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Abstract

Metal Oxide Nanostructured Materials for Optical and Energy Applications

by
Michael Christopher Moore
Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Peidong Yang, Chair

With a rapidly growing population, dwindling resources, and increasing environmental
pressures, the need for sustainable technological solutions becomes more urgent. Metal oxides
make up much of the earth's crust and are typically inexpensive materials, but poor electrical and
optical properties prevent them from being useful for most semiconductor applications. Recent
breakthroughs in chemistry and materials science allow for the growth of high-quality materials
with nanometer-scale features and high surface-to-volume. These nanostructured materials
exhibit new and enhanced properties that lead to acceptable performance from previously
unsuitable materials or decreased amounts of high-performance materials. Because the funda-
mental length scales of optical, electrical, and thermal phenomena lie on the nanometer-scale,
nanostructured materials present an opportunity to independently enhance or disrupt these
properties. Through the careful selection of material composition, morphology, and dimensions,
we can design materials for specific applications, such as optics or energy generation and storage.

The integration of high-bandwidth photonic devices with silicon microchips is essential
to continue pace with the increases of processing power predicted by Moore's Law. However,
there is a large mismatch in the size of electronic and photonic devices, due to the difficulty of
confining infrared wavelengths to the nanometer length scale. Nanowires with diameters as
small as 200 nm have been shown to be capable of waveguiding visible and UV wavelengths.
Zinc oxide nanodisks were grown using a bottom-up synthesis and investigated as optically-
pumped UV laser source with dimensions smaller than the free-space wavelength of light (sub-
wavelength). Plasmon-enhanced photoluminescence and p-type doping were also investigated in
consideration of fabricating a functional laser diode.

Semiconductor alloying has long been a tool for designing materials with specific optical
and electronic properties, but growing tunable alloy nanowires require complex syntheses. As an
alternative, solid state conversion chemistry allows for the decoupling of the nanowire synthesis
and the alloying procedure. This method allows for for bottom up, large scale preparation of
complex metal oxide alloys with a high level of control over nanowire morphology, composition,
and properties. Conversion chemistry for complex metal oxide nanowires is demonstrated in
two material systems, with potential applications in thermoelectrics and photoelectrochemical
water splitting.
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Thermoelectric materials have generated interest as a means of increasing the efficiency
of power generation through the scavenging of waste heat. Alloys of zinc oxide and indium
oxide (and other tri-valent oxides) form a complex crystal structure with inherent features on the
nanoscale that enhance phonon scattering and are ideal for thermoelectrics. Conversion chem-
istry provides simple method to prepare In, M. O3(Zn0O), (M = In, Ga, Fe, » = integer) nanow-
ires from ZnO nanowires. Single-nanowire thermal and electrical measurements on
In, .Ga,05(Zn0O), reveal a simultaneous improvement in all contributing factors to the thermo-
electric figure of merit, giving an order of magnitude enhancement over similar bulk materials at
room temperature.

The increasing environmental concerns associated with fossil fuels motivates the devel-
opment of technology to inexpensively capture and store solar energy. Photoelectrochemical
water splitting uses semiconductor materials to absorb sunlight and produce hydrogen and
oxygen from water. Rutile, a form of titanium dioxide, is capable of water photolysis under cer-
tain conditions, but its wide band gap prevents it from being a practical solution. Through a con-
version chemistry scheme, rutile TiO, nanowires are reacted with transition metal oxides to form
ilmenite nanowires, ATiO; (A = Mn, Fe, Co, Ni). When A is sub-stoichiometric, .4TiOs-deco-
rated TiO, nanowires or periodic heterojunction nanowires are formed. CoTiOs; and NiTiO; are
evaluated as potential photoanode and catalyst materials for water oxidation.
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1. Introduction

Nanostructured materials are now one of the most active research areas in chemistry,
physics, and engineering. This can be observed by the rapid growth in published papers per year
containing the nano- prefix: 165,000 new publications were recorded in 2012, compared to
25,000 in 2000 and 2,000 in 1990'. One explanation of this trend is the promise that nanomateri-
als may let us do more with less input during a time period that has been marked by a rapidly
growing population, dwindling resources, and increasing environmental pressures.

The goal of this dissertation is to demonstrate the utility of metal oxide nanostructured
materials engineered for specific applications. In the first case, single nanostructures for
nanoscale laser emitters are engineered to be as small as possible so that they may be integrated
with microelectronics. In the latter two cases, materials are designed for energy applications: har-
nessing thermal energy to generate electricity and harnessing solar energy to drive electrochemi-
cal reactions for fuel production. While these devices harness phenomena on the nanoscale, the
materials synthesis and availability must ultimately be scaleable to gigawatt- or terawatt-scale to
be practical. Metal oxides are abundant and inexpensive, but typically are not useful as semicon-
ductors in their bulk form and must be nanostructured to be potentially useful. This chapter will
introduce some important concepts behind nanostructured semiconductor materials and the dis-
cussed applications. The following chapters will focus on specific material systems chosen for
each application, how they are grown on the nanoscale, and how the properties are tailored for
each application.

1.1. A brief introduction to semiconductors

Unlike an atomic or molecular system, the electronic structure of an extended solid con-
sists of bands that form a continuum of energy states, in which electrons or holes (carriers) can
move freely. Electrons populate the bands, filling the lowest energy states first, up to the chemi-
cal potential (or Fermi level) of the system. Metals exhibit high conductivity because the Fermi
level is position so that a band is half-full and carriers can move freely. The defining characteris-
tic of a semiconductor is a band gap (E,), in which the Fermi level is positioned between two
bands so that one is filled with electrons (valance band, VB) and the other is unpopulated (con-
duction band, CB), as shown in (Figure 1.1).

Conductivity in a semiconductor is a function of the size of the band gap and are consid-
ered insulators when the band gap exceeds ~3.5 eV. In semiconductors, carriers can be excited
into the conduction band by thermal energy alone and conductivity increases with temperature.

1. Source: Thomson Reuters Web of Knowledge
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Figure 1.1: Direct and indirect band gap. Illustration of the valance band (VB) and conduction band
(CB) in direct (a) and indirect (b) semiconductors. The gray regions indicates electron population at room
temperature. The indirect semiconductor, as depicted, has a smaller band gap and thus has more electrons
populating the conduction band. a) A photon (bv) with energy greater than the band gap, E,, is absorbed
to create an electron-hole pair. b) A photon (bv > E,) can be absorbed with the simultaneous annihilation
of a phonon to impart momentum to the electron. A direct band gap can be accessed with higher energy
photons (dotted line).

The thermal population of energy bands and states are governed by the Fermi-Dirac distribution
and the thermal energy available at a given temperature: &1 = 0.026 eV at room temperature.
Thermal energy is stored in the lattice in the form of quantized lattice vibration (phonons),
which are consumed to excite carriers to higher intraband energy states and emitted when carri-
ers move to a lower intraband energy state. To further improve conductivity, semiconductors
can be doped with other elements (impurities) introduce new energy bands within the band gap,
cither slightly below the conduction band (n-type) or slightly above the valance band (p-type), as
well as an increase or decrease in the Fermi level, respectively. In the n-type case, the Fermi level
is positioned such that defect band is populated with electrons, which are easily excited into the
nearby CB. Ultimately, the conductivity of a material is determined by the carrier concentration
and mobility, which is a material parameter dependent on the lifetime and effective mass of car-
riers in the material.

Semiconductors are an extremely broad and rich class of solid materials. While there are
a few elements that are inherently semiconductors (silicon and germanium), many semiconduc-
tors are binary or multicomponent materials, such as GaAs and CdS. Some semiconductors may
be alloyed to form materials with properties intermediate of the input materials, such as InGaN
from InN and GaN. Oxide materials tend to have large band gaps due to high electronegativity
of oxygen, which contributes to low-laying valance band positions. Some metal oxide materials
can be considered semiconductors, such as Cu,O (2.2 eV), Fe,O5 (2.2 eV), TiO, (3.0-3.2 eV),
and ZnO (3.34 eV), although many of these materials have low hole mobility, again, due to the
oxygen character of the valance band.

In materials with a p-orbital-like valance band and s-like conduction band (or vise-versa),
photons with an energy equal to or greater than the band gap can be absorbed to promote an
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electron to the conduction band and creating a hole in the valance band, known as an electron-
hole pair (Figure 1.1). When an electron and hole encounter one another, they annihilate and
release a photon equal to the band gap energy, through recombination. Recombination can also
occur non-radiatively, meaning the energy is released as phonons. Absorption occurs readily
when the conduction band minimum and valance band maximum have the same position in
momentum-(k)-space, known as a direct band gap (Figure 1.1a). In an indirect band gap material
(such as silicon), photons cannot be absorbed without a simultaneous interaction with a phonon
to supply momentum (Figure 1.1b). This multi-particle requirement greatly reduces absorption
and eliminates emission for indirect materials, but other local minima and maxima in the band
diagram can act as a direct band gap for improved absorption at higher energies.

Rather than forming free electrons and holes, the electron-hole pair can also exist in a
stable configuration known as an exciton, where the electron and hole are loosely bound by
Coulombic attraction. This attraction is hydrogen-like and the stabilization energy and bonding
radius can be modeled by the Bohr equation. Because of the small effective masses of the elec-
tron and hole, the binding energy is weak and is typically on the order of 0.01 eV. Exciton bind-
ing energy and Bohr radius are inversely related and typical Bohr exciton radii are ~10 nm. Exci-
tonic effects are important in optical applications, as the exciton enhances absorption at the
band gap and increases the average lifetime of an electron-hole pair (due to the difficulty of
losing the excitonic energy and relaxing to the CB minimum). Because of the small binding ener-
gies, excitons are easily dissociated by the thermal energy available at room temperature and thus
excitonic effects are typically only observed at low temperature.

