to 5% H/N» flow rate and deposition angle. Crys-
talline phases determined to be I: NbOy, II: NbN,Oq_y, or a mixture I+1I from
X-ray diffraction patterns. Error bars represent uncertainty in flow control rotame-
ter and contours are drawn to aid in the visualization of possible phase regions.
Data from [25]].

The XRD patterns for each film at each annealing condition were carefully
analyzed and determined to be primarily comprised of either of two crys-
talline phases, or a mixture thereof. As first shown in Table 2.1} phase region
I matches with NbO, XRD pattern and has virtually zero nitrogen content.
Phase Il is a cubic niobium oxynitride phase with XRD patterns matching to
cubic NbN,O;_, phases with similar composition and lattice constant (i.e.,
NbN(9Op.1, NbN). In cases where there was evidence of multiple phases,

a mixture of phases I + II was designated. These phase designations were
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then plotted according to deposition angle and forming gas flow rate, with
uncertainty indicated, to aid in the visualization of the trends described
above. Qualitative contours are also included as possible phase boundaries.
Both higher forming gas flow rates and more porous GLAD films lead to
increased oxygen removal. The phase map acts as a guide for achieving
the appropriate Nb-O or Nb-N phase for a particular application. A mul-
tidimensional phase diagram including variations in annealing time and
temperature, along with studies of impact on pore size distribution, would
allow for fabrication of films of given phase and porosity /morphology as
required for a variety of catalyst applications.

The relationship between morphology and phase formation has been
investigated for the niobium-oxygen-nitrogen system. The susceptibility
to phase transformation due to porosity is expected to be present in other
metal oxide systems. The exact mechanisms for phase transformation, and
specific phases that may be formed, will most certainly vary with material

system and cannot be projected here.

2.4 Conclusion

Through studies of annealed niobium oxide nanopillar films, we have devel-
oped a parameter-based phase map to demonstrate unique phase formation
trends in porous nanostructured films. Distinct polycrystalline phases of
tetragonal NbO,, cubic NbN,O;_,, and mixtures thereof, were observed af-
ter annealing in a reducing environment. A strong link was shown between
morphology and phase formation in structured thin films after annealing,
such that both initial porosity and forming gas flow rate affect resultant mor-
phology and crystallinity. More porous films are more readily reduced to
low oxygen content phases, and phase transformation to niobium nitride is

induced in extreme cases. Higher forming gas flow rates deter coalescence
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of features, preserving surface area and offering a degree of morphology
control attributed to increase in melting point through phase transforma-
tion. It is hoped that the ability to form niobium oxide and nitride films
of desirable crystalline phase with limited physical deterioration to nanos-
tructured features will increase use of functional nanopillar films in related
applications.

The study of phase formation in niobium oxide nanopillars explored
in this chapter was motivated by the requirement of distinct phase nano-
pillar arrays for electrocatalyst supports. We demonstrated annealing in 5%
H> /N for the formation of NbO, and NbN,O;_, phases, and annealing
in 5% Hy/ Ar for the formation of Nb,Os and NbO, phases. In Chapter
this understanding will be used for the fabrication of nanopillars of Nb,Os,
NbO;, and NbO crystalline phases. The electrochemical properties of Pt-
coated niobium oxide nanopillars of these various phases will be shown
and demonstrate the importance of crystalline phase for electrocatalytic per-

formance.
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Nanostructured Niobium Oxide
Catalyst Supports

A version of this chapter has been published:

A. Bonakdarpour, R.T. Tucker, M.D. Fleischauer, N.A. Beckers, M.]. Brett,
and D.P. Wilkinson, “Nanopillar niobium oxides as support structures for oxygen
reduction electrocatalysts,” Electrochimica Acta 85, 492-500 (2012) [133]].

3.1 Introduction

The previous chapter focused on the development of nanopillar Nb-O films
of different phases for the application as fuel cell catalyst supports. Proton
exchange membrane fuel cells (PEMFC) are reviewed in detail in Section[1.4]
and have potential as efficient and clean power sources for portable, sta-
tionary and transportation applications [58,/66]. However, there are several
barriers that prevent their wide spread commercialization including cost
and durability of components like membranes and catalysts [59,64]. One of
the main contributors to the overall cost of PEMFCs originates from high Pt
loadings required to overcome the kinetic activation losses in the cathodic

electroreduction of oxygen to water [59,60]. The most commonly employed
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electrocatalyst at present consists of 24 nm Pt nanoparticles dispersed on
high surface area carbon blacks such as XC-72 or BP-2000 [60]. Significant
research in the past few years has revealed that carbon corrosion, which
occurs in the presence of Pt catalysts and an elevated electrochemical poten-
tial, is one of the main failure modes of the widely used Pt/C electrocata-
lyst [69,134-136]. For these reasons, there is a significant amount of current
research on alternative catalyst supports [68,70]. Ideal catalyst support ma-
terials should exhibit chemical and electrochemical stability under the acidic
conditions, electrochemical potential, and operating temperature range of
fuel cells. They should also possess adequate electrical conductivity, high
surface areas, and allow for facile production and integration in electrode
structures.

A review of catalyst support materials and nanostructured fuel cell cata-
lyst supports is given in Sections[I.5.1HI.5.2 For the purposes of this chapter,
high aspect ratio catalyst support structures have been developed (notably
the nanostructured thin film (NSTF) supports by 3M [15]) and have shown
high stability and specific activity for Pt and non-Pt catalysts. New nanos-
tructured support materials, such as carbon nanotubes [137] and conductive
metal oxides [67,68,73] have been suggested to overcome the electrical
conductivity, high temperature processing, and water management chal-
lenges of the NSTF support. The challenge is to structure the metal oxides
with a high surface area morphology and accessible pores as outlined in
Section however, fabrication of specific compositions and phases of
nanopillar structures is complex and limited methods have been shown to
be viable for prototype fabrication.

The glancing angle deposition (GLAD) process enables the fabrication of
nanostructured thin films from a wide range of materials, including organ-

ics, metals, and metal oxides [18,19]. Taschuk et al. provide a review of the
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GLAD technique, and common applications such as optical coatings and
high speed sensors [20]. Briefly, GLAD depends on a combination of highly
oblique vapour incidence angles, self-shadowing, limited adatom mobility,
and finely controlled substrate motion to nanostructure films of a variety
of useful morphologies — the technique is introduced in more detail in Sec-
tion[1.2.1] High surface area nanopillar catalysts and supports fabricated via
GLAD have been demonstrated for many materials including Ti [88], C [84],
CrN [90]], and Pt [86].

In the previous chapter, it was shown that GLAD-deposited amorphous
Nb-O can be transformed into nanostructured NbO,, Nb-O, or Nb-O-N
through controlled-atmosphere high temperature annealing [25]. Here, we
report on the electrochemical activity of Pt-coated GLAD nanostructured
Nb,Os, NbO,, and NbO + NbO, catalysts, with an emphasis on how the
interplay between crystalline phase and nanostructured morphology affects
the electrocatalytic performance. Further electrochemical characterization
of the catalysts for the oxygen reduction reaction in acidic media is reported

in Reference [133].

3.2 Experimental Methods

3.2.1 Thin film deposition

Niobium oxide catalyst supports were grown by GLAD on mirror-polished
5 mm diameter glassy carbon disks (Tokai) and p-type Si (100) substrates
(University Wafer). NboOs pieces (99.95%, Alfa Aesar) were used as received
and evaporated by an electron beam in a custom deposition chamber (Kurt
J. Lesker Company). Nb,Os was evaporated at a rate of 1 nm/s for a total
nanopillar thickness of 500 nm. The deposition angle « was fixed at 84°

between the incident flux and substrate normal. Substrates were rotated
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about their normal (rotated in @) at a rate of one rotation per 10 nm of film
growth to achieve a vertical nanopillar morphology.

Films were annealed in a temperature-controlled 1 inch diameter tube
furnace (Lindberg Blue M) to achieve appropriate phase formation. The
annealing program consisted of (i) a 20 min annealing gas purge at 25 °C,
(ii) a temperature ramp to 1000 °C at a rate of 10 °C/min, (iii) a 1 h dwell at
1000 °C, and (iv) passive cooling to below 90 °C with flowing annealing gas.
The annealing gas was either Ar (99.998%, Praxair) or hydrogen forming gas
(5% Hj /balance Ar, Praxair). The flow of the annealing gas was controlled
via mass flow controller units (MKS Instruments). After annealing, mag-
netron sputtering was used to deposit 0.1 mg/cm? of Pt on the nanopillar
supports. The Ar process gas pressure was maintained at 7 mTorr through-
out the sputtering process. Pt was deposited at a rate of 4 nm/min using a

magnetron power density of 1.6 W/cm?.

3.2.2 Physical Characterization

X-ray diffraction (XRD) was performed to determine phase and crystallinity
of the niobium oxide samples. Scans were collected from films on Si witness
substrates using a Bruker D8 diffractometer with a Cu K, radiation (A =
0.15418 nm) source and Hystar area detector. Scans collected from films
on glassy carbon substrates used the aforementioned system and a Rigaku
Ultimate IV diffractometer in thin film (parallel beam) mode. The beam
incidence angle was held fixed at 0.5° while the detector was scanned from
20° to 60° scattering angle at a rate of 0.25° or 1.0° /min. Phase identification
was performed using the powder diffraction file (PDF) database.

The Scherrer equation was used to estimate the Pt particle size from XRD
spectra. The Scherrer equation uses the full-width at half-maximum (p) of

diffraction peaks to calculate the limit of the crystalline particle’s dimension
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(L), as shown in Equation 3.1}

KA
L= Bcos(6)’

where K is a dimensionless constant (Scherrer suggests K = 0.93), A is the

(3.1)

X-ray radiation wavelength, and 6 is half of the scattering angle [138].
Scanning electron microscopy (SEM) images were obtained using a Hi-
tachi S-4800 instrument. Plan view images were taken on both Si and glassy
carbon substrates before and after Pt deposition. Cross-sectional view im-
ages were only feasible with Si substrates, because they could be cleaved to

provide a side view of the GLAD posts.

3.2.3 Electrochemical Characterization

Electroanalytical investigations were performed using a Pine rotating disk
electrode (RDE) system, a Pt counter electrode (Radiometer Analytical), a
Cl~ -free Hg/Hg>SO, reference electrode (Radiometer Analytical), and 0.1 M
double distilled HCIO, (GFS Chemicals). The Pine instrumentation con-
sisted of an AFCBP1 bipotentiostat, an AFMSRCE rotator and a change-disk
E4TQ RDE electrode. The cell (125 ml three neck, Ace Glass) was satu-
rated with either Nj or O, (both 99.998%, Praxair) by running gas for about
5 min through a porous dispersion tube (Ace Glass). All measurements were
performed at ambient temperature (21 £ 0.5) °C and pressure (760 Torr).
Electrochemical potentials mentioned here are referenced to the reversible
hydrogen electrode (RHE); reported current densities are normalized by
either the geometric or electroactive surface area of the electrodes.

Extreme care was taken to ensure the cleanliness of the glassware, cell
parts, and samples during handling and setup. Glassy carbon disks were
handled in aluminum collars during all steps except for the controlled atmo-

sphere annealing. An ultem jig (DPM Solutions) described in Ref. [81] was
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used to facilitate sample transfer.

Samples were first electrochemically cleaned by sweeping their poten-
tial between 50 mV and the open circuit potential (OCP), which was ap-
proximately 1050 mV, at 500 mV /s until steady state cyclic voltammograms
(CV) were obtained. Low scan rate CVs were then acquired in the range
of OCP to 50 mV (the onset of H, evolution) at 10 and 50 mV/s. CV mea-
surements were then repeated using upper cut-off potentials of 1200 and
1400 mV. Electrochemical stability of the samples was examined using 3000
potential cycles in the range of 50 to 1300 mV at a rate of 500 mV/s.

The electrochemically active surface area (ECSA) of a sample was esti-
mated by integrating charge for the HJ | region of the CVs collected under
saturated N, conditions and using the common 210 uC/ cm? Pt conversion
factor [60]. The surface enhancement factor (SEF) was obtained by dividing
the ECSA by the geometric surface area SAge, (also called footprint area —

0.16 cm? for a 4.5 mm diameter film on a 5 mm diameter disk) as shown in

Equation @

ECSA

SEF =
S Ageo

(3.2)

While different metrics have been used to compare catalyst performance
(e.g., electrochemical surface area, area-specific activity, or mass-specific
activity), the SEF factor provides a simple parameter which is easily related

to the surface area of the nanostructured support.

3.3 Results & Discussion

3.3.1 Pristine Morphology and Crystallinity

SEM images of the as-deposited films are shown in Figure 3.1} The oblique
and cross-sectional images provided as Figure 3.1(a)—(b) display the results
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Figure 3.1. Scanning electron microscopy images of as-deposited nanopillar nio-
bium oxide films at (a) oblique, (b) cross-sectional, and (c), (d) plan views. Films
shown in (a)—(c) are grown on a Si wafer and (d) on a polished glassy carbon disk.

Images from copyright © 2012 Elsevier.

of the competitive process that takes place during GLAD growth, with the
result that some posts do not extend throughout the entire film thickness.
Surface roughness and adatom mobility have an impact on initial nucle-
ation density. Plan view images of Nb-O films show a number density
of ~100 um~—2 when grown on Si substrates (Figure c)) compared to
~60 pm~2 when grown on glassy carbon disks (Figure d)). The differ-
ence is attributed to the slight roughness and surface imperfections on the
glassy carbon disk, leading to fewer and larger nucleation points.

The surface roughness of the glassy carbon disk can be reduced by pol-
ishing. Figure[3.2shows Nb-O films deposited on differently polished glassy
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Figure 3.2. Plan view scanning electron microscopy images of nanopillar niobium
oxide films on glassy carbon disks after polishing with (a), (b) coarse polish, and (c),
(d) fine polish.

carbon disks. Coarse polishing of the glassy carbon disk (Figure .2(a)-(b))
leaves the surface with sufficient roughness to affect the GLAD nanopillar
growth; trench-like markings a clearly induced by the large grain polishing.
A subsequent finer polishing step (in the range of 0.05 um particles) smooths
the surface much more, resulting in a significantly more uniform nanopillar
film (Figure [3.2(c)—(d).