While semiconductor bulk crystals are often grown by crystallization from a molten
source, complex semiconductor compositions and thin films are typically prepared by epitaxial
growth on a crystalline substrate from a vapor-phase precursor. Epitaxy refers to the growth of
a single-crystal material as a continuation of a crystalline wafer or surface (substrate). When
growing a film with the same composition as the substrate (homoepitaxy), there is no lattice mis-
match and the growth is a perfect continuation of the substrate crystal. However, it is often nec-
essary or desirable to grow an interface of two different materials (heteroepitaxy), which requires
careful matching of the crystal structure and lattice parameters. Even in interfaces with a modest
amount of lattice mismatch, dislocations and other crystal defects may form in the growth layer,
which lead to non-radiative recombination centers that reduce optical quality or trap states that
reduce electrical transport. Vapor-phase precursors can be supplied by many methods: evapora-
tion of a solid or liquid source (chemical vapor transport or thermal evaporation), decomposi-
tion of a molecular precursor (chemical vapor deposition), a thermal beam of atoms or mole-
cules (molecular beam epitaxy), or any number of physical vapor deposition methods, in which a
solid target may be ablated by electron beam (e-beam evaporation), pulsed laser (pulsed laser
deposition), or plasma (sputtering). While not all of these materials require high-temperature for
vapor delivery, high-temperatures are necessary to promote the equilibrium growth of crystals at
the substrate.

Another typical method for materials preparation is through solid state reaction of two
crystals in direct contact. In perfect crystals, ions diffuse through the lattice by serially hopping
from a lattice site into an adjacent empty site. To overcome the high activation energy of dissoci-
ating lattice bonds, the reaction must be heated to a significant fraction of the material melting
point and maintained for hours or days. Crystal structures with pores or channels and lattice
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defects, such as dislocations, can significantly increase diffusion rates by providing other diffu-
sion mechanisms. The overall reaction rate can also be increased by increasing the interface area
of the two reagents. Assuming all kinetic factors are overcome, the reaction will proceed to the
most thermodynamically favorable product that minimizes free energy. A phase diagram can be
used to predict the product of a solid state reaction for a given temperature, pressure, and
composition.

The fundamental element of many semiconductor devices is the p-n junction, which is
the building block of transistors, light emitting diodes (ILEDs), solar cells, and integrated circuits.
The p-n junction is an interface between p- and n-type semiconductors, which when contacted
causes the free carriers to flow across the junction and recombine due to the potential difference
of the electron-poor (p) and electron-rich (n) materials. As the free carriers are annihilated, a
charge imbalance and electric field build up due to the ionized dopants of opposite charge in
each material and prevent further current flow. Thus, the potential difference of two materials
cannot be resolved and a built-in voltage exists. The size of the non-conductive carrier-depleted
region (depletion region or space-charge region) is dependent on the concentration of free carri-
ers in each material. By applying an external voltage larger than the built-in voltage, carriers are
forced into the the space charge region until it is saturated and current can freely flow.

The simplest p-n junctions are formed by an abrupt and ordered interface between p-
and n-type regions in the same host material (homojunction). A homojunction can be formed
from a monolithic material that has been selectively treated to introduce dopants across the junc-
tion or by homoepitaxial growth. A heterojunction between p- and n-type semiconductors of
different host materials may be necessary if both dopants are not available for a single system.
Another use of heterojunctions is in p-i-n quantum wells, where /is an intrinsic layer with a band
gap smaller than the surrounding p- and n-type regions. In a type I alignment, the CB and VB
positions of the quantum well is straddled by the CB and VB of the larger band gap materials.
The potential difference encourages injection and confinement of carriers to the emitter layer,
which enhances recombination and emission.

1.2. Nanostructured materials

Nanostructures are vaguely defined as an engineered material with at least one dimension
less than one micron. Given that the length scales of near-visible light (300-1000 nm); phonon
mean free path (50-500 nm); proteins, transistors, Bohr exciton radius, and the electron mean
free path (1-100 nm); and molecules (0.1-10 nm), one might define nanostructured materials as
those engineered to match the size regime of optical, electronic, chemical, and biological phe-
nomena. While we think of nanomaterials as a modern phenomena, unintentional use of
nanoparticles have been observed in ceramics and stained glasses from as early as 400 AD (7, 2).
Nanomaterials are also readily produced by incomplete combustion: while the discovery of the
buckminsterfullerene was produced by pulsed laser (3), it turned out that carbon nanostructures
could be collected from candle soot (4). However, it was not until the development of powerful
electron microscopes, scanning tunneling microscopes, and atomic force microscopes in the
1970s and 1980s that we were able to detect and intentionally engineer nanostructured materials.
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Figure 1.2: Quantum confinement effect in nanoparticles. Fluorescence of CdSe—CdS core—shell
nanoparticles with a diameter of 1.7 nm (left, blue) up to 6 nm (right, red), giving evidence of the scaling

of the semiconductor band gap with particle size. This image was adapted from reference (3).

Nanomaterials are most famously known for the quantum confinement effect, in which
a material's emission and absorption properties are shifted to higher energies with decreasing
size (Figure 1.2) (5). While a material's natural bandgap can be considered classically, quantum
effects must be considered when the material dimensions are on the order of the electron wave-
function. Rather than a continuous band of energies, quantum confined materials have bands
made of discrete energy levels that can be approximated by the particle in a box model using the
electron effective mass. The additional energy associated with confinement increases the energy
of the band gap. Instead of a continuous density of states, the density of states of a nanostruc-
ture has discontinuous jumps in population at each energy level.

While quantum confinement does lead to interesting new effects in the optical and elec-
tronic properties, the most important property of nanostructured materials is a high surface-to-
volume ratio. Surfaces are important because the majority of chemical reactivity in materials
simply because it interfaces with other chemical species, in addition to the breaking of the bulk
symmetry and dangling bonds. For catalysts, which are often prepared from precious metals, a
low surface-to-volume ratio means many of the atoms are locked away in the bulk and unreac-
tive. The rates of charge transfer processes and solid-state diffusion occur at interfaces (two sut-
faces in contact) increase with better surface-to-volume ratio. Lattice strain in alloys or epitaxial
interfaces can be relieved through lattice relaxation and restructuring at the surfaces, which is not
possible in the bulk, leading to lower defect formation. For this reason and the high-quality syn-
theses typically used in nanomaterials growth, nanostructured materials are often single-crys-
talline and free of line and plane defects. This leads to improved mechanical properties, high
compression and tensile strength, and better optical and electrical properties than bulk materials.
With the enhanced properties of nanostructured materials, it is not only possible to use less of a
given material to achieve the same level of performance, but to substitute other enhanced mate-
rials that are more abundant or inexpensive.

There are a number of synthetic techniques and mechanisms for producing nanostruc-
tured materials depending on the desired morphology, composition, and material quality. Solu-
tion-phase growth is a popular method for growing nanomaterials owning to its low-tempera-
ture, typically inexpensive precursors, and potential for scalability. Nanoparticles were first
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prepared using the hot injection method, using time and precursor concentration to limit crystal
growth to the nanoscale (6). However, optical and electrical devices demand high-quality materi-
als grown and thus, many high-temperature vapor phase methods for epitaxial thin-film materi-
als have been adapted for nanomaterials. While some crystal systems have a fast-growth direc-
tion and naturally favor one-dimension growth, it is typically necessary to use a metal catalyst to
promote nanowire growth.

Vapor-liquid-solid (VLS) growth has been demonstrated in many semiconductor materi-
als as a route to diameter-tunable high-quality single-crystalline nanowires (7). The growth sub-
strate is coated with droplets of an inert metal, which melts and is liquid at the reaction tempera-
ture. Vapor-phase precursors dissolve into the liquid droplet and alloy with the liquid until the
solubility limit. Once saturated, the droplet composition is in equilibrium, but continued
impingement of precursor from the vapor-phase drives the precipitation of solid material with
the nanowire morphology. Additionally, quantum dots have also been demonstrated with vapor
phase growth by carefully selecting a substrate with lattice strain to promote island and particle
growth, rather than thin film (§).

While the semiconductor and electronics industries are the most prominent beneficiaries
of advances in nanostructured materials thus far, many fields may soon follow. The fundamental
components for photonics for producing, guiding, and detecting light have already been demon-
strated at the nanoscale (9-77). Nanowire-based artificial photosynthesis may eventually convert
sunlight, water, and carbon dioxide directly into a storable liquid fuel (72). The cost-effective
recovery of electricity from low quality waste heat may be possible with nanowire-based thermo-
electrics (73). CdS/Cu,O nanowire photovoltaics to convert sunlight into electricity at higher
efficiencies than bulk materials (74). Silicon-nanowire-based anodes for lithium-ion batteries may
lead to improved energy densities without significant degradation of capacity with usage (75).
Because charge transfer processes occur across interfaces and surfaces, essentially all devices
used for energy collection and storage stand to benefit from nanostructured materials design.