High temperature annealing induced significant structural changes in
the as-deposited films, as described in detail in Chapter @ SEM images
of the annealed films before and after Pt deposition are provided in Fig-

ure Films annealed in Ar (Set 1, Figures 3.3(a)—(b) underwent the most
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bare Pt-coated

Figure 3.3. Oblique scanning electron microscopy images of annealed nanopillar
niobium oxide films grown on Si wafers (a), (c), (e) before and (b), (d), (f) after Pt
sputter deposition (plan view images inset). Annealed in (a)—(b) Set 1: 140 sccm
Ar, (c)—~(d) Set 2: 140 sccm 5% Hay/Ar, (e)—(f) Set 3: 1400 sccm 5% Ha/Ar. Images

from copyright © 2012 Elsevier.
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significant morphology change. The nanopillars coalesced from <100 nm
diameter posts into larger (>200 nm) faceted crystals during this phase
change. In an inert annealing environment, there is enough oxygen present
to form the energetically favourable Nb,Os phase. The lower melting point
of this phase (1500 °C) [131] allows for the significant morphological change
and coalescence observed at annealing temperatures of 1000 °C. Films an-
nealed in a 5% H; / Ar forming gas atmosphere (Set 2, Figures|3.3(c)—(d) and
Set 3, Figures 3.3(e)—(f) exhibit significantly better morphology preservation
through the annealing process. Annealing in the presence of Hj reactively
removes O from the film, leaving lower O-content films with higher melting
temperatures (NbO,: 1901 °C, NbO: 1937 °C) [131]. The increased form-
ing gas flow rate (Set 3) leads to increased oxygen removal from the film.
However, a small amount of wilting and slumping is present, attributed to a
change in volume and density after significant oxygen removal. Overall, Set
1 features have significantly larger diameter and lower number density. Sets
2 and 3 have comparable diameter and number density to the as-deposited
film, with slightly larger void sizes present in Set 3.

Film morphology affected the Pt distribution. The 0.1 mg/cm? Pt load-
ing coated the coalesced crystals fairly uniformly, but tended to cluster near
the top of the smaller, more numerous pillars in Sets 2 and 3. Some Pt was
also present in smaller clusters along the length of each post (appearing as
bright spots). High resolution images of the Pt-coated posts are provided
as Figure Continuous Pt coverage along the length of some posts to
the substrate, and some direct substrate coverage, is visible in Set 1 (Fig-
ure 3.4(a)). Pt clustering at the top of the films dominates the images of Sets
2 (Figure [3.4(b)) and 3 (Figure B.4(c)).

XRD patterns collected from the Pt coated films are provided as Fig-

ure[3.5] Prior to annealing, all films were amorphous and showed no diffrac-
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Figure 3.4. High resolution cross-sectional scanning electron microscopy images of
Pt-coated, nanopillar niobium oxide films on Si wafers annealed at 1000 °C in (a)
Set 1: 140 sccm Ar, (b) Set 2: 140 sccm 5% Ho/Ar, (¢) Set 3: 1400 sccm 5% Ho/Ar.
Images from copyright © 2012 Elsevier.
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Table 3.1. Summary of electrocatalyst sample sets and corresponding crystalline
phases identified by X-ray diffraction.

Set Anneal gas Flow rate Phase
1 Ar 140 sccm Nb,Os
2 5% H,/Ar 140 sccm NbO,
3 5% H,/Ar 1400 sccm NbO + NbO,

tion peaks by XRD, as has been previously shown for planar and nanopillar
electron beam deposited Nb-O thin films [25,/125] and discussed in Chap-
ter 2l Films annealed in Ar atmosphere (Set 1, Figures [3.3(a)-(b)) are of
Nb,Os phase, as expected. Films annealed under 140 sccm forming gas
(Set 2, middle XRD scan in Figure shown in Figures [3.3(c)-(d)) have
transformed into NbO,; films annealed under 1400 sccm forming gas (Set
3, lowest scan in Figure shown in Figures e)—(f)) have been further
reduced to a mixture of NbO, and NbO. These results are summarized in
Table 3.1

As previously discussed, higher forming gas flow rates result in increas-
ing oxygen removal from the GLAD Nb-O films during annealing (Chap-
ter 2). The XRD pattern for Set 3 includes some evidence of weak NbSi,
peaks. These phases result from annealing the nanopillar niobium oxide
films on Si wafers in a highly reducing atmosphere at 1000 °C, and are
not present in the samples deposited on glassy carbon disks and used for
electrochemical testing. XRD patterns are provided for the Si witness sam-
ples instead of the tested glassy carbon samples because of the much lower
background intensity associated with the Si substrates, making phase iden-
tification much more clear. XRD patterns collected from films on glassy
carbon disks before and after electrochemical testing are provided later in
this chapter.

Pt grain size, approximated from the Pt (111) XRD peak width using
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Figure 3.5. X-ray diffraction patterns collected from Pt-coated, nanopillar niobium
oxide films on Si wafers annealed at 1000 °C in Set 1: 140 sccm Ar (red), Set 2:
140 sccm 5% Hy/Ar (green), or Set 3: 1400 sccm 5% Hy/Ar (blue). The colour
scheme (Set 1: red, Set 2: green, Set 3: blue) is consistent for all figures in this
chapter. Reference Pt, NbyOs, NbO,, and NbO patterns (PDF 04-0802, 27-1003,
76-1095, and 71-2146, respectively) are included. Data from [133]].
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Equation is (15 £ 5) nm for all three sample sets. Pt coating increased
the nanopillar width by 30-40 nm, suggesting the coating is approximately
one grain thick, on average. It is important to note that the approximated
Pt grains are almost an order of magnitude larger than the common 2-4 nm
target, and at least double those reported on some 3M NSTF supports [139].
Smaller Pt particles are desirable for their higher surface area, however, bet-

ter durability is seen with larger particles.

3.3.2 Electrochemical Performance and Stability

Pt distribution and underlying support morphology have a large impact on
electrochemical performance. CVs collected from the three sample sets and
a planar Pt reference are provided in Figure All three Pt-coated Nb-O
nanopillar support show higher current density magnitudes (i.e., higher ac-
tivity) than the reference Pt sample. Fully developed CV features, i.e., those
of H,qs/Hges and OH,4s/OHges regions, were only obtained from the Nb-
O samples after CV scans were performed to an upper cut off potential of
1200 mV vs. RHE or higher. CVs in Figure [3.6|were collected from samples
cycled first to 1050 mV and then 1200 mV vs. RHE. It is interesting to note
that all four CV features are most clearly defined for Sets 1 and 3, while
Set 2 exhibits poorly defined features indicative of larger ohmic losses (sub-
stantially larger than that of the insulating Nb,Os supports in Set 1). The
baseline capacitance is lowest for Set 1 and similar for Sets 2 and 3.

The effect of higher upper potential during CV cycling is shown for a
sample from Set 1 in Figure As previously mentioned, fully developed
CV features are present for CVs with an upper cut off potential of at least
1200 mV vs. RHE. Higher upper potential limits did not change the shape
of the H,4s/Hges regions appreciably, although the amplitude of the Oges

region increases with the upper potential limit up to 1400 mV vs. RHE.
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Figure 3.6. Representative cyclic voltammograms of Pt-coated, annealed nanopillar
niobium oxide support structures (Sets 1-3) and reference bulk Pt. All scans col-
lected at 50 mV/s. Data from [133]].

Stability cycling of 3000 cycles at 1400 mV vs. RHE caused only a slight
decline in the CV amplitude.

SEFs and whole-system resistances for the three sets (and a Pt reference)
are provided in Figure The Pt reference is measured to have a value of
SEF ~ 2, attributed to edge effects and inherent surface roughness. At room
temperature, Nb,Os is insulating and NbO, and NbO have bulk resistivity
values of ~10* Q cm and ~10~* Q cm, respectively [116,[117,[140, 141ﬂ
Although NbO; is a much better conductor than Nb,Os, both values are

many orders of magnitude more resistive than bulk Pt (~10~7 Q) cm), and

LA value of 15S em™1 (6.7 x 10~2 Q) cm) has been attributed to Ref. [141] in Refs. [74/142].
Via private communication with Sasaki, we determined they intended to cite Ref. [143].
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Figure 3.7. Cyclic voltammograms collected from Pt-coated nanopillar supports
(Set 1: NbyOs) to different upper potential limits (1.0, 1.2, and 1.4 V vs. RHE).
All scans collected at 50 mV /s and stability cycling consisted of 3000 scans to 1.4
V vs. RHE. Data from [133].

significant losses can be expected. These results suggest that the Pt coating
provides a conductive path around the Nby,Os supports, but not for the
NbO; or NbO + NbO; supports. This suggestion is supported by the side
view images of support morphologies shown in Figure Set 1 (Nby0Os)
supports exhibit large spaces between features, with Pt directly contacting
the glassy carbon disk. Set 2 (NbO;) supports show that the majority of
the Pt is located on the upper half of the post, with few or no conductive
pathways visible through the Pt alone. Set 3 (NbO + NbO,) supports have
Pt located farther down the post resulting from the slightly larger void size.
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Figure 3.8. Surface enhancement factor and the cell ohmic resistances of a bulk Pt
reference and Pt-coated nanopillar niobium oxide sample sets. Data from [133]].

The combination of superior Pt conduction and higher support conductivity
can account for the significant difference in performance between Set 3 and
Set 2. Higher surface area primarily accounts for the improved activity of
Set 3 compared to Set 1.

XRD patterns collected from glassy carbon disks before and after elec-
trochemical testing are shown in Figure No changes in Pt grain size, or
the underlying support phase or crystallinity, were detected; however, the
Nb-O and Pt peaks were weak compared to the glassy carbon background
signal, making analysis difficult. SEM images of the same disks after elec-
trochemical cycling (3000 cycles) (see Figure also revealed little mor-
phology change, providing further evidence that these Nb-O supported Pt

catalysts show adequate stability to warrant further investigation. Note the
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Figure 3.9. X-ray diffraction patterns collected from Pt-coated, annealed nanopillar
niobium oxide supports on glassy carbon disks before and after electrochemical
cycling (over 3000 cycles). Reference Pt, NbOs, NbO,, and NbO patterns (PDF

04-0802, 27-1003, 76-1095, and 71-2146, respectively) are included. Data from
[133].
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Setg

Figure 3.10. Plan view scanning electron microscopy images of Pt-coated, annealed
nanopillar niobium oxide supports on glassy carbon disks (a), (c), (e) before and
(b), (d), (f) after electrochemical cycling (over 3000 cycles). Sets 2 and 3 exhibit
clumping after testing, often seen in high aspect ratio nanostructures upon drying
prior to imaging. Images from copyright © 2012 Elsevier.
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clustering in images from Sets 2 and 3 (Figures d) and (f)), likely due
to the “nanocarpet” effect [144] which occurs when a high aspect ratio film
is immersed in liquid and then allowed to dry in an uncontrolled manner.
Similar clumping is observed for most combinations of GLAD materials and
liquids, attributed to capillary forces.

The surface area of the NbO, supports is insufficient to compensate for
the reduced performance relative to the Nb,Os and NbO + NbO, supports.
It is once again important to consider the nature of the Pt distribution when
explaining these results. Pt loading on the Nb,Os supports (Set 1) resulted
in a fairly uniform coating, seemingly enough to provide adequate electrical
conductivity. The SEF for Set 1 was ~5, comparable to the geometric sur-
face area enhancement. The NbO, supports in Set 2 had a slightly higher
SEF (~6), but appear to have a much larger geometric surface area (see Fig-
ure 3.3). The geometric surface area of the NbO + NbO, supports (Set 3)
appears to be similar to the NbO, supports, but with slightly larger voids
between posts. The larger gaps between posts lead to better Pt incorpora-
tion, electrical conductivity similar to the Pt-coated Nb,Os supports, and
higher SEFs (~10). We speculate that the low Pt on NbO, mass activity
can be explained by a thick (multiple grains, many tens of nm) layer of Pt
concentrated on top of the NbO, supports as suggested by the side view
images in Figure This Pt morphology leads to poor electrochemical us-
age of the catalyst; activity could be improved by better dispersion of the
Pt on the high surface area supports. Furthermore, alloying elements (e.g.,
Ni) could be used to further improve the mass activity of the catalysts [82].
The aligned macropores inherent to GLAD films enable a wide range of wet
and dry Pt incorporation techniques (e.g., high pressure sputtering or elec-
trochemical deposition). Metal oxide stability allows for post-deposition

treatment which may provide a path to optimizing Pt distributions on a
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given support material and morphology through subsequent annealing or

catalyst activation steps.

3.4 Conclusions

GLAD was successfully combined with post-deposition annealing to fabri-
cate porous Nb,Os, NbO,, and NbO + NbO; catalyst supports. Pt deposited
on the high surface area supports led to SEFs ranging from 5 to 10, depend-
ing on the support morphology. NbO, and NbO + NbO, supports mimic
the morphology of 3M’s NSTF and offer the potential for similar surface
area enhancement and mass activities. Through-post conductivity in NbO
+ NbO; supports allows for an additional or alternative conductive path
through the support material. Support material, morphology, and phase
allow for additional experimental degrees of freedom. It should be noted
that our structured Nb-O supports were able to withstand aggressive elec-
trochemical testing (up to 1.4 V vs. RHE), high temperatures (1000 °C), and
significant handling without damaging their high surface area morphology,
which is encouraging for future exploration of metal oxides and the GLAD
structuring technique.

The combination of high surface area (with accessible pores) and low
ohmic resistance was shown to be a key property of high performance elec-
trochemical supports. While the crystalline phase of a metal oxide can be
chosen and its quality optimized, stoichiometric metal oxide phases are lim-
ited by their intrinsic properties. Doping has been used in metal oxides in
a variety of applications, and doped metal oxides have been suggested as
a route towards improving the electrical conductivity of catalyst supports.
Chapter builds toward doped metal oxide nanostructures, with a demon-
stration of Nb-doped TiO, nanopillars. On route to functionally doped

nanostructures, composition control, phase characterization, and dopant
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activation are of key importance to study.
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Toward Doped Metal Oxide
Nanopillar Films

A version of this chapter has been published:

R.T. Tucker, N.A. Beckers, M.D. Fleischauer, and M.]. Brett, “Electron beam de-
posited Nb-doped TiO; toward nanostructured transparent conductive thin films,”
Thin Solid Films 525, 28-34 (2012) [145]].