1.3. Nanophotonics

The semiconductors industry has made phenomenal process over the last 50 years by
decreasing the size of transistors and increasing computer power according to Moore's Law.
While there are many potential difficulties with decreasing the fabrication process to 14 nm and
below, the limited bandwidth of metal-based interconnects to transmit data within the processor
is expected to be a major limitation. While the telecommunications industry relies on laser light
transmitted over fiber optics to pass data at rates greater than 100 gigabits per second, the device
size and optical materials are poorly matched to silicon microelectronics (76). Near IR wave-
lengths are best transmitted in SiO, optical fibers, but the diffraction limit (~A/2) restricts near
IR optical devices to roughly 0.5 pm. Due to silicon's indirect band gap, I1I-V semiconductors in
the InGaAsP alloy family are typically used in photonic devices, but these materials typically
have poor epitaxy with silicon. Any practical photonics solution for microelectronics-scale inter-
connects would require emitters, waveguides, and detectors on the nanoscale, that is be inte-
grated with the silicon fabrication and electronics.
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Figure 1.3: Nanowire waveguides and color filtering. a) Dark-field image of a four-ribbon assembly as
it guides white PL generated at the pump spot (left) and separates it into a different color at the end of
each ribbon (right). (Scale bar: 50 um.) b) Magnified view of the emission region. The branch ribbons 1-3
emit green, aqua, and blue light because of their progressively smaller cross sections (350 x 140 nm, 260 x
175 nm, and 210 x 135 nm, respectively). Their 50% cutoff wavelengths were determined by near-field
scanning optical microscopy to be 543, 502, and 478 nm. The stem ribbon is 260 nm x 240 nm x 390 pm.
c) Nonresonant blue light is transmitted to the end of all four ribbons, whereas (d) green light is much
more strongly guided by ribbon 1 than by ribbon 3 and (e) red light is filtered out by all three branches.

(Scale bar for b—e: 20 um). This image was adapted from reference (77).

Semiconductor nanostructured materials have several features that are well-suited to
photonic devices and developing new techniques for incorporating photonics on silicon micro-
electronics (78, 79). Quantum well heterojunction structures have long been used in LEDs and
lasers to force carriers into a confined region to improve the recombination probability. While
channel waveguides etched into silicon have been demonstrated (20), semiconductor nanowires
have several features that are well-suited to wave-guiding light, including dimensionality and size
control, diverse optical and electronic properties, low surface roughness (70), and the ability to
operate above or below the diffraction limit. Practical light emission from silicon is unlikely
given its indirect band gap, although silicon Raman lasers have been demonstrated (27, 22). The
challenges include room-temperature lasing cavities smaller than the wavelength of light (sub-A),
electrically-pumped devices, and integration of III-V or II-VI materials with silicon.

Akin to an optical fiber, tin oxide nanowires have been shown to be effective waveguides
for visible light through total internal reflection, given its index of refraction (» = 2.1) and high
transmission of visible wavelengths (E, = 3.6 eV) (70), as demonstrated in Figure 1.3. Light can
be introduced to the cavity by scattering from a white light source focused at the end of the
nanowire, through laser excitation to produce visible defect PL. emission, coupling in an etched
silica optical fiber (23), or even through coupling in a (optically-pumped) nanowire light source
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(70). The transmission characteristics are dependent on the nanowire dimensions and long wave-
length light is more easily scattered, allowing the nanowire to also act as a tunable short-pass
filter (70). And much like an macroscale linear cavity resonator, the ends of the nanowire act as
mirrors and resonant frequencies can be observed in shorter nanowires according to Fabry-Pérot
(FP) resonance equation:

- r
o= 23]

where AL is the mode spacing and L is the cavity length. Finally, because the nanowires are

AL @

smaller than the wavelength of light, some amount of the electric field intensity exists outside the
nanowire, which can be used to excite dye droplets on the nanowire (77), to excite silver
nanoparticles for surface enhanced raman scattering (SERS) measurements (24), or for sensing
with pH-sensitive dyes (23). With a nanowire grown from a nonlinear material, such as KNbOs,
it is also possible to observe frequency upconversion in single nanowires (25).

Soon after the discovery of the optically-pumped ruby laser in 1960, an electrically-
pumped GaAs semiconductor diode laser was demonstrated in 1962 (26). As in atomic laser sys-
tems, the primary requirements of semiconductor laser operation are (a) a population inversion
of carriers in the CB and VB to provide optical gain, (b) a laser cavity resonant with the emission
wavelength that passes through the gain material, and (c) that the optical gain is much larger than
the cavity and device losses. The lasing threshold is defined as the optical or electrical energy
necessary to overcome the losses. The successful operation of a laser is marked by (a) a superlin-
ear increase of emission energy with increasing pump power beyond lasing threshold, (b) a nar-
rowing of the emission band, and (c) the emission of coherent light. While the initial demonstra-
tion of GaAs was a simple homojunction that required cryogenic cooling to operate,
semiconductor lasers quickly advanced with improved fabrication techniques to improve the
confinement of carriers, such as double heterostructure and multiple quantum well diodes.

By taking advantage of the inherent Fabry-Pérot cavity of the nanowire geometry, opti-
cally- and electrically-pumped nanowire lasers have been demonstrated (9, 27). However, these
nanowires have lengths of several microns, which leads to a Fabry-Pérot mode spacing that sup-
ports several lasing modes. The target requirements for a nanophotonic laser source is single-
mode room-temperature operation from a silicon-integrated, electrically-pumped cavity smaller
than the emission wavelength. While room-temperatute sub-wavelength (sub-A) lasing has been
demonstrated (2§), there are no known reports of all conditions simultaneously.

Surface plasmons, the coherent electron oscillations attributed to shininess in metals, has
been linked to several extraordinary phenomena in light and metal materials (29-34). A silver film
deposited on an InGaN quantum well (with GaN dielectric spacer layer) was shown to improve
band edge emission by 14 times when optically excited due to the coincidence of the silver sut-
face plasmon resonnance with the InGaN emission energy (35). By increasing the emission effi-
ciency with metal coatings, it is hoped that sufficient gain for lasing can be more easily accom-
plished in sub-A cavities with lower quality factors. This has led to integration of plasmonics with
photonics through metal-insulator-metal lasing cavities (36, 37) and optical antennas (38, 39), as
well as the development of the surface plasmon laser (or spaser) (40-42).



1.4. Thermoelectric generators

The worldwide consumption of energy for electricity generation and transportation
produces vast amounts of low-quality waste heat that cannot be captured efficiently and eco-
nomically by turbine generators. Thermoelectric devices are solid-state systems that can directly
convert heat to electricity or induce cooling by flowing a current. These devices are robust and
long lasting without maintenance due to the lack of moving parts and thus of interest in the elec-
tricity generation, industrial, and transportation industries as a means of increasing fossil fuel
efficiency and reducing carbon emissions (43-45). However, these devices have historically been
too inefficient and expensive (and fossil fuels too inexpensive) to use thermoelectric generators
for electricity generation except for in niche applications such as in deep space probes.

Efficient thermoelectric behavior relies on low thermal conductivity to maintain a tem-
perature gradient, but high electrical conductivity to maximize current. The efficiency of a ther-
moelectric material is related to the material-dependent figure of merit, 37,
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where S, 0, T, and 4 represent the Seebeck coefficient, electrical conductivity, absolute tempera-
ture, and thermal conductivity, respectively. Though this has been a topic of scientific study for a
number of decades, material engineering directed at maximizing g1 has been complicated by
several interdependencies of the previously mentioned parameters, limiting the efficiency (46).
Specifically, the Seebeck coefficient’s inverse dependence on carrier concentration is at odds
with the electrical conductivity’s direct dependence. An additional problem is that electrons carry
both charge and heat, causing a synchronous increase in the electrical and thermal conductivities
with carrier concentration. While commercial viability of thermoelectric devices is predicted at
g1 = 3, the interplay of these parameters has limited 31" of bulk materials to ~1 at 300 K until
recently (47).

Theoretical studies pioneered by Hicks and Dresselhaus predict that it is possible to
increase 31 by using low dimensional materials (48, 49). Phonon transport is disrupted by struc-
tural features on the order of the mean free path, which is on the order on 50-500 nm in doped
semiconductors (50). Because the electron mean free path is generally less than 10 nm, charge
transport is unaffected. Increased surface-to-volume ratio also increases the effectiveness of sur-
face roughening for boundary scattering (73, 57). Additionally, high quality epitaxial films and
VLS-grown nanowires are often single-crystalline and have few material defects, leading to
enhanced charge transport compared to bulk materials. Quantum confinement can lead to an
asymmetric density of states around the Fermi Level, enhancing the power factor (5°). Other
nanostructure-driven phenomena, such as carrier-pocket engineering, energy filtering, and the
semimetal-semiconductor transition, may directly modify the Seebeck coefficient of a material
without affecting its electrical conductivity (52).

In bulk materials, the only way to reduce thermal conductivity independently of electrical
conductivity was through the use of high atomic weight materials, such as Bi,Te; alloyed with
Sb, Sn, and Pb. However, the 3T of such devices remained below 1 from their discovery in the
late 1950s until the mid 1990s. As predicted, nanostructured thin-films of Bi;Te; and Sb,Te;
where reported to have T ~ 2.4 at room temperature in 2001 (53). In the next year, PbSeTe/
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PbTe quantum dot superlattices with a g1~ 1.3-1.6 at room temperature were used to demon-
strate Peltier cooling with a 43.7 K temperature difference across the device (at 299.7 K) (54). In
2004, a bulk preparation of AgPbsSbTe,, was demonstrated with a 3T of 2.2 at 800 K, owing to
its inherent disordered nanostructuring, as well as contributions from heavy atomic weight ele-
ments (55). More recently, thermoelectrics have been proposed for a third potential application:
concentrating solar thermal energy with a large inexpensive metal plate and forcing the heat to
disipate through thermoelectric generators as an inexpensive alternative to low-efficiency photo-
voltaics devices (56).