4.1 Introduction

Transparent conducting oxides (TCOs) are widely employed as electrodes in
optoelectronic devices, such as organic photovoltaic and electroluminescent
devices, because of their high electrical conductivity and optical transmit-
tance [91,97,146-148]. Tin-doped indium oxide (ITO) is the most widely
used TCO because of its low resistivity (~10~* Q cm), high transmittance
in the visible range (80-90%), and low-temperature deposition [97,149,150].
Due to the increasing demand for and cost of indium there is interest in
finding indium-free TCOs with comparable optical and electrical proper-
ties [100,[150, 151]. Contending indium-free transparent conductors include

alternative doped metal oxides, networks of carbon nanotubes or metal
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nanowires, and graphene films [94]. Aluminum-doped zinc oxide, tantalum-
doped titanium dioxide, and niobium-doped titanium dioxide (TNO) have
shown potential as doped metal oxide TCOs [148]. TNO also demonstrates
some properties not exhibited by ITO or other traditional TCOs, including
a high activation ratio of Nb (greater than 80%), long plasma wavelength,
high refractive index in the visible region, high anisotropic conductivity,
and chemical stability under strongly reducing conditions [152]. These ad-
ditional desirable properties make TNO potentially applicable to a broader
range of applications than traditional TCOs.

TNO fabricated by pulsed laser or sputter deposition has demonstrated
good conductivity and transparency on single crystal substrates (SrTiOs
or LaAlO3) [77,(151},153H159] , and glass/quartz substrates [147,/150,159-
170]. The epitaxially grown films initially showed superior properties to
polycrystalline films grown on glass substrates [159]], but performance of
non-epitaxial films has since become comparable. TNO thin films have also
been prepared by sol-gel coating or nanoparticle dispersion methods [76,81,
148,(171-175]. These mesoporous films have much higher resistivity than
films deposited from physical vapour methods, attributed to grain boundary
scattering and defects [81]. Table displays resistivity and transmittance
values of some of the best reported TNO films fabricated by each method.

Nanostructured transparent conductors are of significant interest for im-
proving devices since nanomaterials can exhibit large surface-to-volume
ratios and other unique properties [113]. Organic electroluminescent [11]
and photovoltaic [13] devices have shown device improvements for nanos-
tructured ITO. Therefore, the development of nanostructured ITO-free trans-
parent conductors would be advantageous. Thus far, TNO nanoparticles
and mesoporous nanoparticle-based films [81}176-178], electrospun nano-

fibers [179]], and nanotube films [180,(181] have been demonstrated. These
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Table 4.1. Recent reports of TNO films prepared by various methods and their
properties. Methods include pulsed laser deposition (PLD), sputter deposition, sol-
gel coating, nanoparticle dispersion (NP), and electron beam evaporation (e-beam,).
Lowest reported resistivity (omin) and integrated visible transparency (% Tyis) are
included where available.

Method Substrate Pmin (2 cm) % Tyis Ref.
PLD SrTiO; 23x10°* 94%32 [153]
PLD LaAlO; 3.99 x 107* - [155]
PLD glass 6.7 x 1074 60% [166]
sputter SrTiOs 3.33 x 1074 80%?2 [151]
sputter LaAlO3 3.0x1074 - [152]
sputter quartz 24 x107* 60-80% [147]
sol-gel glass 0.5 30-40%° [175]
NP glass 4 - [81]
e-beam quartz 1.2 x 1072 70% this work

@ Internal transmission (corrected for reflection and scattering).

P Value estimated from optical transmittance vs. A plot.

techniques for nanostructuring TNO are limited in the range of structures
they can produce. Controlled porosity thin films of a variety of morpholo-
gies can be produced using the glancing angle deposition (GLAD) tech-
nique [19,20]. Electron beam evaporation of material is preferred for GLAD
due to the collimation of the vapour flux. Thus, evaporation of TNO must
be developed in order to enable use of this technique.

Electron beam evaporation requires sublimating or melting of the source
material. Evaporation of multi-component source material produced by
physical mixing of host and donor materials (e.g., TiO, and Nb,Os pow-
der) is therefore subject to melting point and vapour pressure differences
in the component materials. Large differences, such as the ~300 °C melt-
ing point difference between TiO, and Nb,Os, could lead to preferential
evaporation of one component and challenges with composition control.
Melting point differences can be minimized with synthesis of single-phase

source materials. Here we use a sol-gel process to synthesize Nb-Ti-O
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source material which is pressed and then evaporated under high vacuum.
This facile, solution-based process allows for precise composition control of
multi-component materials. Furthermore, because the metal alkoxides are
mixed on a molecular level before hydrolysis and condensation are initiated,
the dopant is intimately distributed throughout the entirety of the resulting
product. This method is significantly quicker and more cost-effective for
producing varied and irregular compositions compared to other easily ac-
cessible methods, such as ordering custom sputtering targets.

Nb-Ti-O source materials of various nominal Nb compositions were syn-
thesized via this sol-gel method and evaporated to make thin films. The
composition of the sol-gel source material and electron beam evaporated
thin films were explored and compared to a sputtered thin film. The effect
of post-deposition annealing on evaporated TNO films was investigated
and the transparent conducting properties are correlated with doping, sub-
strate heating, and annealing parameters. The GLAD technique was also
used to demonstrate nanostructuring of TNO for future application as an

indium-free high surface area transparent conductor.

4.2 Experimental Methods

4.2.1 Sol-gel Pellet Synthesis

Titanium(IV) isopropoxide (95%), niobium(V) ethoxide (99.999%) and hy-
drochloric acid (36% in aqueous solution) were purchased from Alfa Ae-
sar and were used without further purification. Millipore water was used
throughout. Nb,Ti;_,O, source materials were prepared through modifica-
tion of the procedure given by Gojkovic et al. [182]. Briefly, using x = 0.06
as an example target composition (Nbg 6 Tip.9402), 36.7 ml of titanium(IV)

isopropoxide, 1.99 ml of niobium(V) ethoxide and 0.9 ml concentrated hy-
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drochloric acid were added to a beaker with stirring. 4.8 ml of Millipore
water was then added. The beaker was covered with parafilm, which was
pierced several times. After 1 h of stirring, the parafilm was removed from
the beaker and the gel was allowed to age and dry (open to the atmosphere)
overnight. Once the gel had dried, yielding a white powder, a mortar and
pestle were used to grind the material to a fine powder. The powder was
then calcined in air at 200 °C for 2 h, and pressed into pellets (~5 mm diam-
eter, ~5 mm length) using an arbor press and custom mould. The pellets
were sintered in air at 400 °C for 1 h, giving a material that was suitable for

deposition by electron beam evaporation under high vacuum conditions.

4.2.2 Thin Film Evaporation & Processing

Thin films were deposited from the TNO source material on (1 x 1 x 1/16)
inch quartz substrates (Quartz Scientific) in a high vacuum chamber. The
quartz substrates were cleaned prior to deposition by ultrasonication in
isopropanol (Fisher Scientific, 99.9%) for 10 minutes and were dried using
a stream of nitrogen. Substrate holder rotation allowed for rotation about
both the substrate normal axis (¢) and the angle between source flux and
substrate normal (x), as shown in Figure Source material, either custom
TNO sol-gel pellets or a weighed mixture of Nb,Os (Alfa Aesar, 99.95%)
and TiO; (Cerac, 99.9%) pellets, was evaporated by an electron beam at a
distance of 42 cm from the substrate. “Spitting” was observed from the
melt, especially in the case of the sol-gel pellets, when the electron beam
power was ramped up too quickly during the initial melting stage. Typical
conditioning times were on the order of 1 h. Planar films were deposited at
a fixed angle of & = 30° and rotation about the substrate normal (¢) once
every 10 nm of film growth. Film growth was monitored by crystal thickness

monitor and maintained at (4 + 1) A/s to a total thickness of 300 nm. For
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heated depositions, an irradiative heating system using two halogen light
bulbs (minimum 150 W each) enabled temperatures as high as 350 °C to be
obtained on the surface of the substrate. Temperature was measured by a
thermocouple held ~1 cm above the sample holder chuck. Uncertainty in
the substrate temperature was approximately 20 °C, due to inconsistency
in thermocouple height, substrate—chuck thermal contact area, and local
heating variation.

Thin films were also deposited by sputtering for comparison of com-
position analysis techniques. Quartz substrates prepared as above were
used. TNO films were sputtered from a custom fabricated 2 inch diameter
Nbo 06 Tip.940O, target with a copper backplate (Super Conductor Materials,
Inc.) using a pulsed DC power supply in voltage regulation mode. Target
voltage was maintained at 550 V until a total of 2.5 M] was delivered to the
target at an Ar pressure of 0.4 Pa, resulting in ~250 nm film thickness.

Post-deposition anneals on the thin films were performed in a 3 inch
outer diameter three zone tube furnace with flowing 5% H;/balance Ar
forming gas (Praxair) controlled by a rotameter (flow rate 300 to 500 sccm).
The following annealing routine was used: (i) 30 minute purge of forming
gas at room temperature, (ii) ramp to annealing temperature at 10 °C/min,
(iii) hold at annealing temperature (annealing temperature 450 to 700 °C),
(iv) passive cool to below 90 °C before gas flow was stopped and the sub-

strates removed.

4.2.3 Characterization

Composition analysis of source material and thin film samples was per-
formed by X-ray photoelectron spectroscopy (XPS) and energy dispersive
X-ray spectroscopy (EDX). XPS was performed with a Kratos ULTRA spec-

trometer. Only data from surface scans is displayed here as it has been pre-
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viously reported that depth profiling of TNO cannot be reliably performed
because both Ti and Nb oxides can be reduced by Ar™ etching [147]. All
high-resolution spectra were calibrated against the C 1s line at 284.8 eV
arising from adventitious C. XPS quantification was performed to deter-
mine concentrations of elemental species in each sample. Following back-
ground subtraction, atomic concentrations were determined from integrated
peak areas using the relative sensitivity factors determined by Crist [183].
EDX was acquired on a Zeiss EVO MA 15 scanning electron microscope
(SEM) equipped with a Peltier-cooled Bruker Quantax 200 Si drift detector
(10 mm?). The sample was tilted at 60° from the substrate normal to increase
the volume of film interacting with the beam. Quantification was performed
by the peak-to-background ZAF method with the instrument software [184].
Film morphology was characterized by SEM imaging with a Hitachi S-4800
instrument. SEM samples were mounted on aluminum stubs and imaged
without further coating. Thin film and sol-gel source material crystallinity
was characterized via X-ray diffraction (XRD) on a Bruker D8 diffractometer
and Rigaku Ultimate IV diffractometer, both with Cu K, sources.

Sheet resistance was measured using a standard 4-point probe setup.
The film area was large enough by comparison to the probe separation dis-
tance to satisfy the condition of a unity correction factor. Optical transmis-
sion was measured using a Perkin-Elmer NIR-UV spectrophotometer from
wavelengths of 200 to 2500 nm. Transmission spectra shown are absolute,
and the substrate has not been subtracted. The Haacke figure of merit (¢rc)
was calculated for comparison to other TCOs. Equation defines ¢rc for
sheet resistance (R;) and optical transmission (T) [93]]. Optical transmission
in the visible range is used (400 nm < A < 750 nm). Typical high quality

transparent conductors have 1 x 1073 Q! < ¢prc < 50 x 1073 Q1 [93].
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4.3 Results & Discussion

4.3.1 Pellet & Film Composition

A series of TNO electron beam evaporation source materials of nominal com-
position Nb, Ti; O, (x =0, 0.03, 0.06, 0.12, 0.24) was prepared by the sol-gel
method by varying the molar ratio of niobium(V) ethoxide to titanium(IV)
isopropoxide. Once the resulting powder was calcined, pressed into pellets
and sintered, XRD patterns were obtained to confirm that there was good
incorporation of the dopant throughout the samples. XRD patterns (shown
in Figure match well with the pattern for anatase TiO, for lower Nb
compositions (x = 0, 0.06, 0.12), suggesting a substitutional replacement of
Ti with Nb, as expected. The XRD pattern for the highest prepared Nb com-
position (x = 0.24) shows the pellets to be almost completely amorphous,
with only a hint of the most intense anatase peak. Slight shifts in peak po-
sition to lower angle (Figure inset) are consistent with an increase in
the lattice constant as the Nb content increases. In addition, the intensity of
the anatase peaks decreases with increasing Nb content, suggesting that the
incorporation of Nb inhibits anatase grain growth. This has been previously
observed and has been attributed to the larger Nb>* radius putting stress on
the TiO; lattice and hindering the growth of anatase crystallites [173]. Peaks
of niobium oxide phases were not observed in the XRD patterns for any of
the different compositions, further indicating good Nb incorporation.
High-resolution XPS spectra of TNO source material pellets (x = 0, 0.06,
0.12, 0.24) and thin films (x = 0.06) are shown in Figure a)—(b), respec-
tively. Binding energy (BE) values for the different oxidation states of Ti and
Nb were determined using the average values reported for each respective
oxide in the NIST XPS database [185]. For the high-resolution scan of the Ti
2p peaks shown in Figure a), both peaks correspond with Ti**, which
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Figure 4.1. X-ray diffraction patterns of Nb,Tiy_,O, sol-gel source pellets (x = 0,
0.06, 0.12, 0.24). Inset magnifies shift in peaks near 26 ~ 25° and scans are offset
vertically for clarity. Reference TiO; (anatase) pattern (PDF 21-1272) is included.

Data from .
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correlates with the oxidation state of the metal alkoxide used to prepare
the source material. For the Nb 3d peaks shown in Figure [4.2(a) there is
an observable chemical shift in the BEs of the peaks when compared to the
reference values, suggesting that the Nb present in the source material is
likely a mix of Nb** and Nb°* [186]]. The amplitude of the Nb 3d peaks is
appropriately increasing with increasing nominal Nb content (x).