1.5. Photoelectrochemistry and solar fuels

Sunlight is an abundant source of clean, renewable power that supplies 36,000 terawatts
of power to the eatth's surface on (24-hout) average, far more than the 50 TW wotld consump-
tion predicted by the late 21* century. Unfortunately, while chemical bonds can easily store 30
M]J of energy per kilogram of fuel, a square meter of the earth's surface might only receive that
much solar energy over the course of an entire day. Combined with the effects of clouds, precip-
itation, seasons, and the earth's diurnal rotation, it will not be possible to power our society on
photovoltaics alone. Many forms of energy storage have been considered to help smooth and
match grid demand with renewable electricity supply, including liquid metal batteries (57),
pumped hydroelectric, flow batteries, underground compressed air, and flywheels (58, 59).
Pumped hydroelectric is currently the cheapest and has the best energy capacity among these
options, but has poor energy density and requires specific terrain. Given the high specific energy
density of chemical bonds, electrochemical production of hydrogen or simple hydrocarbons
would allow for indefinite storage of energy that could be released on demand by combustion in
large power plans or in on-site fuel cells, used as carbon-neutral fuels for transportation, or even
used as feedstocks for the petrochemical industry. However, electrolyzers for producing hydro-
gen from water are expensive due to the platinum electrodes needed to catalyze the reaction,
which isn't even efficient at oxidizing water and requires a large overpotential, reducing
efficiency.

Photoelectrochemical (PEC) water photolysis is a potential method of storing solar
energy in hydrogen by converting solar energy directly to oxygen and hydrogen using a semicon-
ductor material that must fulfill several requirements. (a) The overall water photolysis reaction
requires 1.23 V under standard conditions and is a combination the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) half-reactions:

2H" +2e——H, (HER)

H,0+2h" =10, +2H" (OER)
For a spontaneous reaction, the semiconductor VB and CB must straddle the HER and OER
redox potentials at 0 V and +1.23 V versus NHE, respectively (Figure 1.4). During water pho-
tolysis, a photon is first absorbed in the depletion region created by the semiconductor-elec-

trolyte interface (SEI). The electron-hole pair is separated and driven to the surface by the built-
in field, from which the electrons and holes are injected into the electrolyte to reduce or oxidize

-10 -



Potential / V (NHE)

+00V
E°(H*/H,)
Single Absorber

+1.23V
E%(H,0/0,)

Tandem (z-Scheme)
e—\ A=D*" A" =D

nasc Electrochemical Overpotentials

Figure 1.4: Energy schemes for photocatalytic water splitting. In the single absorber case, a single
photon must generate electron-hole pairs at suitable potentials to both reduce and oxidize water, with suf-
ficient overpotential to overcome kinetic barriers. A lower bandgap can be used for the photoanode and
the photogenerated electrons are extracted with an electrode or chemical oxidant. The photocathode
requires an electron source (electrode or reducing agent) to enable photocatalytic water reduction. In the
tandem (or z-scheme) configuration, photoanode and photocathode are combined in series to split one
molecule of water after absorbing four photons. This requires a directional redox shuttle or an external
power source. A, electron acceptor; D, electron donor. This image was adapted from reference (60).

water. (b) In order to overcome the kinetic barrier and other energy losses at the SEI, an overpo-
tential voltage is usually required in addition to 1.23 V requirement. While co-catalysts are typi-
cally deposited on the surface to reduce the overpotential requirement, these are typically expen-
sive precious metals. While non-previous co-catalysts are a very active research area, an
semiconductor with an inherently active surface is preferable. (c) The band gap of a material
should be kept as small as possible, 1.5-2.0 eV, to maximize overlap with the solar spectrum. (d)
The semiconductor must be stable to corrosion during illumination in aqueous electrolyte solu-
tions, including in strongly acidic or basic conditions. (¢) From a commercialization perspective,
any viable materials also need to be abundant, inexpensive, and have low toxicity.

While there are several semiconductors with appropriate band positions to undergo
water photolysis, there are no known materials that meets all of the parameters (Figure 1.5).
Materials such as CdS and GaP appear to have ideal band alignments, but are rapidly degraded
during operation (67, 62). Anatase TiO, and SrTiO; readily produce hydrogen in water, but have
band gaps in the UV region, which only comprises 5% of the solar spectrum (63, 64). Rutile
TiO, was utilized in the very first demonstration of water photolysis, but because the CB lies just
below the HER potential, it must rely on non-neutral pH conditions to change the redox poten-
tials, as well as UV light (65). Alloys have been prepared to engineer materials with more favor-
able band gaps for water photolysis, such as TaON (66), InGaN (67), and (GaN), x(ZnO)x (66),
however, the quantum efficiency of (GaN); x(ZnO)x is only 5.9%.

Another approach to water photolysis is through the tandem or z-scheme design, which
relies on two semiconductors connected in series to supply the necessary voltage (Figure 1.4)
(69), similar to photosynthesis in plants (70). In dividing the photolysis reaction, smaller band
gap semiconductors can be used to absorb more of the solar spectrum and each electrode can be
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Figure 1.5: Band positions of various semiconductors at pH 1. A plot of the band gap of selected ele-
mental (gray), III-V (orange), 1I-VI (green), and oxide (blue) semiconductors, relative to the water reduc-
tion and oxidation potentials. The valance band maximum and conduction band minimum of each mater-
ial is indicated by the bottom and top of the colored box, respectively.

specialized for a specific half-reaction. The photoanode and photocathode must be contacted
ohmically to transfer photoelectrons from the anode to the cathode, but this can also be accom-
plished through redox couples in solution if linkage is not possible. The use of electron accep-
tors and donors as sacrificial reagents allows for the testing of one electrode at a time. There are
several possible configurations for electrodes prepared as wafers. The optimal arrangement is
back to back with transparent substrates and a transparent conducting material to link the elec-
trodes, so that the higher energy semiconductor transmits lower energy photons to the second
electrode (Figure 1.6a). Alternatively, the electrodes can be placed side-by-side with a 1/2 reduc-
tion in the areal efficiency, but this allows the use of non-transparent electrodes or two materials
of similar band gap. The overall efficiency of a tandem cell can be estimated by overlapping indi-
vidually measured photocurrent-voltage curves for the photoanode and photocathode materials
(Figure 1.6b).

There are several advantages to using nanomaterials with high surface area, especially
nanowires, for PEC. Nanowire arrays typically have reduced reflection, relative to materials with
smooth surfaces, as well as effective light trapping due to scattering within the array, which
improves the probability of absorption (77). Ordered periodic arrays and embedded nanoparticle
scatterers can further improve the light trapping effect and reduce the effect of incident angle of
llumination (72). The nanowire geometry also decouples light absorption from charge separa-
tion and diffusion processes (73). While complete light absorption typically requires 100-200 nm
in a direct semiconductor, indirect materials typically require tens of microns. The SEI results in
band bending in the semiconductor, providing an electric field to drive minority carriers to the
surface to react. Because the minority diffusion length of a semiconductor is Ip, = (Dt)"/?
D is the diffusivity and 7 is the lifetime, the active region is equal to the depletion region thick-
ness (W) and minority diffusion length. As many oxide materials suffer from poor minority dif-
fusion length, the nanowire is an ideal geometry to maximize the active region to inactive bulk
region without affecting light absorption. Because the open-circuit voltage is decreased by

, where
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increasing junction area, it is important that the nanowire diameter is 2(Lp+W) to minimize
losses and inactive material. Finally, the increased surface area availability leads to decreased
overpotential requirements and reduced photocurrent density, allowing for lower activity (and
less expensive) co-catalysts to be substituted (74).
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Figure 1.6: Tandem (z-scheme) water photolysis system. a) Illustration of a tandem water photolysis
cell. Blue and red light are absorbed by the large bandgap (front) and small bandgap semiconductors
(back), respectively. E,, bandgap energy; TCO, transparent conductive oxide. b) Overlaid current density-
potential behavior for a p-type photocathode and an n-type photoanode, with overall efficiency projected
by the power generated Psryy = J,p (1.23 V) by the cell for splitting water. These images were adapted from
references (60, 74).
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2. Zinc oxide nanolasers

Since lasing was first observed, there has been a trend toward more stable, compact, effi-
cient laser cavities. Nanolasers with all three dimensions smaller than the wavelength of emitted
light (sub-A) offer many advantages, including low lasing thresholds and power consumption. A
practical nanolaser should be a high-gain material at room temperature with a low-loss lasing
cavity, electrically pumped, and integrable with silicon microfabrication techniques. Zinc oxide is
a suitable material, given its high exciton binding energy and high dielectric constant, for effi-
cient UV lasing at room temperature. In this chapter, we look at the feasibility of sub-A lasing
from ZnO nanostructures, their synthesis, and the possibility of electrically pumped ZnO.

Parts of this chapter were reprinted (adapted) with permission from D. J. Gargas, A. Ni,
S.-W. Chang, Z. Zhang, S.-L. Chuang, and P. Yang; Whispering Gallery Mode Lasing from Zinc
Oxide Hexagonal Nanodisks, ACS Nano 4, 3270 (2010). Copyright 2010 American Chemical
Society.

2.1. Introduction

Zinc oxide is a wide band gap semiconductor (3.37 eV at room temperature) that has
become the subject of intense focus owing to its excellent optical properties, abundance, low-
toxicity, and the ease of growing high quality materials (75). The large exciton binding energy of
Zn0O (60 meV) leads to enhanced band edge absorption and emission at room temperature and
above (76-78). Due to formation of native defects (possibly oxygen vacancies), ZnO is inherently
n-type, but can be doped with aluminum and group-11Ib elements to further increase the carrier
concentration (79). Gallium nitride is another semiconductor with a similar band gap as zinc
oxide (3.4 eV at room temperature), which has flourished in optoelectronic devices despite
higher cost, a more complicated synthesis, and lower exciton binding energy (80). This is a direct
result of successful p-type doping (GaN:Mg) and UV-to-IR band gap tuning (AlGalaN alloy
system), which are both challenges for ZnO (87, §2). While many papers on lithium and phos-
phorous p-doped ZnO have been published, functional homojunction devices remain elusive
(83-85). Band gap tuning can be accomplished by alloying with CdO or MgO, allowing tunability
over a range 4.15-2.65 eV (75).

Zinc oxide adopts the hexagonal wurtzite crystal structure in which both oxygen anions
and zinc cations adopt a hexagonal close packed lattice with the Zn sublattice shifted by
1/4<001> to form alternating close packed layers in the <001> direction (Figure 2.1). As a
result, zinc oxide has a dipole moment along the <001> axis and [001] are polar surfaces con-
sisting of all oxygen or all zinc ions, while all faces parallel to <001> are non-polar faces (86). In
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order to minimize the higher-energy (001) surfaces, <001> axis is a fast growth direction, lead-
ing to elongated crystals with hexagonal cross section to maximize [100] surface area and mini-
mize free energy (78, §7). The anisotropy in the <001> axis not only leads to interesting struc-
tural properties, but is also the source of piezoelectricity, spontaneous polarization, and
nonlinear optical effects (88, 89). Wurtzite is the only stable structure for ZnO under ambient
conditions, although metalstable zinc blende ZnO has been grown by epitaxial stabilization and
the rocksalt is preferred at pressures greater than 9.6 GPa (90, 97).
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Figure 2.1: ZnO wurtzite crystal structure. Atomic and polyhedra structure models of zinc oxide. Zinc
cations and polyhedra are indicated in gray and oxygen anions in red.

2.1.a. Optical properties of zinc oxide

Zinc oxide has been studied extensively as a optical material. It is an efficient absorber of
UV light with a room-temperature peak absorbance coefficient, o, of 2 x 10> cm™ (absorption
length, Ay = 50 nm) at 3.40 eV, which corresponds to the A exciton (Figute 2.2a) (92). The fine
structure of it's band edge photoluminescence (PL) emission at low temperature, including
phononic and excitonic transitions, are well-understood (Figure 2.2b), but several defect bands
in the visible region are still a topic of research (93). In particular, the defect band centered
around 490-520 nm (2.4-2.5 eV) is commonly observed in ZnO and is typically attributed to
oxygen vacancies due to its response to oxygen partial pressure during high-temperature growth
or annealing (92, 94). However, it has also been attributed to surface defects, zinc vacancies, an
oxide antisite defect, and copper impurities, depending on the growth method (95-98). The
refractive index in ZnO is # = 2.0 across the visible spectrum and 7,,0 = 2.4 at the band edge
(99, 100).

While the external quantum efficiency (EQE) of bulk ZnO has long been estimated at
1-3%, recent measurements by Gargas et al. on CVT-grown ZnO nanowires estimate the EQE
to be 20% (707). Controversially, this same study noted a dependence in the band-edge to defect
emission ratio and EQE on excitation power density (Figure 2.3b). At low pump power, the
green emission was dominant and the EQE low. At high pump power on vertical nanowire
arrays (and presumably thick or bulk samples) where 99% of the excitation power was absorbed,
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Figure 2.2: Absorbance and photoluminescence in ZnO. a) The absorption coefficient as a function
of photon energy at room temperature and 77 K in ZnO thin films. b) The free exciton fine structure at
10 K of a bulk single crystal of ZnO. These images were adapted from references (92, 93).
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Figure 2.3: EQE of ZnO nanowires depend on the excitation power density. a) PL spectra of ZnO
nanowires collected at increasing excitation power density shows nonlinear growth of the band-edge peak
at 380 nm compared to the defect peak at 500 nm. (log scale) Inset graph shows PL intensity of band-edge
peak (purple diamonds) and defect peak (green squares) vs excitation power density. b) Band-edge EQE
vs excitation power density, I, plotted on a log-log scale. c-d) PL spectra and schematics of excitation con-
figurations shown for (c) vertical arrays and (d) horizontal nanowires. EQE measured from horizontal
nanowires is more accurate due to uniform excitation power density while the EQE measured from verti-
cal array is an average of emission from high and low power density excitation. This image was adapted

from reference (707).
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the EQE was 4% (Figure 2.3c). However, at high pump power on thin films of dispersed
nanowires with only 21% absorption, the EQE was 20% (Figure 2.3d). It reasons that while the
first absorbance length of a thick sample receives high-pump power, excitation powers are low
in the rest of the sample and the green emission dominates. The author also suggests a link
between oxygen partial pressures, n-type carrier concentration, and the green defect emission
(107).

2.1.b. Zinc-oxide-based lasers

The earliest report of lasing in zinc oxide was a bulk crystal pumped by an electron beam
at low temperature in 1966 (702, 103). However, it was not until 1997 that ZnO was first consid-
ered to be a practical lasing system after a report of optically pumped lasing at room temperature
in a thin film grown by molecular beam epitaxy (MBE) (704). Later studies of MBE-grown ZnO
nanocrystalline thin films revealed that the laser threshold was minimized in 55-nm grains and
increased with decreasing grain size and that lasing was not possible below 30 nm (705). The
lasing mechanism is mostly attributed to exciton-exciton collisions, although an electron-hole
plasma mechanism is observed at high pump powers. ZnO lasing was first observed in nanowire
arrays and then cleaved single nanowires in 2001, which unleashed a wave of new research on
ZnO nanostructures and nanolasers (9, 706, 107). In 2009, lasing from pristine isolated vertical
ZnO nanowires grown on sapphire was measured (706).

ZnO nanowire-based lasers are based on the same fundamental principles as a larger
optically-pumped laser system, except the nanowire serves as both a Fabry-Pérot cavity and the
gain medium (Figure 2.4b). The cavity is established by the well-defined (001) crystal faceting in
Zn0O nanowires and the natural reflectivity of the ZnO-air boundary due to the large difference
of refractive indices (1, = 1) (9). The nanowires are optically pumped by a pulsed laser operating
at a wavelength sufficient to excite carriers from the valance band into the conduction band and
with sufficient excitation power density to create a population inversion. Spontaneous emission
from relaxation occurs over a broad range of energies near the band gap, but lasing occurs when
a photon resonant with the cavity stimulates emission of coherent photons and the optical gain
exceeds the cavity losses. Thus, a laser should display three properties: a narrowing of emission
peak width, a superlinear increase in the emission-power plot, and coherent light (709).

Based on the Fresnel equations, the ZnO-air boundary is only 18% reflective for a head
on relection (0°), for a total cavity efficiency of 3%. In vertical ZnO nanowires, the second
boundary with the sapphire substrate is even less reflective (sgppnie = 1.8) and the cavity is only
1% efficient overall. Despite a high gain of 177 cm™ at 220 kW /cm® pump irradiation (770), the
nanowires must be grown very long to overcome the cavity losses, typically on the order of
microns, as in (708). While a ZnO nanowire might be considered to be a sub-wavelength laser in
two dimensions, the lasing cavity is much larger than its emission wavelength. For the nanowire
in Figure 2.4, the Fabry-Pérot mode spacing is calculated to be 1.53 nm. Given that semiconduc-
tor PL. emission is much broader than atomic transitions (15.9 FWHM in Figure 2.4), several
lasing modes are typically observed in a single nanowire. To achieve a single-mode sub-wave-
length nanolaser, a different geometry is needed.
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Figure 2.4: Lasing in single ZnO nanowires. (a) SEM image of ZnO vertical nanowire cavities grown
on sapphire substrate. (b) SEM image of single vertical nanowire with diagram showing Fabry-Pérot lasing
modes as wavelengths Aa, As, Ac. Scale bat is 300 nm. (c) Lasing spectra of single ZnO vertical nanowire
cavity. Left inset: power dependence graph showing lasing threshold at roughly 400 uJ/cm?2. Right inset:
dark-field scattering images of a ZnO vertical nanowire cavity from white light illumination (top) and
lasing induced by 266 nm pulsed excitation (bottom). Scale bar is 2 pm. This image was adapted from ref-

erence (708)

Whispering gallery mode (WGM) lasing has been demonstrated in a variety of materials
and circular structures (777-779). Recent studies have shown ultra-low threshold continuous-
wave lasing microdisks (720) and visible and near-IR lasing in sub-wavelength diameter struc-
tures (28, 127). As opposed to Fabry-Pérot modes, which achieve lasing by reflecting off the end
facets of a linear cavity, whispering gallery modes undergo total internal reflection around the
walls of the disk. WGM lasing has been demonstrated in the hexagonal faceting of ZnO nanos-
tructures (722-727). At a reflection angle of 30 degrees, over 96% of the optical mode is reflected
at the ZnO-air interface, thus whispering gallery modes provide low-loss, high-efficiency reso-
nant pathways for optical gain. To date, the smallest diameter of the ZnO structures reported in
WGM lasing is 650 nm (723).