The high-resolution XPS spectra of the thin films evaporated with and
without substrate heating at ~330 °C are similar, shown in Figure [£.2(b).
Both exhibit more Nb>" character than the pellets, with a subtle change in
peak shape present between the unheated and 330 °C samples. The Ti*"
peaks appear the same. Overall, XPS indicates that substrate heating during
deposition does not have a strong effect on the composition of evaporated
TNO films.

The XPS and EDX measurements allowed for calculation of relative
atomic compositions of Nb and Ti in prepared samples. For ease of com-
parison, the ratio of Nb atomic percentage to combined Nb and Ti atomic
percentage is reported as (Nb/(Nb+Ti) or x/(x + y) from Nb,Ti,O;). The
values calculated both for the pellets and thin films from EDX and XPS
data are provided in Table Nominal values refer to the molar ratios of
metal alkoxides used to prepare the source materials. In all cases, the ra-
tios calculated from XPS data report equal or greater Nb concentration than
those calculated from EDX data. The relative Nb content measured for the
sol-gel source pellets agree reasonably well with the nominal values, with
the values from EDX lower than nominal and the values from XPS slightly
higher than nominal. The Nb content nearly doubles with each nominal
composition step, as expected.

Measured Nb/(Nb+Ti) thin film composition is farther from agreement

with the nominal values, but still maintains the same trend with increasing
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Figure 4.2. X-ray photoelectron spectra near Ti 2p and Nb 3d peaks of (a) sol-gel
prepared source pellets of nominal composition Nb,Ti;_,O, (x = 0, 0.06, 0.12,
0.24) and (b) evaporated thin films (x = 0.06) deposited without (unheated) and
with substrate heating (330 °C). Binding energy references for T+, Ti*+, Nb*™,
and Nb>* are included. Spectra are offset vertically for clarity. Data from [145].
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Table 4.2. Relative composition of Nb to Ti (x/(x + y) in Nb,Ti, O3) for sol-gel
pellets and thin films calculated from EDX and XPS. All films are evaporated from
pellets with substrate temperature of (330 £ 20) °C unless otherwise noted.

Measured x/(x +y)

Nominal Pellet —— Thin Film ——
x/(x+y) EDX XPS EDX XPS Notes
0 0.00 - 0.01 -
0.06 0.05 0.08 0.13 0.15

0.15 0.15

- 0.20 b

0.07 0.09 ¢
0.12 0.09 0.15 0.22 0.29
0.24 0.18 0.26 0.37 0.42

a Evaporated Nb,TiyO, pellets and unheated substrate.
b Evaporated Nb,O5-TiO, mixture.
¢ Sputtered from Nby s Tig 9405 target.

nominal Nb content. Again, the values reported from XPS data are higher
than those reported from EDX data. In all cases, the measured Nb content is
higher than the nominal Nb content, and increases with increasing nominal
Nb content. The relative Nb content in the unheated sample (x = 0.06) is in
good agreement with that of the sample of the same nominal composition
deposited at ~330 °C for both EDX and XPS measurements, indicating that
substrate heating does not affect measured Nb concentration.

A sputtered thin film (x = 0.06) and an evaporated Nb,Os5-TiO; mix-
ture film (x = 0.06) were also included in Table for comparison to sol-
gel evaporated thin film EDX and XPS measurements. The sputtered film
was expected to have very comparable stoichiometry to the sputter target
(Nbo.06Ti0.9402). However, the sputtered film still measured rich in Nb, with
XPS again reporting higher Nb content than EDX. The relative sensitivity
values used in the XPS quantification procedure are likely the source of this

discrepancy, as even XPS-calculated compositions of stoichiometric oxides
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are often unreliable for absolute element-to-element composition compar-
isons [183]. Regardless, the Nb/(INb+Ti) ratio is still valid for comparison
across the different sample sets. The mix sample, prepared by evaporating
an appropriate mixture of Nb,Os and TiO,, has the highest measured Nb
content for the x = 0.06 composition with Nb/(Nb+Ti) = 0.20.

The difference between the sputtered and evaporated film compositions
measured by both EDX and XPS can be readily explained. The phase dia-
gram of the Nb,Os-TiO; system shows Nb content to decrease the melting
temperature (T;,) of the TiO, mixture, from ~1800 °C at 0% to ~1650 °C at
10% to ~1500 °C at 50% Nb,Os [187]]. Vapourization studies of Nb,O5-TiO;
by electron beam evaporation show preferential evaporation of Nb com-
pounds [188]. From the data in Ref. [188], a mixture of “50 mol % TiO,-50
mol % Nb,Oj3 [sic]” has a relative Nb/(Nb+Ti) content of ~0.67 in the solid
form, but can be calculated to have Nb/(Nb+Ti) ~0.80 in the evaporated
products. This preferential evaporation of Nb compounds appears to be ex-
aggerated for electron beam evaporation compared to thermal evaporation.
The initial justification for using “single phase” sol-gel pellets instead of a
“two phase” Nb,O5-TiO, powder mixture is still valid. During the solid-to-
liquid transition, the Nb,Os compounds in the two phase mixture would
begin melting before the TiO,. The single phase mixture would melt at one
temperature, effectively delaying the onset of preferential Nb evaporation.
Once in liquid form, Nb compounds in both cases ultimately dominate the
evaporated species, clearly limiting precise composition control in electron
beam evaporated TNO films. Deposition rate control and other methods
may offer routes to mitigate composition variations.

XRD was performed to complement the composition characterization
with crystallinity studies of the TNO thin films. XRD patterns are shown
in Figure [4.3|for films of composition x = 0.06 deposited without substrate
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Figure 4.3. X-ray diffraction patterns of electron beam evaporated thin films of
nominal composition Nb,Ti1_,O; (x = 0.06, 0.12, 0.24) deposited at noted temper-
ature. All films annealed at 500 °C in 300 sccm 5% Hy/Ar, excluding “x = 0.06,
as dep.”. Reference TiO, (anatase and rutile) patterns (PDF 21-1272 and 21-1276,
respectively) are included. Data from [145]].
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heating both as deposited and after annealing, as well as for films of com-
positions x = 0.06, 0.12, 0.24 deposited at ~330 °C after annealing. As de-
posited films, whether deposited with or without substrate heating, were
amorphous and showed no diffraction peaks. The annealing conditions
for films in Figure 4.3| (excluding “as deposited”) were 1 h at 500 °C with
300 sccm 5% Hj / Ar forming gas. After annealing at temperatures ranging
from 450-500 °C (not all shown), the TNO thin film XRD peaks for x < 0.12
matched well with the anatase TiO, pattern. For higher Nb content (x =
0.24), the TNO film peaks matched the rutile TiO; pattern mixed with small
anatase peaks. Other reports have noted rutile phase formation in TNO
films at temperatures as low as 400 °C [160] and increasing rutile formation
with increased Nb content [174,(186].

The morphology of the TNO films, as seen in Figure(4.4} was observed to
be typical of planar polycrystalline thin films. Small grains — on the order of
10s of nm — can be seen in the cross-section of the film which are consistent

with the polycrystalline nature determined by XRD.

4.3.2 Thin Film Transparent Conductor Properties

The electron beam deposited TNO films were characterized for transparency,
conductivity, and combined transparent conductor merit. As the nominal
Nb,Ti;_,O, stoichiometry is known to be inexact from composition char-
acterization, films will be referred to as Nb,TiyO; in the remainder of this
report, with reference to nominal x values. In-plane resistivity measure-
ments were obtained for several annealed Nb,Ti, O, (nominal x = 0.06, y =
0.94) thin films deposited with and without irradiative substrate heating up
to ~330 °C (Figure[4.5). Overall, the resistivity of the thin films decreases
as the deposition temperature increases. Further increases in substrate tem-

perature during deposition may lead to even lower resistivity values, how-
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Figure 4.4. Oblique view scanning electron microscopy image of TNO film de-
posited at 275 °C near normal incidence (x = 30°). Image from copyright
© 2012 Elsevier.

ever, there is likely an optimum temperature where minimum resistivity is
achieved. It has been suggested that this temperature is less than 400 °C
for sputtered films [151]], but there is no indication that this will hold true
for electron beam evaporated films. The post-deposition annealing of the
TNO films is critical for the conductivity of TNO as it has been previously
shown that the conductivity of TNO is dependent on the oxygen stoichiom-
etry of the material, and only oxygen-deficient TNO possesses conductive
properties [155,[163}165]. When no substrate heating during deposition
was applied, the most conductive films were those that were annealed at

higher temperatures and with a higher flow rate of forming gas. As the
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Figure 4.5. Resistivity of Nb,Tiy,O, (nominal x = 0.06, y = 0.94) thin films as
heated to different temperatures during deposition for different post-deposition an-
nealing temperatures and 5% Hj forming gas flow rates. Data from [[145].

substrate deposition temperature was increased, the trend with regards to
annealing temperature and flow rate begins to invert with the most con-
ductive films being those annealed under milder temperatures and forming
gas flow rates. Ultimately, the highest deposition temperature (~330 °C)
yielded the most conductive sample of this composition (x = 0.06) with a
resistivity of 1.6 x 1072 Q cm.

In addition to examining the conductivity of the samples as a function of
composition, the optical transparency of the TNO thin films was measured.
Figure shows the transmission of representative films (x = 0.06, ~330 °C

deposition temperature) both as deposited and after various post-deposition
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Figure 4.6. Optical transmission of NbyTi, O (nominal x = 0.06, y = 0.94) thin
films evaporated at a substrate temperature of 330 °C, as deposited and after an-
nealing at various temperatures and 5% Hy/Ar flow rates. Data shown is from 300
nm planar films in all cases except “nanopillar”, which is a 200 nm nanopillar film
deposited at & = 85°. Data from [145]].

annealing conditions. The transmission scans show typical fringes as well
as decreasing transparency with either increasing temperature or increas-
ing forming gas flow rate. While the transparency in the visible region is
changing only slightly for the different annealing conditions, transmission
at infrared wavelengths is much more affected by temperature and forming
gas flow rate. This reduced transmission is consistent with increased free
electrons and the improved conductivity noted for these annealing condi-
tions.

The effect of Nb content on transparent conducting properties was inves-
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Figure 4.7. Optical transparency of Nb, Tiy O, thin films of different nominal compo-
sitions for various post-deposition annealing conditions. Transmission is averaged
in the wavelength range 400 nm < A < 750 nm. Data from [145].

tigated and the results are summarized in the following. Films of different
nominal Nb,Ti,O, compositions (x = 0, 0.03, 0.06, 0.12,0.24; y = 1 — x) were
deposited with substrate heating at ~330 °C and annealed under different
temperatures and forming gas flow rates. The films with composition x =0
were insulating for all anneal conditions shown and thus the TCO properties
are not shown in the figures. The integrated transmission over the visible
light window in terms of Nb composition is shown in Figure [£.7} With a
low ratio of Nb/(Nb+Ti), the post-deposition annealing conditions had lit-
tle effect on the optical transmission with all of the samples transmitting

approximately 70% of light in the visible region (as shown in Figure [4.6).
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Figure 4.8. Resistivity of Nb,Ti, O, thin films of different nominal compositions
for various post-deposition annealing conditions. Data from [145].

However, as the ratio of Nb to Ti was increased, the annealing conditions
have a larger effect on the transparency of visible light with samples an-
nealed under milder conditions having higher transmission values.

The effect on the resistivity as the composition of the TNO thin films
was varied is shown in Figure The lower Nb compositions resulted in
less resistive samples, with the x = 0.03 and x = 0.06 samples plateauing
near the same values in the low 1072 () cm range. For all compositions, an-
neals at 450 °C yielded the more resistive samples, with this effect amplified
at the higher compositions (x = 0.24). At the lower doping amounts, the
post-deposition annealing conditions had less effect on the resistivity of the

samples. The lowest resistivity attained was 1.2 x 1072 Q cm for a film of

90



CHAPTER 4: TOWARD DOPED METAL OXIDE NANOPILLAR FILMS

1073 : : : .
--l-- 450 °C, 300 sccm
--@-- 500 °C, 300 sccm
--A-- 500 °C, 500 sccm
104 | (anneal temp, 5% H,/Ar flow rate) |
A _
o---8.
B S AN
' AN
G 5 \§\\\
— 10" RN 4
= AR
) LN
LL \‘ S
g \\\\\\\
% 10-6 b \\\ \\:\\‘\ 7
© \ S8
I \\ \\\\\\
N N
10-7 I \\ \\\\\\\\ ]
\\ \:Q
\ 2
\ 12
) 4 7.6x10
10 8 1 1 1 1
0 0.03 0.06 0.12 0.24

Nominal Composition Nb/(Nb+Ti)

Figure 4.9. Haacke figure of merit for NbyTi1_,Ox thin films of different nomi-
nal compositions for various post-deposition annealing conditions. The point at
Nb/(Nb+Ti) = 0.24 for anneal conditions “450 °C, 300 sccm” is outside of the
lower axis limit. Data from [145]].

nominal composition x = 0.03 deposited at ~330 °C and annealed for 1 h at
500 °C with 500 sccm 5% Hj / Ar flow. While a true minimum resistivity was
not located for these samples, it is important to recall that the x = 0 sample
(TiO,) was extremely resistive. Thus the optimal Nb doping level for high
conductivity is likely near the range of 0.03 < x < 0.06.

The corresponding Haacke figure was calculated for the TNO thin films
and are provided in Figure The desirable range of good TCOs is 1 x
1073 O < ¢rc < 50 x 1073 QL. As the ratio of Nb to Ti decreases

there was an increase in the Haacke figure of merit, primarily driven by
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the increasing conductivity. Similar to the transparency and conductivity,
annealing conditions have an impact on the overall performance as a TCO.
However, in some cases the transparency is sacrificed for conductivity (or
vice versa), leading to a comparable ¢rc. Regardless, the TCO figure of merit
for electron beam deposited TNO had a best value of ¢7c = 5.6 x 107> Q1,
which is still two orders of magnitude short of high performance transparent
conductors.