2.1.c. p-Type zinc oxide

While ZnO is readily prepared as an n-type material, p-type doping is difficult and elu-
sive in zinc oxide. A reliable synthesis for high-quality p-type ZnO would make it a far more
attractive semiconductor and optical material and a competitor to gallium nitride-based devices
(84, 128-130). Most ZnO syntheses are unintentionally n-doped due to the formation of native
defects and hydrogen impurities (737-735). p-Type ZnO is a challenge due to the low solubility
of acceptor defects (736, 7137), the poor selection of shallow acceptors (738, 739), the com-
pensating effects of the native defects (740-742), and poor stability of p-ZnO (743).

Possible acceptor defects include: oxygen vacancies, zinc interstitials, group-1/Ib substi-
tutions for zinc, and group-V substitutions for oxygen. With the exception of lithium, group-1/
Ib substitutions are deep acceptors and are not suitable (737, 744). However, the small ionic
radius of Li drives interstitial formation, which acts as a donor and compensates p-type behavior
(745). While nitrogen would seem to be ideal dopant given its similar ionic radius and electronic
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structure, it is difficult to introduce without compensation from other impurities, such as dini-
trogen impurities or hydrogen (from ammonia) (746). All other group-V species are predicted to
be deep acceptors (737), despite numerous published reports of p-type ZnO from phosphorous
and arsenic (747-7157). It is suggested that large ionic radii of these elements leads to complex
defects that may act as acceptors (738, 752). Unfortunately, many of these reports contain unre-
alistically high hole concentrations or mobilities, insufficient characterization, poor detail of
material quality and long-term stability, and irreproducibility.

Measuring the electrical properties of p-type ZnO is particularly difficult and prone to
misinterpretation. Conductivity in ZnO has been shown to be highly dependent on annealing
conditions, surface modifications, and even atmospheric composition during the measurement
(153-155). This has been attributed to Fermi level pinning at surface states, hindering measure-
ments of he conductivity in the underlying material (756, 757). Zinc oxide exhibits a strong pho-
toconductivity effect and is shown to have enhanced n-type conductivity under illumination,
which can mask p-type behavior (758, 759). Hall effect measurements on ZnO thin films are
sensitive to contact placement and sample inhomogeneity and can potentially identify the wrong
carrier type (760, 167). In ZnO nanowires, carrier type and concentration is usually deduced
from field-effect transistor (FET) measurements, which are fraught with uncertainty in the low-
mobility, low carrier concentration samples expected in p-ZnO (755, 162).

2.2. Synthesis of ZnO nanostructures

2.2.a. ZnO nanowires

Zinc oxide nanowires (NWs) are synthesized using a vapor-liquid-solid (VLS)-catalyzed
chemical vapor transport (CVT) synthesis (763). Equal masses of zinc oxide powder and
graphite (1:6.8 mol ZnO:C) are well-mixed by mortar and pestle and packed into a alumina boat,
48 mm x 9 mm. A 3 mm x 5 mm sapphire substrate cleaned by ultrasonication in acetone and
coated ~3 nm of sputtered gold is placed directly on the ZnO/C powder near the downstream
end of the boat. The boat is loaded into a 50-mm long, 12.75-mm outer diameter quartz tube
and placed in the center of a tube furnace with a 1-inch diameter quartz process tube. The car-
tier gas is 64 sccm of 0.94% O,/Ar balance and the system is allowed to purge for 10 minutes
before reacting. The furnace is ramped to 900 °C as quickly as possible (~14 minutes) and typi-
cally held at 900 °C for 8 minutes to prepare 10 um nanowires. When high-quality, low-defect
nanowires are necessaty, the cooling rate is limited to 6 °C/min until 700 °C and then passively
cooled to room temperature.

While the position of the boat in the tube furnace is not essential (but should be posi-
tioned consistently), the position of the substrate on the boat is very important for controlling
sample uniformity, quality, and reproducibility. Proper VLS-growth is reliant on a narrow set of
conditions and relies on a specific Zn partial pressure for a given oxygen partial pressure.
Because the Zn vapor is only produced from the exposed ZnO/C surface and then diffuses over
the substrate, the available Zn vapor is linked to the exact substrate position. A further compli-
cation is that the oxygen gas can also combust graphite, so the oxygen partial pressure decreases
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with distance from the opening of the quartz inner tube. An ideally positioned substrate
produces a vertical nanowire array with uniform length from edge to edge. Poorly positioned
substrates will have a upstream-downstream length variation, unoriented nanowires, or buffer
layer or film growth at the nanowire bases. The substrate position is continually adjusted to opti-
mize for sample uniformity and optical quality according to SEM and EQE characterization.

2.2.b. Procedure for 1 situ doping of ZnO nanowires

Additional precursors can be added to the VLS-catalyzed CVT reaction described for
ZnO nanowires for intentional n-type and p-type doping. As CVT growth occurs under neat-
equilibrium conditions, the final dopant concentration is a factor of the ratio of dopant:Zn par-
tial pressure at the substrate and some lattice incorporation factor. The required dopant concen-
tration may vary widely for different applications: 0.5% Ga for n-type ZnO:Ga nanowires (764),
6% Li for p-type ZnO:Li,N nanowires (765), or 50% In for InZnO alloy nanowires (Chapter 3).
Ideal precursors have similar vapor pressures as ZnO/C at 900 °C so that the precursor can be
mixed into ZnO/C (assuming compatibility) and tuned (to a limited extent) by stoichiometric
control, thus assuring that the dopant vapor is present at the substrate. Precursors that have
much higher vapor pressures at 900 °C, can make use of the natural temperature gradient of the
tube furnace and be positioned in a lower temperature region in a second boat, either upstream
or downstream of the substrate. Precursors that have much lower vapor pressutes than ZnO/C
can be positioned in a boat at the furnace center with a higher furnace setpoint with the sub-
strate located downsteam according to the temperature gradient.

p-Type doping of ZnO nanowires has been attempted using several phosphorus and
lithium precursors, including ZnsP, (T, = 420 °C, T;, = 1100 °C), P,Os (T,, = 340 °C, T,y = 360
°C,), LiOH (T, = 462 °C, Tyccomp. = 924 °C), and Li;N (T}, = 813 °C). P,Os and LiOH are poor
candidates for this synthesis, as the low sublimation temperature of P,Os prevents reliable vapor
pressure control (as 360 °C is much lower than the reaction temperature) and hydrogen is a sus-
pected n-type dopant in ZnO. ZnsP, was introduced to the reaction both by stoichiometric addi-
tion to the ZnO/C precursor and by placement upstream over the 400-600 °C range, as well as
by ex situ methods. LisN was initially attempted mixed into ZnO/C but found to distupt all
ZnO growth, suggesting that Li;N vaporizes at much lower temperatures than the reported
melting point. Ultimately, Li;N was placed in a second boat down 9-14 cm downstream of the
substrate in 600-800 °C range. Due to the steep temperature gradient at the furnace edge and the
volume of the LisN precursor, the temperature might vary by 100 °C or more across the length
of the boat. Thus, the LisN vapor pressure would decrease over the course of the reaction as the
precursor is depleted making reproducible results difficult.

2.2.c. Procedure for Au-colloid-grown ZnO nanowires

Growing ZnO nanowires from commercially-prepared gold colloid solutions requires
some modification to the typical ZnO nanowire synthesis (Chapter 2). Substrate preparation is
very important to minimize foreign material that can lead to nucleation centers for uncatalyzed
or self-catalyzed growth directly on sapphire. Best results are acheived by minimizing the time
between removing substrates from the sonication bath and beginning the CVT reaction. Because
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of this, substrates cannot be prepared in advance or in batches. The ZnO/C boat and quartz
tube should be prepared before continuing.

Au colloid solution (BB international/Ted Pella) was diluted with Millipore-filtered
deionized water by a factor of 100-1000 to control the nanowire density. This solution can be
prepared in batch and stored. Sapphire (11-20) substrates are sonicated in acetone for at least 30
minutes, then dried with a nitrogen blow gun. 4 uL. of 1:150 diluted 20 nm Au colloid solution is
pippetted onto the sapphire substrate during drying. "Coffee ring" drying patterns are reduced
by using the pippette tip to agitate the surface. Once dry, the substrate is loaded into the plasma
etcher and cleaned with oxygen plasma for 2 minutes on high (18 W) at 200-300 mTorr. The
plasma etcher chamber should be kept pumped down between uses for faster evacuation.

The growth rate of colloid-grown ZnO nanowires is much faster than sputtered-film-
grown nanowires under the same conditions due to increased Zn vapor availability per growth
site. To prepare 10 um-long nanowires, the substrates are reacted at 900 °C for 8 minutes with a
flowrate of 10 scecm 0.94% O,/ Ar balance, which promotes slower growth. Under the same con-
ditions, 10 pm-long nanowire arrays from sputtered-films require 30 minutes or more.