The TCO performance of electron beam deposited TNO films reported
here is primarily limited by low conductivity at this point, as the trans-
parency of most films is near 70%. Conductivity may be further improved
though increased composition control through the film, increased deposi-
tion temperatures, optimized film thickness, and optimized annealing con-
ditions. These early results are promising and possible improvements may

be addressed in future work.

4.3.3 Nanostructured Thin Films

As previously mentioned, one motivation for developing electron beam
evaporation of doped materials is to allow for nanostructuring based on col-
limated vapour shadowing (i.e., GLAD). The 300 nm films used throughout
this study were deposited with the vapour flux near normal incidence to
the substrate, leading to planar films as shown in Figure TNO films
were also deposited at glancing deposition angles both with and without
substrate heating. Figure shows an image of a GLAD nanopillar film
deposited at an angle of « = 85° between the vapour flux and substrate
normal, at a substrate temperature of 275 °C. The nanopillar sample ex-
hibits very high optical transmission, as shown in Figure resulting from
the lower overall mass, effective refractive index, and specular reflection of

the porous film. This is a demonstration of nanostructured TNO films via
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Figure 4.10. Oblique view scanning electron microscopy image of a nanopillar
TNO film deposited at 275 °C at a deposition angle of x = 85°. Image from
copyright © 2012 Elsevier.

GLAD. More complex structures, including zig-zags, helices, and combina-
tions thereof, are readily possible with this technique. Electrical conduction
in the nanopillar TNO films is orthogonal to the substrate, and thus conduc-
tivity measurement will require “through-post” methods such as those used
recently to measure the conductivity of GLAD ITO nanopillars [[189].

It is known that increased adatom diffusion at higher substrate tempera-
tures decreases the shadowing effects that GLAD nanostructuring is based
upon [20], however, favourable nanostructuring behavior has been demon-
strated here in the temperature range of interest. Post-deposition annealing

can also lead to morphology degradation of GLAD films at sufficiently high
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temperatures as shown in Chapter 2} The annealing regime (~500 °C) is be-
low 0.4T,, for most TNO compositions of interest, and thus post-deposition
heating in this range is expected to have minimal effect on GLAD TNO mor-
phology. Fabrication of functional nanostructures via GLAD is possible, and
further optimization of functional properties and morphology preservation
is the next step toward the inclusion of nanostructured TNO as a transparent

electrode in energy conversion devices.

4.4 Conclusion

A sol-gel method was used to prepare TNO source materials suitable for
electron beam evaporation under high vacuum. Evaporated TNO thin film
composition was found to be Nb rich compared to the source material, but
scaled appropriately with the Nb content of the source material. Through
examination of substrate heating during deposition and the Nb/(Nb+Ti)
ratio, it was found that elevated substrate temperatures gave the lowest re-
sistivity thin films with a measured value of 1.2 x 1072 ) cm at substrate
temperature ~330 °C for nominal x = 0.03. When the Haacke figure of merit
was calculated for thin films of various Nb/(Nb+Ti) ratios deposited with
substrate heating, decreasing performance was observed with increasing Nb
content. Thin films of nominal x = 0.03 and 0.06 exhibited the highest mea-
sured ¢rc after annealing. TNO films were nanostructured using the GLAD
technique, and offer a route toward highly controllable nanostructures in
ITO-free transparent conductors.

While significant development is still required to realize high quality
Nb-doped TiO, nanopillars, transparent conductive nanostructures can be
fabricated in other material systems. ITO-free transparent conductors will
become increasingly desirable if the price of In continues to increase with

widespread usage. In the meantime, however, ITO offers an excellent plat-
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form to explore the potential application of nanostructured electrodes. The
following two chapters will focus on the development of ITO nanostruc-
tures, specifically control over unique morphologies. Chapter 5/introduces
the method (vapour-liquid-solid glancing angle deposition — VLS-GLAD)
used for growing branched ITO nanowires, and shows a demonstration of
morphologies possible with the technique. Implications of VLS-GLAD will
then be further unraveled in Chapter [f| with a model and demonstration of

highly controlled branch diameter rippling.

3
N

95



Vapour-Liquid-Solid Glancing
Angle Deposition of Indium Tin
Oxide Branched Nanowires

A version of this chapter has been published:

A.L. Beaudry, R.T. Tucker, ] M. LaForge, M.T. Taschuk, and M.]. Brett, “In-
dium tin oxide nanowhisker morphology control by vapour-liquid-solid glancing
angle deposition,” Nanotechnology 23, 105608 (2012) [190].

R.T. Tucker, A.L. Beaudry, .M. LaForge, M.T. Taschuk, and M.]. Brett, “Bran-
ched Nanowires and Method of Fabrication,” United States Patent Application
#14/092,720 (2013) [191]].

5.1 Introduction

Indium tin oxide (ITO) is a transparent conductive oxide [192] which is com-
monly used in organic light-emitting devices [193|[194], flat-panel displays
and touchscreens [97], and organic solar devices [195,196]. The organic pho-
tovoltaic (OPV) community has shown interest in nanostructured ITO films
for high surface area electrodes [13,101}105,/109,(197,[198]. OPVs are often

limited either by light absorption or charge extraction. High surface area
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electrodes decouple these two limiting factors by allowing for increased ab-
sorption while maintaining short charge extraction distances. Conductive
pathways throughout the active layer allow the active layer thickness to be
increased beyond the exciton diffusion length, motivating the development
of nanostructured electrodes [[13,(195,/198].

Nanostructured electrodes with increased surface areas have been fab-
ricated using anodic aluminium oxide templates [108,197], organic vapour
phase deposition [195}]198] and vapour-liquid-solid (VLS) growth of high
aspect ratio nanowhiskers [101,105,109]. VLS is a crystal growth technique
that results in high surface area nanostructures that grow primarily in one di-
mension [26,28]. ITO nanowhisker films can be grown with a self-catalyzed
VLS growth mode accessible at elevated substrate temperatures [199-201].
Beyond applications as high surface area electrodes, ITO nanowhiskers are
applicable as gas sensors [202], protein molecule sensors [203] and UV light
sources [204].

During physical vapour deposition of ITO, self-catalytic indium-tin al-
loy liquid droplets form on the substrate’s surface if the substrate is heated
above the alloy’s eutectic point [40]. The liquid droplet collects impinging
vapour atoms as it has a high sticking coefficient (the ratio of atoms adsorbed
to the total number of atoms incident on the surface) with respect to the sub-
strate [26,28,205]. Nucleation occurs preferentially at the droplet-substrate
interface, restricting the nanowhisker’s lateral growth [26,28]]. This results
primarily in crystal growth in one dimension, with the primary axis (trunk)
normal to the liquid-solid interface.

ITO nanowhiskers exhibit distinctive growth of branches orthogonal to
the axial growth direction of the nanowhisker [40,200,206], reflecting the
cubic bixbyite crystal structure of indium oxide [142,207]. The branching

mechanism produces high surface area nanowhiskers, which may improve
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electrical access to OPV active device layers. ITO nanowhisker growth has
been reported with a large range of substrates, flux rates, vapour incidence
angles and deposition techniques [40}(108}[199-201,206,208-222]. However,
a systematic study of the effect of highly oblique vapour incidence angle in
combination with varied deposition parameters has not been completed.

Glancing angle deposition (GLAD) is introduced in detail in Section[1.2.1}
By combining GLAD’s control over the vapour flux with a heated sub-
strate to induce VLS growth of ITO, we are able to precisely control ITO
nanowhisker morphology in a hybrid crystal growth technique named VLS-
GLAD. This useful combination was first demonstrated by Alagoz and Kara-
bacak, who recently used VLS-GLAD to produce Ge nanocolumns [223].
Figure5.1|depicts the VLS-GLAD parameter space relative to conventional
GLAD, VLS and planar deposition. The VLS-GLAD region resides at ele-
vated temperatures and high deposition angles («). This chapter explores
a systematic characterization of the effects of flux rate, angle of vapour
incidence relative to substrate normal («), pitch (nominal film thickness
deposited per substrate rotation), and substrate temperature on ITO nano-
whisker morphology. The density of preferential nucleation sites, and sub-
sequently trunk density, is determined by the extent of geometric shadow-
ing (controlled by «) caused by catalytic liquid In-Sn alloy droplets during
nucleation. In addition, unique ITO nanowhisker morphology is obtain-
able via manipulating deposition angle, pitch and flux rate during growth.
We examine the effects of deposition parameters on the nanowhisker mor-
phological and transparent conductor properties expected to optimize OPV
performance when used as an electrode, including trunk diameter, branch
diameter, and trunk density (defined in Figure[5.2).

This chapter represents the initial exploration of the VLS-GLAD concept.
More in-depth reports of VLS-GLAD include United States Patent Applica-
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60 —

planar

Deposition Angle o (°)

100 200
Temperature (°C)

Figure 5.1. Qualitative parameter space for planar, glancing angle deposition
(GLAD) and vapour-liquid-solid (VLS) grown ITO films and nanowire networks.
Combining high substrate temperature and high deposition angles produces unique
morphologies in a process called VLS-GLAD. Images from copyright © 2012
IOP Publishing.
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~— droplet diameter

O
-:._. trunk diameter

branch diameter

Figure 5.2. Schematic definition of deposition angle () and the angle of rotation
about substrate normal (@) as used in VLS-GLAD. Typical branched nanowires
are characterized as having a trunk, droplet, and numerous branches. Images from
[[190] copyright © 2012 IOP Publishing.

tion #14/092,720 [191]], several scientific reports [190,[224-227], and the PhD
thesis of Allan Beaudry.

5.2 Experimental Methods

5.2.1 Film Fabrication

ITO nanowhisker films were deposited using a high vacuum (base pressure
below 0.1 mPa) electron beam evaporation system (Kurt J Lesker, AXXIS)
with a custom substrate motion controller capable of precisely controlling a
(angle of vapour incidence) and ¢ (angle of substrate rotation around sub-
strate normal) as shown in Figure Substrate temperature was controlled
by two halogen lamps illuminating substrates on a Cu chuck. Temperature

was monitored by a cold-junction corrected (ASTM E2730-10 standard) [228]
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thermocouple held approximately 1 cm above the substrate holder. The
measured thermocouple temperature was found to be in agreement with
the observed melting points of In and Sn pieces placed on Si substrates for
calibration. This position exposed the thermocouple to the same vapour
flux and radiative loading as the substrate, but still allowed for substrate
rotation. The distance between the source and substrate was 42 cm. The ITO
source composed of pure 3-12 mm pieces of In,O3:5nO; (91:9% mol; 99.99%
purity; Cerac, Inc.). No process gas was added during deposition. The films
were grown on p-type Si (100) wafers (University Wafer), quartz (Quartz
Scientific), B270 glass (Howard Glass Co.), and commercial ITO on borofloat
glass (Delta Technologies, Ltd). The films were deposited across a range
of deposition angles (30° to 90°), pitch values (1 nm nominal to 1000 nm
nominal), flux rates (0.05 nm/s nominal to 2 nm/s nominal) and substrate
temperatures (80 to 240 °C). We estimate the effective source diameter to
be approximately 1 cm. This large source area permits deposition even at a
nominal deposition angle of 90°, as the source is not fully occluded by the
substrate holder.

A two-stage annealing process, used in previous work in our group [13],
was performed on the nanowhisker films deposited on quartz substrates to
improve the properties as a transparent conductor. The first-stage anneal
was initiated with a ramp rate of 10 °C/min from room temperature to
500 °C in atmosphere then held for 90 min. The samples were removed after
passively cooling to 90 °C. Sample transmissivity increased after this first
stage, but conductivity was typically decreased. The second-stage anneal
was performed in a 3 inch outer diameter three-zone tube furnace. Forming
gas consisting of 5% H; /balance Ar was flowed over the samples at a rate
of 100 sccm during anneal. The samples were ramped linearly to 375 °C

in 90 min, held at 375 °C for 60 min and then allowed to passively cool to
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below 90 °C before removal. In-plane resistance was typically decreased

after the second anneal stage with little change to the transmissivity.

5.2.2 Film Characterization

A scanning electron microscope (SEM, Hitachi S-4800) was used to image
the films (15 kV accelerating voltage). Films deposited on Si substrates were
imaged without further coating, whereas films deposited on quartz, B270
glass, or commercial ITO on borofloat glass were coated with approximately
10 nm Cr to reduce charging. Trunk diameter, droplet diameter, branch di-
ameter, trunk density, and nearest-neighbour distance were measured by
analysing cross-sectional and plan view SEM images of uncoated ITO nano-
whiskers on Si substrates. Length and diameter values were averaged over
five measurements using Image] image analysis software [229]. Nearest-
neighbour distance was estimated as the mean of a Gaussian distribution
tit to the distances between all unique trunk pairs for each image. X-ray
diffraction (XRD, Bruker D8 Discover) patterns were taken on the films de-
posited on Si substrates using Cu K, radiation, a 0.5 mm collimator and
a Bruker HiStar area detector at a distance of 15 cm. Transmission elec-
tron microscopy (TEM) was used to image selected ITO nanowhiskers, and
to further analyse the crystal structure (JEOL 2200 FS and Hitachi H9500).
Transmission spectra of the films on quartz substrates were taken for the
range 185 < A < 3300 nm using a spectrophotometer (Perkin-Elmer NIR-
UV). Film sheet resistance (quartz substrate) was measured using a 4-point
probe. Transmission and sheet resistance measurements were conducted
before and after each annealing stage. Film performance as a transparent
conductor was determined by Haacke’s figure of merit (¢rc) as defined in
Equation where R; is sheet resistance and Ty;s is optical transparency
(averaged over 400 nm < A < 780 nm) [93]]. Typical device grade planar
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Figure 5.3. Scanning electron microscopy images of branched ITO nanowire net-
works deposited by VLS-GLAD with T = 240 °C, R = 0.2 nm/s, pitch = 10 nm
nominal and different deposition angles of (a), (b) & = 50° and (c), (d) « = 85°.
Images from copyright © 2012 IOP Publishing.

ITO films have 2 x 1073 Q7! < ¢rc <22 x 1073 Q1.