2.2.d. Patterned substrates for VLS ZnO nanowires

The substrate fabrication is complicated due to the following requirements: epitaxial ver-
tical growth from sapphire (11-20), the need for a VLS catalyst, and a thermally-stable mask to
prevent both metal droplet diffusion and uncatalyzed (or self-catalyzed) ZnO growth directly on
the substrate (Figure 2.5). Cleaned sapphire substrates were coated with films of SiO, and 400-
nm poly(methyl methacrylate) (PMMA). A nanoimprint master for a square lattice with 250 nm
posts and 500 nm pitch was used to imprint the PMMA layer. Dry etching is necessary to
remove the remaining polymer at the bottom of each imprint, but a Cr layer is first deposited by
angled-substrate electron beam evaporation to protect the unimprinted PMMA surface. The
substrates are then etched in hydrofluoric acid vapor to transfer the pattern into the silica layer.
To deposit the VLS catalyst, Au was deposited by electron beam evaporation (source normal to
sample), which deposits some Au in the etch pits directly on sapphire. The remaining PMMA
was dissolved in acetone, removing the metal layers and leaving behind the patterned silica with
Au deposits. ZnO nanowires were grown using a typical CVT synthesis with normal or slightly
shortened reaction times.

Nanoimprinted substrates were prepared using 66-, 100-, and 200-nm thick silica layers
and Au thicknesses of 5-100 nm. In order to produce a single nanowire from the 250-nm pit, it
was expected that a large amount of gold was required to produce a single catalyst droplet with a
diameter equal to the pit. Due to the large amount of Au, it followed that a deep pit would be
needed to contain the large amount of gold. However, the best results were obtained from 66-
and 100-nm thick silica layers with 5-15 nm Au coatings (Figure 2.6a-c). Thicker silica layers
tended to result in multiple nanowires growing from single pits (Figure 2.6d). Nanowire arrays
grown from a 50-nm thick Au film resulted in kinked nanowires and other poorly defined
nanostructures (Figure 2.6e).
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Figure 2.5: Patterning with nanoimprint lithograpy. Schematic illustration of the lithography proce-
dure (1-5) and an SEM image of the finished substrate (6) showing the patterned holes and Au droplet.
The horizontal stripes are charging due to the insulating silica and sapphire layers.

Figure 2.6: ZnO nanowire patterning. a-b) Top-down (a) and 45° (b) SEM images of ZnO nanowires
on 66-nm SiO, mask with 15 nm Au. c-d) 45° SEM images of ZnO nanowites grown with 15 nm Au on
100-nm (c) and 200-nm (d) SiO, mask. ) 45° SEM image of ZnO nanowires grown with 50 nm Au on
200-nm SiO, mask.

2.2.e. ZnO pillars and nanodisks

The ZnO pillar and nanodisk syntheses require much higher zinc vapor pressures than
ZnO nanowire growth and thus relies on the direct vaporization of Zn powder rather than the
carbothermal reduction of ZnO. The procedure is similar to previously reported methods for
preparing ZnO tetrapods and "nanocombs," or dendritic nanowire structures (766, 167). A wide
range of ZnO morphologies can be grown from the same basic reaction by varying the oxygen
concentration in the carrier gas. For a given Zn vapor pressure (controlled by precursor temper-
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ature), nanowires may be prepared at low oxygen concentrations (~0.1%), straight-walled
tetrapods at moderate oxygen concentration (0.5-5%), and a mixture of reverse-tapered
tetrapods and nanocombs were formed at high oxygen concentration (5-10%) (Figure 2.7b-¢).
On a 3 mm x 5 mm substrate, a mixture of structures might form based on the local vapor
pressures.

An alumina boat is filled with a small amount of Zn powder (~1 g spread out for pillars
and as little as 50 mg in a compact pile for nanodisks) and placed in the center of a tube furnace
with a 1-inch quartz process tube (Figure 2.7a). A clean 600-nm thermal oxide/silicon substrate
is placed 4-10 cm downstream of the Zn source. The carrier gas is 12 sccm of 0.5% O,/Ar bal-
ance and the system is allowed to purge for 10 minutes before reacting. The furnace is ramped
to 800 °C as quickly as possible (~12 minutes). For pillars, the furnace may remain for this tem-
perature for 15-30 minutes. For large nanodisks (~1 um diameter), the reaction times ranged
from 5-10 minutes. For ~600 nm diameter nanodisks, the furnace was turned off once the fur-
nace finished ramping to 800 °C and opened to quench growth. In order to achieve nanodisks
smaller than 400 nm, the furnace was ramped to ~700 °C in 10 minutes and then quenched.

a /[ ™\
[ Quartz Furnace Tube ( \
| |
‘ =TT Znvapor 1% Oxygen | ‘
\ Argon | |
\ Substrate mmmm [\ Zn powder (rg_ \ /

T < 800°C TC

Figure 2.7: Zinc vaporization synthesis and products. a) A schematic of the reaction setup at the
center of the tube furnace. TC, thermocouple. b-e) SEM images of some of the resulting products from
low (b) to high () oxygen concentration: dendritic nanowires (b), nanopillars (c), tetrapods (d), reverse-
tapered tetrapods (e).

2.3. Lasing of ZnO nanodisks

Although there has been much progress on nanoscale WGM lasers, most reports utilize
top-down fabricated materials such as quantum wells or embedded quantum dot layers that
require numerous steps for fabrication as well as subsequent patterning. Bottom-up synthesized
nanostructures, on the other hand, have inherent advantages over top-down fabricated struc-
tures such as high crystallinity, smooth surface faceting, material homogeneity, sample density
and high-throughput assembly. Several reports have shown nanowire and nanorod lasers grown
on various substrates, in both high-density and dilute arrays (9, 708, 122, 168, 169). However, for
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WGM structures that require low aspect ratios, there exists significant challenges in realizing
bottom-up grown WGM lasers with nanoscale dimensions. An additional challenge concerning
WGM structures is that the optical gain in a nanoscale resonator must be sufficiently high to
compensate for low optical mode confinement. As the diameter is reduced, the WG mode
extends further out of the disk which results in less perfect mode overlap with the gain material.
Therefore, to maximize optical gain and minimize non-radiative processes, nanodisks with high
crystallinity and low defect density are essential. Finally, spatial isolation is also crucial for opti-
cally investigating single nanoscale lasers, which, depending on the method of optical pumping,
requires approximately 2-10 um between nanodisks. Up to this point, reports on bottom-up syn-
thesized nanodisks have not stressed optical isolation for individual optical characterization
(123).

ZnO nanodisks of varying dimesions were growth on silicon oxide through a CVT
process optimized for low density growth with distances approximately 5-10 pm between neigh-
boring disks. Substrates of prepared nanodisks were characterized by SEM to identify potential
nanodisks for optical study, based on the size, morphology, and isolation. An illustration depict-
ing the lasing of a whispering gallery mode is shown in Figure 2.8a in which an optical mode
internally reflects off the side walls of a hexagonal disk and escapes into the far-field.

Figure 2.8b shows spatially isolated ZnO nanodisks grown on a silica substrate. Low
density arrays ideal for individual optical characterization were achieved by optimizing oxygen
concentration and reaction temperature during synthesis. Figure 2.8c-h show cross-section scan-
ning electron microscopy (SEM) images of CVT grown ZnO nanodisks with diameters varying
from 491 to 815 nm. Diameters were measured from edge to edge. However, as optical simula-
tions will show, the WG mode is in close proximity to the sharp corners, thus hexagonal disks
must overcome greater mode loss than those of top-down fabricated circular disks.

Figure 2.8: Whispering gallery mode lasing in ZnO nanodisks. a) Nanodisk illustration showing
whispering gallery mode coupling into the plane or vertical direction via surface scattering. b) Far-field
SEM image of ZnO nanodisks grown by CVT on a SiO, substrate. c-h) SEM images of various diameter
ZnO nanodisks with hexagonal or truncated-hexagonal faceting that supports whispering gallery mode
lasing. Disk diameters (measured edge to edge) are 491 nm (c), 561 nm (d), 612 nm (e), 750 nm (f), 785
nm (g), and 815 nm (h).
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Interestingly, the base of each ZnO nanodisk is tapered such that the region in contact
with the substrate is significantly smaller than the nanodisk diameter. This reduces the area of
low-contrast index at the ZnO-silica interface, which normally couples the optical mode into the
substrate and hinders the lasing process. Instead, the tapered base provides a high index-contrast
barrier and acts as a reflector. In effect, it pushes the optical mode away from the substrate and
confines it better to the upper part of the nanodisk. This process optimizes mode overlap with
the ZnO gain medium and more efficient lasing is achieved. Unlike top-down fabricated disks,
the tapering process for ZnO nanodisks occurs naturally during CVT growth, which eliminates
the need for additional steps to isolate the optical mode within the disk, such as back-etching or
substrate removal.

Figure 2.9 shows PL spectra from various ZnO nanodisks with different diameters when
optically pumped by pulsed laser at room temperature. The large nanodisk in Figure 2.9a has a
diameter of 842 nm and a height of 750 nm, and reveals a tapered base approximately 300 nm
high. At low pump powers the PL spectrum is broad and featureless (Figure 2.9b bottom curve),
however as the pump power is increased above the lasing threshold a lasing peak appears at 391
nm with a full-width-half-maximum (FWHM) linewidth of 0.8 nm. A plot of the integrated peak
intensity vs. pump power (Figure 2.9b inset) shows a sharp rise at approximately 500 uJ/cm?,
which indicates the transition from spontaneous to stimulated emission (770). Figure 2.9¢ shows
a medium sized nanodisk with a diameter of 612 nm and height of 550 nm, also with a tapered
base. Similar to the larger disk, a lasing peak at 389 nm with a FWHM linewidth of 0.7 nm
appears as the pump power is increased above the lasing threshold (Figure 2.9d). While one
would expect the lasing peak to blue-shift as the disk diameter is reduced, in reality the lasing
wavelength is determined by the overlap of the WG mode within the gain medium spectral
bandwidth of ZnO (i. e. the peak modal gain), which for most disks occurred between 385-391
nm. As observed in Figure 2.9, a reduction in disk diameter causes the lasing mode to shift into
the spectral window of optimal gain at approximately 390 nm.