5.3 Results & Discussion

5.3.1 Nanowhisker Morphology

Cross-sectional and top-down SEM images of VLS-GLAD ITO nanowhisker
films deposited with an increasing deposition angle («) are shown in Figure
5.3} At elevated a, larger droplets may starve smaller droplets of flux via an

increase in geometric shadowing, leading to a decreased subset of droplets
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Figure 5.4. Measured trunk density per unit area and nearest-neighbour distance
for branched ITO nanowire networks across a range of deposition angles. Error bars
indicate standard deviation (nearest-neighbour distance) or propagated counting
error (trunk density). Data from [190].

producing trunks. Increasing deposition angle results in the growth of fewer
nanowhiskers over the same substrate area, consistent with the competitive
growth model used to describe the reduced number density of features in
GLAD films [20]. This effect is quantified in Figure 5.4 via measurements
of trunk number density and nearest neighbour distance, where number
density clearly decreases with increasing deposition angle.

The relationship between deposition angle and number of branches and
trunk diameter are quantified in Figure[5.5| Interestingly, the trunk diameter
also appears to be a function of «, with a sharp decrease in trunk diameter

at deposition angles greater than « = 70°. The number of branches per unit

104



CHAPTER 5: VAPOUR-LIQUID-SOLID GLANCING ANGLE DEPOSITION

160 ; ; ; ; ; 80
HA
c 140 F . 1 70
=
= 120} 160 &
g o ¢ £
9 100 f ° .+ 150 3
Q

S 80 140 E
: o— |, %
Q60 f 130 x
2 >
2 a0t " a0 120 =
2 o
S 20t<——n 1 10
0

O 1 1 1 1 1 0

40 50 60 70 80 90 100

Deposition Angle a (°)

Figure 5.5. Average branches per unit trunk length and trunk diameter measured
for branched ITO nanowire networks for varying deposition angle. Error bars
indicate standard deviation (trunk diameter) or propagated counting error (branches
per trunk length). Data from [190].

trunk length increases rapidly with increasing deposition angle. Branch for-
mation seems dependent on the amount of flux incident on the side of the
trunk, which is controlled by geometric shadowing from nearby whiskers.
With increasing deposition angle, the combination of decreasing trunk diam-
eter and increasing trunk-to-trunk spacing results in decreasing shadowing
from neighbouring whiskers. These dominant geometric effects appear to
increase flux incident on trunk sides and thus increase branching.

Nominal flux rate has a strong impact on film morphology, as seen in
Figure For films deposited at large deposition angles, increasing flux

rate results in a reduction in the number of branches and an increase in
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Figure 5.6. Scanning electron microscopy images of branched ITO nanowire net-
works deposited by VLS-GLAD with T = 240 °C, a = 85°, pitch = 10 nm nominal
different deposition rates of (a), (b) 0.05 nm/s and (c), (d) 2 nm/s. Images from
copyright © 2012 IOP Publishing.

both trunk and branch diameter. Measurements for these parameters are
shown in Figure[5.7} Typical VLS growth is described as having two transi-
tions: vapour-to-liquid and liquid-to-solid [28]]. Increasing the flux rate will
proportionally increase the rate of material crossing the vapour-to-liquid
interface. The liquid droplet size will hence increase until the rate of liquid-
to-solid transition (related to the area of this interface) has increased as well.
The increase in size of the liquid droplets thereby increases trunk diameter.
The decrease in branching with increasing rate also appears to be related

to geometrical shadowing. As trunk diameter increases with flux rate and
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Figure 5.7. Average number of branches per unit trunk length and trunk diameter
measured for branched ITO nanowires grown at « = 85° and varying flux rate.
Error bars indicate standard deviation (trunk diameter) or propagated counting
error (branches per trunk length). Data from [190].

trunk-to-trunk spacing remains relatively constant, the trunk sides are in-
creasingly shadowed from incoming flux. This decrease in flux incident on
the trunk sides leads to branching decreasing to nearly zero in the largest
flux rate case.

For all VLS-GLAD films grown across a large range of temperatures,
flux rates, deposition angles and rotation rates, the branch diameter seems
to be limited to a portion of trunk diameter. This upper bound is located
at a fraction of 1/+/2 of the trunk diameter, representing the side length of
the inscribed square in the trunk’s circular cross section (Figure [5.8). The

observed geometrical restriction to branch diameter suggests the branches
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Figure 5.8. Measured branch diameter as compared to trunk diameter for branched
ITO nanowire networks. The dotted line represents the side length of the inscribed
square of the trunk’s circular cross section, as illustrated in the inset. Data from
[190].

are a continuation of the cubic crystal lattice of the trunk. Therefore, by
controlling the initial droplet diameter via the VLS-GLAD mechanism, trunk
and branch diameters can be tailored. The control over trunk and branch
diameters, as well as the number of branches, is a coupled effect between
flux rate and incident angle of vapour flux («).

Further studies of the effect of temperature on nanowhisker morphology
will be necessary in future work. It was observed that pronounced whisker
growth becomes increasingly pronounced at temperatures between 130 °C

and 165 °C, for deposition angles of 50° and 85°. At a reduced temperature
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of 165 °C, VLS growth is noted for lower flux rates. However, at higher flux
rates the nanowhiskers begin to appear misshapen or curled. Seemingly
without sufficient temperature, the rate of crystallization at the liquid-solid
interface cannot increase to match higher flux rates, at which point ballistic
growth dominates over kinetic growth.

Pitch (nominal film thickness deposited per substrate rotation) did not
appear to have a significant effect on nanowhisker morphology. However, as
pitch approaches infinity (no rotation), preferential branch formation in the
direction of incident vapour flux was observed as catalytic liquid droplets
form favourably on the edge of the nanowhisker facing the vapour flux,

resulting in branching towards the incident vapour flux.

5.3.2 Crystal Structure

Crystal structure of the films was analysed with x-ray diffraction. Diffrac-
tion patterns for as-deposited samples on Si substrates were taken for all
deposition conditions studied. A selection of the diffraction patterns chosen
to represent the entire set of data is shown in Figure[5.9] Note that the diffrac-
tion peaks in samples “a = 85°, T =100 °C, 0.2 nm/s, 10 nm” and “a = 50°,
240 °C, 0.2 nm/s, 10 nm” were textured. Peak positions were measured us-
ing EVA (Bruker 15.0.0.0) and used to calculate the Smith and Snyder figure
of merit (Fy) [230] for the diffraction patterns for ITO (01-089-4597), In,O3
(01-072-0683), SnO (01-072-2324), SnO, (01-078-1063), SnO, (01-088-0287),
Sn (03-065-0297), Sn (03-065-0298) and In (03-065-1172). For the 41 out of
45 samples examined, ITO (01-089-4597) had the largest Fy. The samples
with low Fy for ITO exhibit a few discernible (<3) low-intensity diffraction
peaks. Overall these results are consistent with the nanowhisker films com-
posed of crystalline ITO, as expected. Of the patterns that matched ITO, the

(222) and (400) peaks were present in nearly all cases, which is consistent
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Figure 5.9. X-ray diffraction patterns of selected samples deposited on Si substrates
at a pitch of 10 nm, with variation in deposition angle, substrate temperature, and

nominal deposition rate. Reference ITO pattern (PDF 89-4597) is included. Data
from [190].
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with previously reported (400) [109,215,216|231] and (222) [40,206] growth
directions, along with lattice matched branches occurring orthogonal to the
trunk.

The diffraction data was analysed for trends between the deposition con-
ditions and the crystal properties of the films. This included the crystallite
size, Smith and Snyder figure of merit, strongest peaks present and per cent
crystallinity as measured by a ratio between the integrated intensity of the
raw line profile and background substrate profile. We did not observe any
conclusive trends in these metrics with the deposition conditions including
analysis of deposition angle, pitch, nominal flux rate, flux impingement rate
on the substrate and temperature. Any apparent trends in Figure do
not hold across the entire set of samples. In contrast, smooth trends were
observed between morphology and deposition conditions as shown in Fig-
ures and This suggests that film crystallinity and morphology
are determined by independent processes.

Transmission electron microscopy (TEM) was performed to further anal-
yse crystal structure. Figure [5.10(a) shows a TEM image of a represen-
tative ITO nanowhisker. Selected-area electron diffraction (SAED) (Fig-
ure a) inset) confirmed that the ITO nanowhiskers were single crys-
tals. Figure 5.10(b) shows a high-resolution TEM (HRTEM) image of a
branch-trunk interface. Aligned crystal lattice planes were observed, with
the planes continuing from the trunk into the branch. This supports the
geometrical data in Figure further suggesting that the branches grow as

part of the same crystal lattice as the trunk.

5.3.3 Optical & Electrical Properties

Transmission spectra and sheet resistance were measured and used to cal-

culate Haacke’s figure of merit (¢r¢) (Equation for all of the films pre-
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Figure 5.10. Transmission electron microscopy images of (a) branched ITO nano-
wire (SAED data inset), and (b) high-resolution image at a trunk-branch interface.
Nanowire film deposited via VLS-GLAD with o = 85°, T = 240 °C, R = 0.1 nm/s
and pitch = 10 nm nominal. Images from copyright © 2012 IOP Publishing.

sented to determine their feasibility as a transparent electrode. The first an-
neal increased the transmission of the films and the second anneal decreased
the sheet resistance of the films, collectively improving their Haacke’s figure
of merit by 1-2 orders of magnitude. The Haacke figure of merit of the films
decreases with increasing « (Figure [5.11)), as the films move from highly
connected networks to separated structures. The best ¢ was observed for
a hybrid structure (described in the next section) with a base network layer
deposited at « = 30°. The film has a sheet resistance of 81.2 (/] and an
average transmission of 90.8%, which results in a ¢rc of 4.7 x 1073 Q1.
Having demonstrated the high performance of VLS-GLAD ITO films,
we explored the flexibility of our system for different transparent conductor
applications. We were able to determine the advantages of various mor-

phologies of nanowhiskers for such applications, and design hybrid nanos-
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Figure 5.11. Haacke transparent conductor figure of merit for VLS-GLAD nanowire
networks after a two-stage anneal for a range of deposition angles. The deposition
angle modulated film from Figure[5.12(e)—(f), “a = 30°/85°”, is included to the
show the highest figure of merit attained. Data from [190].

tructures using VLS-GLAD to fabricate ideal three-dimensional transparent
conductive films. Films deposited at large deposition angles have a large in-
terfacial area and good electrical access into an active layer. However, use of
this morphology depends on using a conductive substrate to provide a com-
mon electrode at the base. Dense, interconnected films deposited at small
deposition angles have a high ¢rc, but do provide good electrical access to
the active layer. A combination of these morphology’s advantages is attain-

able by VLS-GLAD modulation during growth, described in section
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5.3.4 Hybrid Morphology Nanostructures

Modulating the flux rate and deposition angle during growth via VLS-
GLAD allows for the precise fabrication of unusual hybrid nanowhisker
structures. These hybrid morphology architectures will provide improved
control over the optical and electrical properties of the films. Examples
of flux rate modulation and deposition angle modulation are shown in
Figure Modulation of the flux rate (Figures a)-(d)) can be used
to adjust the trunk diameter and branch density during growth. In Fig-
ure[5.12|(a) the trunk diameter responds to the flux rate by contracting from
(54 + 4) nm to (23 £ 1) nm as the flux rate is modulated from 1 to 0.05 nm/s.
Similarly, in Figure [5.12(c) the trunk diameter responds to the flux rate by
contracting from (53 &£ 6) nm to (27 + 2) nm and then expanding back to
(56 £ 3) nm as the flux rate is modulated from 1 to 0.05 nm/s and back to
1 nm/s. The branch diameter and density also respond to the modulation
of flux rate. Branching density increases with decreasing flux rate, resulting
in a morphology resembling a lobstick tree in Figure [5.12(a), and a trunk
with branches only near the centre of the trunk in Figure [5.12(c). In Fig-
ures [5.12e)—(f) the effect of modulating the deposition angle can be seen,
where a highly interconnected network of nanowhiskers grown at & = 30°
is transformed back into a nanowhisker forest morphology at « = 85°. The
control provided by VLS-GLAD allows morphologies and functional proper-
ties to be hybridized, providing the possibility to optimize the nanowhisker
properties for a variety of applications.

The film in Figure[5.12{e) is a good candidate for OPV electrodes as the
interconnected base of the film serves as a common electrode and the nano-
whisker forest serves to penetrate the device active layer. The nanowire net-
work had the best measured transparent conducting properties of the films

shown here, a vast improvement over a film of nanowhiskers deposited at
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Figure 5.12. Cross-sectional and plan view scanning electron microscopy images of
branched ITO nanowire networks grown by VLS-GLAD with (a), (b) high deposi-
tion angle (85°) and flux rate switching from 1 to 0.05 nm/s; (c), (d) high deposition
angle (85°) and flux rate switching between 1 nm/s, 0.05 nm/s, and 1 nm/s; and (e),
() deposition angle switching from a = 30° to a = 85° during deposition. Images
from copyright © 2012 IOP Publishing.
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high « (85°), which are open-circuits without an underlying conductive layer.
Therefore, real-time VLS-GLAD modulation provides the ability to tailor
nanowhisker films for OPV applications. Optimizing the nanowhisker mor-
phologies for three-dimensional transparent conductor applications using

VLS-GLAD modulation will be thoroughly investigated in future research.

5.4 Conclusions

Control over self-catalyzed VLS grown ITO nanowhisker morphology has
been demonstrated using GLAD. The effects of deposition angle, flux rate,
substrate temperature and pitch on ITO nanowhisker morphology have
been studied and quantified. VLS-GLAD modulated films allow for the
combination of various nanowhisker morphologies, including networks of
protruding high surface area ITO nanowhiskers connected via continuous
underlayers of ITO, ideal for three-dimensional transparent conductor ap-
plications. Advanced control over nanowhisker structure provided by VLS-
GLAD should allow for optimization of morphological, optical and electrical
properties. The VLS-GLAD technique allows the effects of various deposi-
tion parameters to be decoupled, which should improve our fundamental
understanding of nanostructured film architectures.

In addition to simple morphology control, several unique morphologi-
cal features have been observed and appear to be specific to the VLS-GLAD
growth method. One of these observed features is periodic diameter oscilla-
tion — or “rippling” — observed on branches and which is studied in depth

in the following chapter.

b
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Flux Engineering for Rippled
Nanowire Branches

A version of this chapter has been published:

R.T. Tucker, A.L. Beaudry, | M. LaForge, M.T. Taschuk, and M.]. Brett,
“A little ribbing: Flux starvation engineering for rippled indium tin oxide nan-
otree branches,” Applied Physics Letters 101, 193101 (2012) [224]. The original
manuscript was entitled “Ribbed for your pleasure: VLS-GLAD controlled rippled
branch morphology on ITO nanowhiskers”.

6.1 Introduction

This chapter builds on the development of the VLS-GLAD process, which
is presented in detail in Chapter |5f The branch diameter oscillations pre-
sented herein are caused by a mechanism unique to VLS-GLAD and can be
explained and exploited.

The vapour-liquid-solid (VLS) mechanism, whereby growth proceeds
by precipitation from a liquid catalyst that concentrates the surrounding
vapour, has been used to grow crystalline whiskers [26]. Branched nano-

wires (or nanotrees) can be formed by placing catalytic droplets on the sides
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of nanowires during growth via a stochastic or engineered process, enabling
bottom-up fabrication of complex three-dimensional architectures [232},233].
Control over intra-wire morphology has also been investigated, with sev-
eral groups reporting variations in nanowire diameters [234-245]. Givar-
gizov and others suggest an unstable model of self-oscillations based on
droplet contact angle and surface roughness driven by droplet supersatura-
tion [234-236,244]. Most of these reports attribute rippled (or bamboo) nano-
wire structures to this self-oscillatory growth mode [235-238,243,244]. How-
ever, others have demonstrated discontinuous diameter changes through
annealing-driven catalyst migration [242], switching between different crys-
tal cross-sections during growth [245], and segmented nanowire morpholo-
gies controlled by carrier gas pulsing [239].

Recently, a geometrical modification of VLS growth through glancing an-
gle deposition (GLAD) was developed [190,223,246|. For the self-catalyzed
indium tin oxide (ITO) system [40,1200,[201}247] this technique (VLS-GLAD)
provides a higher degree of control over nanowhisker diameter, spacing, and
branching behavior, as demonstrated in Chapter 5| Two key features distin-
guish VLS-GLAD: (i) a collimated (low divergence) flux which breaks flux
symmetry at the growth surface, enabling geometrical shadowing effects
to mediate the nanowhisker growth and (ii) three-dimensional substrate
motion to control the direction of impinging flux during growth. Contin-
uous rotation about substrate normal modulates the incident flux on the
branches as they pass through the trunk’s shadow. In response, the branch
diameter oscillates during growth producing a rippled surface. Unlike the
self-oscillatory mechanism, surface ripples produced by flux shadowing are
controllable through engineering of substrate motion during growth. Here,
we present our observations of branch surface rippling, derive a model

linking branch growth physics to experimentally accessible variables in the
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VLS-GLAD technique, and verify the explanation by inducing aperiodic rip-
ples into growing branches. As changes in incident flux drive change in the
diameter, this model captures diameter control modulated by both motion-
controlled shadowing and flux rate. The VLS-GLAD technique provides
an opportunity to study VLS growth kinetics, and produces nanostructures

that have been previously unachievable.

6.2 Experimental Methods

The VLS-GLAD ITO nanowhisker growth process is fully described in Chap-
ter[5] Briefly, samples were grown in a high vacuum system (<0.1 mPa) with
dynamic control of the angle between vapour flux source and substrate nor-
mal («) and rotation about substrate normal (¢) (see Figure . Branched
nanowire networks were grown on p-type Si (100) substrates (University
Wafer) heated by two 150 W halogen lamps held 10 cm above the substrate.
Temperature (T) was measured by a thermocouple held ~1 cm above the
substrate. ITO (91:9% mol InyO3:5n0,, 99.99% purity) source material was
sublimated by an electron beam, creating a highly collimated flux at the
substrate surface held 42 cm away. The flux rate was measured by a quartz
crystal monitor (QCM). Films were imaged by scanning electron microscopy

(SEM, Hitachi S-4800).

6.3 Growth Model

From mass conservation, droplet diameter is controlled by the vapour flux
capture rate and the liquid-solid crystallization rate. Vapour flux capture
rate is a function of evaporation conditions, adatom diffusivity, and most im-
portantly for the work presented here, the local shadowing environment a

growing nanowire experiences. Unlike typical isobaric VLS-growth systems,
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Figure 6.1. Schematic representation of VLS-GLAD rippling mechanism with (a)
cross-sectional view showing glancing angle a and flux shadowing region. Darker
droplets are receiving incoming flux and lighter droplets are occluded; (b) plan view
shows rotation of substrate by the angle ¢, and flux modulation «y at droplet from
shadowing by the attached trunk. Images from [224|] copyright © 2012 American
Institute of Physics.

the collimated vapour approach used here allows for dynamic control over
local vapour pressure. For a growing nanowire array, high deposition angles
() produce shadows between adjacent nanowires, as shown in Figure[6.1](a).
When deposition flux is occluded by upstream nanowire trunks or branches,

the liquid Sn-In(-O) droplet is starved of growth material. Vapour under-
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supply can lead to droplet decay and subsequently, branch tapering [248].
In some cases, the liquid—solid crystallization process can continue until the
droplet is exhausted, resulting in a blunt-ended nanowire [247].

For a constantly rotating substrate, the incoming flux absorbed by a
branch droplet oscillates between minimum and maximum values which
depend on the local nanowire environment. A droplet on the side of an
isolated nanowire will experience periodic shadowing, resulting in periodic
growing and shrinking of the droplet. The growing branch’s diameter fol-
lows droplet diameter, as long as the droplet does not become completely de-
pleted. Figure[6.1(b) shows this rotational effect on flux arriving at a droplet
and its periodic nature in an ideal case. The correct conditions produce peri-
odic ripples along the branch growth direction. However, the GLAD process
is tunable, and can produce complex shadowing environments, providing a
route to enhancing control of VLS growth.

The schematic in Figure (6.2 shows the parameters used in a model re-
lating volume change to both flux rate and rotation rate. Using MATLAB,
a single droplet of hemispherical shape was simulated in a finite time do-
main for varying incoming flux volume. A single branch was assumed to
crystallize from the droplet with a length, L(t), at any instant in time, f.

For simplicity, only single branch growth was considered. One type
of particle was used, with properties calculated for an average atom in a
cubic 91% In,O3-9% SnO», lattice: mass density ¢ = 7.18 g/ cm?, molar mass
M = 55.0 g/mol, and monolayer thickness d = 0.233 nm. All vapour phase
atoms within a certain projected area, A, were assumed to condense into
the liquid droplet (we expect a high probability of adatom diffusion to the

liquid droplet within a certain distance [249]). The rate of incoming volume
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Figure 6.2. Schematic representation of parameters used in VLS-GLAD branch
profile model, including droplet radius (r) and volume (V), branch length (L) and
monolayer thickness (d), flux rate (R) and capture area (A), and incoming/outgoing
volume rates (Vin / Vour). Images from [224] copyright © 2012 American Institute
of Physics.

to the droplet Vin was calculated

Vin(t) = RA’)/(t), (6-1)

where R is the material flux rate as measured at the QCM in nm/s and 7y
parameterizes the flux modulation due to rotation-induced shadowing or

flux shuttering (0 < o < 1). For continuous rotation,

2 (t) = sin(27rt/2rrot) + 1, 62)

where Tyt is the rotation period in seconds. As neighbouring trunks increase
in height, a branch will eventually become completely occluded from the
flux. This effect is incorporated as an envelope on V... For this work, we

approximate the envelope as an exponential of the form 1 — (! ~fmax) where
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a is a constant and tmax is the time for a certain branch to grow. Detailed
studies will be required to elucidate the envelope’s functional form.

We assume the branch crystallizes in a layer-by-layer, or birth and spread
growth mode [28,250], with each layer having a circular cross-section of the
same radius r as the droplet and monolayer thickness of d. We further as-
sume nucleation time dominates layer crystallization time, such that liquid-
solid crystallization time (T715) is independent of droplet size and constant
for growth of an entire branch. In reality, the growth rate is likely depen-
dent on droplet diameter [251}252], however, this assumption is tolerable
for small changes in droplet diameter. The rate of outgoing volume from
the droplet is then

drr(t)?

Vout<t> - TLS ’ (63)

where 7 is the instantaneous radius of the both the droplet and the branch at
the liquid—-solid crystallization interface. For growth of a branch of length

Limax = L(#max) in time fmax,

tmaxd

Tig = (6.4)

Lmax
Note that this is not valid at extremely slow rotation rates where the droplet
becomes extinct. At each time step ¢; of length At, the instantaneous droplet

volume and droplet radius were then calculated

V() = V(tii1) + Vin(t) At — Vour (1) A, (6.5)
r(t) =4 3‘;7(1“). (6.6)

As mentioned, branch growth is assumed to occur layer-by-layer, with
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the droplet radius directly dictating the branch radius. The radius of branch
growth at t; is then r(#;), and the corresponding length of grown branch at
this instant in time is

dAt

L(t;) = L(ti-1) + E (6.7)

Therefore, for each time step from t = t; to t = tmax, Equations and
6.7|are calculated, giving rise to a time-dependence of Voui(t), V(¢), 7(t),
and L(t).

6.4 Results & Discussion

6.4.1 Periodic Rippling

Representative branched ITO nanowires grown by VLS-GLAD and exhibit-
ing branch ripples are shown in Figure The diameter oscillations are
observed only on the branches of the nanowires and appear to be quite con-
sistent in amplitude and period along both the height of the trunk and the
length of the branch.

Measurements of the distance between diameter oscillations are shown
in Figure The period of the measured oscillation is consistent between
the different measured branches on the same nanowire trunk, with a slight
decreasing trend along the length of the branch. This decreasing rippling
period is indicative that the layer crystallization time is not truly constant
as assumed by the model; however, this assumption significantly simplifies

the physics.

6.4.2 Basic Model Results

The simple time domain model can be used to calculate the axial profile

of branches grown from arbitrary flux patterns. A constant flux rate is the

124



CHAPTER 6: FLUX ENGINEERING FOR RIPPLED NANOWIRE BRANCHES

Figure 6.3. Scanning electron microscopy images of VLS-GLAD branched ITO
nanowires with rippled branch features deposited at (a) « = 87°, T = 240 °C,
R =2 A/s, Twot = 50 s; (b) magnified cross-section and (c) plan view of & = 85°,
T =240 °C, R = 10 A/s, Twot = 10 s. Images from copyright © 2012
American Institute of Physics.

simplest possible case (7(t) = 1) and offers several tests that the model is
performing with the expected behavior.

Figure [6.5| presents several modeled branch profiles grown with fixed
flux rate model parameters of A = (70 x 1072 nm)?, tmax = 100 s, and 77 =

0.1 s. The model repeats one of the core relations observed for VLS-GLAD
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Figure 6.4. Measured distance between rippling periods for four different branches
of a VLS-GLAD ITO nanotree. Inset shows scanning electron microscopy image of
measured branches.

in Chapter 5] namely the increase of nanowire diameter with increasing flux
rate. Branch radius saturates to a size dependent on the flux rate, regard-
less of the initial droplet size if the growth time is long enough. For an
initial droplet radius of ry = 20 nm, the branch either decreases in radius
during growth at a low rate (R = 0.1 nm/s) or increases in radius during
growth at a higher rate (R = 2 nm/s) as shown in Figure a). Conversely,
branches modeled at the same flux rate (R = 0.5 nm/s) at different initial
radius conditions (Figure b)) saturate to the same branch radius.

As mentioned in Section[6.3} an exponential envelope was incorporated

into the incoming volume rate function in order to account for the end of

126



CHAPTER 6: FLUX ENGINEERING FOR RIPPLED NANOWIRE BRANCHES

/R = 0.5 nm/s

R=0.1 nm/s 7

Radius (nm)
o

/R =2 nm/s

Radius (nm)

o
Oﬂ

I

H

o

>

3

o =50 nm

<c

=RA

V;, = RA(1-e3("tma) 1

Radius (nm)
o

0 50 100 150 200 250
Branch Position (nm)

Figure 6.5. Branch profiles calculated from the time-domain model with constant
flux rate for A = (70 x 1072 nm)?, tmax = 100 s, 115 = 0.1 s, and (a) fixed initial
droplet radius of ro = 20 nm and R = 0.1, 0.5, or 2 nm/s; (b) fixed flux rate of R =
0.5 nm/s and ry = 10, 20, or 50 nm; (c) R = 0.5 nm/s, ro = 20 nm, and the input
volume function with or without an exponentially decaying envelope.
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Figure 6.6. Steady-state branch radius extracted from modeled branch profiles for
different flux rates (R) and flux capture areas (A).

branch growth by complete flux shadowing from neighbouring structures.
Figure[6.5(c) shows the modeled branch radius profile at R = 0.5nm/s and rq
= 20 nm both without the envelope function, and with an envelope function
of a = 0.05. As was hypothesized, the exponential decay of the incoming
flux function leads to tapering at the end of the branch, which is consistent
with observed branch features. The morphology of any droplet still present
at the end of growth, and growth after flux has stopped, is not accounted

for with this treatment.

Flux rate-specific branch radius can be extracted from the model as the

radius at Lmax in cases where the growth had reached steady-state condi-
tions. Steady-state branch radius as dependent on flux rate (R) for different

flux capture areas (A) is shown in Figure Consistent with the trunk di-
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ameter data presented in Figure[5.7} the steady-state branch radius increases
with flux rate. Furthermore, the radius is equally dependent on the flux cap-
ture area in the model. This supports the suggestion that VLS growth is
limited at the crystallization step, and that the rate-difference between in-
cident vapour and crystallizing material is responsible for the droplet size
and thus nanowire diameter. Furthermore, the flux capture area presents an
issue for comparing the model to real-world examples, as the flux capture
area for a certain branch is dependent on deposition angle, surface diffusion,
re-evaporation, and local shadowing. Since A cannot be easily known for
the observed branches, it will be used as a fitting parameter for the modeled

branch profiles.

6.4.3 Periodic Rippling Model

Substrate rotation can be included in the model as a periodic oscillation
of the incoming volume function. Figure [6.7| shows the model results of
a simple periodic rotation (.ot = 10 s) with an exponential envelope for R
=1nm/s and tmax = 100 s. The oscillating input volume rate is trailed by
smaller changes in the outgoing volume rate from the droplet (Figure[6.7(a)).
The oscillating droplet radius is transferred to the branch at each instant in
growth time, leading to spatial oscillation along the branch’s length (Fig-
ure [6.7(b)).

To explore the conditions for which these rippling effects can be ob-
served, the same simulation was run with rotation speeds near the high and
low end of possible rotation rates. Figure|6.8/shows a simulation of the same
parameters, but with T,ot = 15 or Trot = 100 s. In the case of T;ot = 1's, the
rippling effect is still present, however, the amplitude of the very closely-
spaced ripple features is so small that they are effectively lost. For the case of

one order of magnitude increase in rotation time, the length of the rippling
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Figure 6.7. Simulated periodic rippling behavior from constant rotation of flux with
R =1 nm/s and T,or = 10 s; (a) volume rate in (Vi) and out (Vi) of the droplet;
(b) calculated branch radius profile.

events is on the order of the branch length. The rippling is also effectively
lost as a result of the slower rotation times. Diameter oscillations are only
observed when the changes in input volume rate occur for long enough for
the droplet to lose or gain sufficient material to cause notable changes in
growth diameter.

An example case of a branch from Figure 6.3|is used to demonstrate the
tit of the model to observed nanowire rippling behavior. A magnified region
of the branch is shown in Figure [6.9(a). This particular branch belongs to
a film grown with R = 1 nm/s and ot = 10 s, and is measured to have
Lmax = 225 nm with 13 oscillations. Edge detection image processing was
used to aid in the quantification of the rippled branch profile with Image]J
software [229], as shown in Figure b). Data extracted (also using Image])
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Figure 6.8. Simulated periodic rippling (a),(b) volume rates and (c),(d) calculated
branch radius profiles for R = 1 nm/s and (a),(c) Trot = 1 s and (b),(d) Tror = 100 s.
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Figure 6.9. Quantification of rippled ITO nanowire branch by (a) scanning electron
microscopy, (b) edge detection, and (c) data extraction. Images from copyright
© 2012 American Institute of Physics.

from image is shown in Figure[6.9(c). Based on the number of nodes and
rotation speed, we calculate tmax = 125 s, with 15 = 0.13 s.

The simulated rippling profile of the example branch from Figure
compared to the extracted data is shown in Figure [6.10(a). The modeled
behavior matches very well with the measured data for constant rotation
with R = 1 nm/s and Tt = 10 s. To obtain this match, the envelope
parameter (a) and capture area (A) were varied across a finite range. A good
match is achieved for parameters of 4 = 0.025 and A = 4900 nm? (equivalent
to a circle with ~39.5 nm radius) in this case. The corresponding time-

dependent droplet behavior is shown in Figure b)-(d). As was seen in
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Figure 6.10. Matched simulated and measured rippled nanowire branch data for R
=1 nm/s and Tot = 10 s, (a) simulated branch profile for best match parameters
compared to extracted data; (b) input volume rate (Vin) to droplet and volume rate
out (Vour) of the droplet as calculated in each time-step; (c) droplet volume (V) and
(d) droplet radius changing in time. Data from [224].
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the test cases of Figure the modeled output volume rate (Vout) follows
behind the increase and decrease of the input volume rate (V;,), caused by
the increased crystallization volume at larger droplet radii (Figure[6.10(b)).
The overall volume oscillation in the droplet is a large fraction of the total
droplet volume (Figure[6.10{c)) in order to account for the amplitude of the
diameter oscillations (Figure[6.10(d)).

6.44 Complex Rippling

To further validate the hypothesis that rippling is a result of flux starvation,
more complex structures were grown by two different methods of control-
ling the incoming flux to the liquid droplet. This was achieved by control-
ling the local shadowing function (e.g., changing the rotation rate) and by
attenuating the vapour flux directly (e.g., rate control or shuttering). The
model indicates that both methods should have a similar effect. We have
previously shown in Chapter |5 that rate modulation dynamically controls
ITO nanowhisker diameter; here we have demonstrated the effect of shut-
tered flux and the local shadowing environment. ITO nanowhiskers grown
with shuttered flux are shown in Figure

We use the flux shutter profile shown in Figure [6.11(a), with constant
rotation, to produce the ITO nanowhisker shown in Figure [6.11[b). The
branch’s features follow the shuttering events, controlling ripple amplitude
and frequency. Figure[6.11|c) is a magnified image of a characteristic branch.
Figures d) and e) show the approximate shuttering (yshutter) and
rotational shadowing (Yrotation) functions, respectively, that match to the win-
dow in time when the branch was growing. The total flux modulation func-
tion (v, Figure [6.11[f)) contributing to the growth of the magnified branch
results from the combination of the shuttering and rotational shadowing

functions.
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Figure 6.11. Complex ITO nanowire branch growth by VLS-GLAD with shutter-
modulated flux according to the pattern shown in (a), where “1” is shutter open
and “0” is shutter closed; (b) SEM image of resulting branched nanowire with
unique branching morphology; (c) magnified key branch region, with (d), (e), and
(f) displaying the flux modulation due to shuttering, due to rotation-induced shad-
owing, and the combined shutter-rotation effect on the flux profile, respectively, for
the magnified branch. Images from copyright © 2012 American Institute of
Physics.
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Figure 6.12. Complex ITO nanowire branch growth by VLS-GLAD with varying
rotation rates according to the following program (rotations @ T,,¢): 10 @ 10's, 2
@25s5,10@5s,1@50s, ~17 @ 3 s, as shown in (a) as the flux attenuation
due to rotational shadowing (“1” is flux, “0” is shadowed); (b) SEM image of
resulting branched nanowire morphology, and magnified branches (c), (e) along
with the approximate sections of rotational shadowing from (a) that contributed to
each branch morphology (d), (f), respectively). Images from copyright © 2012
American Institute of Physics.
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Similar controllable diameter modulation effects are shown for varia-
tions in rotation rate in Figure The flux attenuation profile resulting
from local rotation-induced shadowing effects is shown in Figure [6.12{(a)
from the following rotation scheme: 10 rotations @ 7,,; = 10 s, 2 rotations @
Trot = 258, 10 rotations @ 1,,; = 5 s, 1 rotation @ t,,; = 50 s, ~17 rotations
@ 1,0t = 3 s. Figures c) and e) show magnified images of distinct
branches where the effect of rotation-induced flux shadowing can be clearly
seen. Figures[6.12(d) and [6.12(f) show different segments in time where
the rotational shadowing function (yrotation) can be matched to each of the
magnified branch regions.

In both the shuttering and variable rotation cases, we demonstrate con-
trol over the rippling features according to the flux profile. Faster rotation
rates result in smaller ripple spacing, and shuttered flux can result in long
nodes between ripples. Both the variable rotation and shuttering meth-
ods demonstrate (through local shadowing and macroscopically modulated
vapour pressure, respectively) direct control over supersaturation in the

branch droplets.

6.5 Conclusions

We have demonstrated that flux starvation in VLS-GLAD enables controlled
branch diameter modulation during ITO nanotree growth, consistent with
a simple volume in/out model. Flux starvation can be induced through
shadowing or by adjusting the flux rate directly, both general features of
VLS-GLAD. The nanostructures made possible by the VLS-GLAD technique
should be available to any material system compatible with branched VLS
growth.

Droplet diameter is coupled to nanowire properties such as composi-

tion [30,253], phase [254], and crystallographic growth direction [255}1256].
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Thus, modulation of growth diameter with VLS-GLAD may provide a mech-
anism to modulate these properties during growth as well. Ultimately, sur-
face rippling may prove to be a valuable technique to enhance active surface
area, create high energy surface defects, or induce phase changes in the ma-
terial during growth. This technique also allows for the placement of “time
stamps” during growth which may allow for improved investigation of
time-related growth kinetics.

This chapter marks the end of the experimental portion of the thesis. The
next and final chapter will review the entirety of the work and offer some

concluding remarks.

N
N
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Conclusions

The main conclusions from each experimental chapter of the thesis are

presented here, followed by recommendations for future work.

7.1 Chapter Summaries

Chapters 2] & [B] The nanostructured niobium oxide films and platinum
catalyst supports developed in Chapters 2| & [3|demonstrate the advantage
of high surface areas for surface-mediated reactions. The methods used in
Chapter 2| show that the combination of GLAD and high temperature an-
nealing in a reactive gas environment can be used to reliably form specific
material phases in nanopillar morphology thin films. In this case, amor-
phous niobium oxide films were reduced in Hp /N> or H, / Ar to oxynitrides
or lower oxygen content phases; however, the effects of annealing gas and
film porosity should be transferable to other nanopillar metal oxide systems.

The nanopillar-supported platinum electrocatalysts in Chapter (3| are
among early demonstrations of the potential for metal oxide nanopillar array
supports in the literature. Our study highlights the importance of material

composition and phase, in addition to nanoscale structure, on the overall
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activity of a composite electrocatalyst. Electrically conductive pathways
from the catalyst surface, through either the support only or the combined
catalyst-support structure, led to fewer resistive losses and superior over-
all catalyst activity. The high surface area nanostructured morphology was
only seen to enhance performance when combined with a more conductive

phase of support.

Chapter[dl Steps toward nanostructuring mixed-material or doped metal
oxide thin films via GLAD were explored with the study of electron beam
evaporated niobium-doped titanium dioxide thin films in Chapter # Com-
position control was achieved through the use of amorphous sol-gel synthe-
sized Nb-Ti-O pellets as evaporation material, which reduced preferential
evaporation effects commonly associated with mixed-material evaporation.
After annealing to activate the niobium dopants, the transparent conduc-
tive properties were shown to be related to the niobium content in the film.
Furthermore, nanopillar films were deposited via GLAD using the same sol-
gel pellet method as a demonstration of nanostructured mixed-composition

materials.

Chapters 5| &[6} The opportunity for kinetic growth systems for the fab-
rication of nanostructures was advanced in Chapters 5 & [6l Specifically,
the impact of vapour flux directionality and geometry on the self-catalyzed
vapour-liquid-solid growth system of indium tin oxide was thoroughly ex-
plored with the newly developed VLS-GLAD technique. Flux geometry
was shown to significantly affect the average size, shape, and spacing of
randomly seeded arrays of branched nanowires. At high deposition angles,
deposition rate was used to further control morphology such that hybrid
morphology types could be stacked along the height of a growing nanowire.

In Chapter|f] the unique “branch rippling” effect that was observed in
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branched ITO nanowires grown by VLS-GLAD was studied in detail. A sim-
ple mass balance, time-domain model was constructed which supported the
proposed flux starvation mechanism for the formation of the branch diame-
ter oscillations. The model was capable of repeating several aspects of VLS-
GLAD growth and good fits against experimental data were observed. Flux
starvation was then exploited to encode specific ripple patterns into ITO
nanowire branches by programming modulations into the incident vapour
flux. This method offers unprecedented control over diameter along the

length of a nanowire branch.

7.2 Recommendations

Significant work still exists before nanostructured electrodes are widely
adopted into energy conversion device architectures.

For the fuel cell catalyst supports developed in this work, future experi-
ments should focus on alternative support materials, catalyst distribution,
and durability testing. The electrical conductivity of NbO; has been over-
stated in many reports and its high stability remains largely untested. Sim-
ilar techniques as utilized here should be used to explore other materials,
such as tungsten carbide or doped titanium dioxide, as nanopillar electro-
catalyst supports. The platinum catalyst layers used in Chapter 3| could
be largely improved, as unoptimized sputtering was used. A more con-
formal catalyst coating is desirable, so techniques such as high pressure
sputtering, atomic layer deposition, or electrochemical deposition should be
invoked on nanopillar catalysts for potential performance gains. Alternative
synthesis routes (e.g., chemical, lithographic, or kinetic) for fabrication of
the nanopillar supports should also be considered in tandem, as they may
prove to be more attractive for manufacturing once high quality materials

have been defined and demonstrated. Stability and durability continue to
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be of high importance, and more detailed studies of nanopillar electrocat-
alyst longevity are necessary before they can be seriously considered for
commercial application.

Carrier concentration modification though doping continues to be desir-
able for nanostructured materials. While doping in planar and nanopillar
thin films was shown to be possible through single-source multi-component
evaporation and subsequent annealing, this method appears to be largely
limited in the precision of composition control that can be achieved. Other
methods for fabricating doped high aspect ratio nanostructures should be
considered, such as co-evaporation, ion bombardment, or chemical synthe-
sis. The electrical properties of doped nanostructures should also be further
investigated by through-post conductivity measurement of individual struc-
tures and ensembles.

The VLS-GLAD technique has demonstrated a significant degree of mor-
phology control in this work, and further publications have already shown
the method’s inherent nature to promote evolutionary alignment and di-
rected branching morphologies. Further studies have also used simulations
to support the proposed evolutionary growth mechanism and epitaxially-
matched substrates to align structures and study branch control. The vast
majority of VLS-GLAD work has focused on the indium tin oxide system,
and future studies should attempt to demonstrate the versatility of VLS-
GLAD in other materials (e.g., gold-catalyzed germanium or silicon). Many
VLS material systems (e.g., IlI-Vs) tend to be grown through reaction of pre-
cursor gases, making many of the principles of VLS-GLAD non-applicable.
In such cases, geometrically placed catalyst material could be used for direc-
tional branch growth. Geometrically directed flux has shown a number of
desirable features for shaping nanostructures, and derivative processes of

VLS-GLAD may prove to be highly useful for designing rational branched
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nanowire networks for future applications.

7.3 Final Comments

The field of advanced nanotechnology-based materials is continually gain-
ing the interest of both researchers and manufacturers as scientific progress
demonstrates the opportunities for such materials. Incremental and break-
through research will continue to push the boundaries of possibility for
man-made materials. The collective impact of the methods developed and
understanding gained though the work presented in this thesis offer a step

toward widely available nanomaterials-based energy conversion devices.
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