The power dependence plot for the 612 nm disk (Figure 2.9d inset) shows a slightly
larger lasing threshold of 860 uJ/cm’ The increase in lasing threshold can be attributed to the
smaller nanodisk cavity volume. A smaller diameter provides less spatial overlap between the
WG mode and the ZnO gain medium, resulting in an optical mode that “spills” out of the exter-
nal boundary of the nanodisk (773). This reduced confinement causes a decrease in quality factor
(Q) due to the increase of the leakage power. This effect is even more pronounced in the smaller
nanodisk shown in Figure 2.9¢ which has a diameter of 491 nm and a lasing threshold of 1500
w/cm® (Figure 2.9f inset). The lasing spectra in Figure 2.9f show a slower onset of the lasing
peak at 390 nm and a larger FWHM of 1.2 nm, which indicates a more lossy nanodisk cavity and
lower quality lasing mode.

A plot of ZnO nanodisk diameter vs. lasing threshold at room temperature is shown in
Figure 2.9g. The best-fit line (red curve) is approximately 1/D? which suggests the lasing thresh-
old is dependent on multiple parameters involving nanodisk diameter. Previous studies show
both WG mode quality factor (QQ) and confinement factor (I') depend on disk diameter (772,
171), and since lasing threshold is inversely proportional to Q and T, a 1/D? relationship is
expected for disk diameter and lasing threshold. Most importantly, the lasing threshold scales
inversely with the power of nanodisk diameter, rather than disk height, which is the evidence of
whispering gallery mode lasing rather than Fabry-Pérot lasing in the vertical direction.
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Figure 2.9: Room temperature lasing of ZnO nanodisks with various diameters. Cross-section and
top-down SEM images of ZnO nanodisks are shown in (a), (c), and (e) with diameters 842 nm, 612 nm,
and 491 nm, respectively. Lasing spectra collected at increasing pump powers are shown in (b), (d), and ()
for corresponding nanodisks in (a), (c), and (e), respectively. Inset graphs show integrated PL intensity vs.
pump power, and PL images of nanodisk lasing (scale bar = 10 um). g) Room temperature lasing thresh-
old vs. disk diameter. ZnO nanodisk lasing thresholds (blue squares) are plotted as a function of nanodisk
diameter. The curve (red line) is the best fit to a 1/D” trend.
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The lasing threshold of ZnO nanodisk lasers (Figure 2.9g, Table 2.1) compares favorably
to lasing in other ZnO nanostructures, such as single nanowires and pillars (Table 2.2) (706).
Similar lasing thresholds of 370 and 360 uJ/cm” were measured in a 933-nm-diameter nanodisk
and 9.5-um-long nanowire. In calculating the optical path length in these structures, 2.8 um in
the nanodisk (Lygy = 3D) and 19 um in the nanowire (Lyp = 2L), it is obvious that the WGM
cavities are much more efficient than the FP cavities. In addition to the poor reflectivity of the
FP end facets, less than 25% of the field intensity is confined in a 100-nm nanowire (and gain
medium) (772), whereas the field intensity is likely >90% confined within a 933-nm nanodisk.
Despite the greatly reduced path length, the ZnO nanowire is more efficient in terms of material
usage; a2 100-nm nanowire has a volume of 0.08 um’, while the 933-nm nanodisk has a volume
of 0.56 um”’. ZnO pillars, which range from 5-15 um long and have diameters of ~1 um, display
very low thresholds compared to ZnO nanodisks and nanowires, likely due to their high mode
confinement and the complex resonant modes possible by their large size (Table 2.2).

Table 2.1: Summary of diameter dependence of ZnO nanodisk lasing thresholds at room

temperature.
7Zn0O nanodisks
Diameter (nm) Height (nm) Pathlength (um) La51?§J??§z§h01d
933 990 2.8 370
842 750 25 500
612 550 1.8 860
491 630 1.5 1500

Table 2.2: Lasing thresholds of ZnO nanowires and pillars. Some ZnO nanowire data was previously
reported in reference (708).

ZnO nanowires ZnO pillars
. Lasing Threshold . Lasing Threshold
Height (um) Pathlength (um) a51r<1§J /crrrfz; © Height (um) aSH(IEJ /C;e% ©
19.0 38.0 350 12.0 140
9.5 19 360 9.9 175
8.1 16.2 400 5.1 200

For ZnO nanodisks with diameters of approximately 1 um and larger, multiple lasing
modes were observed under pulsed excitation. Figure 2.10 shows the PL spectrum of a disk with
a diameter of 970 nm that contains multiple lasing modes in the ZnO spectrum. This is due to
the size of the disk cavity being large enough to support more than one resonant mode that
overlaps with the spectral bandwidth of ZnO. For disks with diameters below 1 um, the spacing
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Figure 2.10: Multi-mode lasing in a ZnO disk. a) Cross-section and top-down SEM images of 970-nm-
diameter disk. b) PL spectrum showing multiple lasing modes. (Inset: power-dependence plot showing
lasing threshold of approximately 350 uJ/cm®)

between resonant modes is larger than the bandwidth of ZnO band-edge PL, causing only a
single resonant mode to overlap with the PL spectrum (Figure 2.9). At a wavelength of 390 nm
and a refractive index of 2.45 for ZnO, the calculated mode spacing, Ahycy, is 22 nm for an 842
nm diameter disk for both TE- and TM- modes (722). For the smaller diameter nanodisks
reported in this paper, the mode spacing is even greater. Ultimately, since the spectral bandwidth
of ZnO PL at room temperature is roughly 16 nm, the appearance of two resonant modes in the
ZnO PL spectrum is highly unlikely.

Due to the reduction in optical mode confinement with decreasing nanodisk size, at a
certain diameter the cavity losses outweigh the optical gain and lasing will not occur. Utilizing
our control of nanodisk diameter, we set out to determine the smallest diameter ZnO disk that
can achieve lasing. For room temperature lasing this occurs at approximately 490 nm. However,
to achieve whispering gallery mode lasing in a sub-wavelength diameter disk, we optically
pumped nanodisks at a temperature of 8 K. Low temperature makes the lasing process easier in
ZnO nanodisks in two ways: (1) non-radiative processes associated with phonon coupling are
significantly reduced, and (2) high intensity excitation can be probed without causing thermal
damage to the nanodisks. Figure 2.11 shows two sub-wavelength diameter disks that achieved
lasing at 8 K. SEM images of the nanodisks with dimensions (height x diameter) of 791 nm x
375 nm and 606 nm x 283 nm are shown in Figure 2.11a and 2.11d, respectively. The 375 nm
diameter disk exhibits a clear lasing peak at approximately 375 nm and a lasing threshold at
roughly 250 uJ/cm’ Similarly, the 283 nm diameter disk shows a lasing peak at approximately
374 nm, however at 2 much larger threshold of 3000 uJ/cm’. As discussed above, the increased
lasing threshold is due to the reduced diameter, particularly when it is smaller than the free space
lasing wavelength. Especially in the case of the 283 nm diameter disk, significant portion of the
whispering gallery mode exists outside the nanodisk, which results in much less overlap with the
Zn0O gain medium.

To quantify the overlap between the whispering gallery mode and the ZnO nanodisk,
optical mode simulations were performed by finite difference time domain (FDTD) method
(173), using a freely available software package with subpixel smoothing for increased accuracy
(174). FDTD simulations were used instead of a conventional method based on effective optical
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path length (ray optics) due to the small diameter of the nanodisks. For larger cavites, one can
usually estimate the threshold gain of the fundamental whispering-gallery mode using the effec-
tive optical path length around the cavity, which is proportional to the edge length of the
polygon (772, 713). Specifically, this type of the estimation is based on the analogue of traveling-
wave lasers, in which the wave amplitude has to return to itself after the absorption/amplifica-
tion during the wave propagation and transmission loss occurs whenever the fictitious ray of the
lasing mode hits the polygon surface. It should be noted that the validity of this approximation
lies in the well-guided modal profile along the growth direction of the polygon cavity and the
diameter of the disk is much larger than the resonant wavelength, namely, the radiation loss is
dominated by the power leakage at the sidewalls, not from the top and bottom of the polygon.
However, with the decrease of the disk diameter close to the resonant wavelength, more field
penetrates into the substrate below or leaks out the disk from the top. From the FDTD calcu-
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Figure 2.11: Lasing properties of sub-wavelength ZnO nanodisks at 8 K. Cross-section and top-
down SEM images showing nanodisks with dimensions (height x diameter) of (a) 791 nm x 375 nm and
(d) 606 nm x 283 nm. Optical mode simulations of the calculated |E|” field in the xy-plane are shown in
(b) and (e) for nanodisks in (a) and (d), respectively. Lasing spectra are shown in (c) and (f) for nanodisks
in (a) and (d), respectively. Inset graphs show integrated PL intensity vs. pump power.
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lations, although the main radiation losses indeed come from the sidewalls, those from the top
and bottom of the nanodisk are not negligible. Furthermore, the field profile from the FDTD
calculation indicates that the possible lasing modes are not fundamental whispering-gallery mode
of the polygon cavity. These facts make the estimation of the threshold gain of this 3D polygon
cavity from an effective optical length impractical.

Instead, the proper way to estimate the threshold gain Gy, of a possible lasing mode is to
use the formula below:

C 2.7[71g )
th rhA(Q

where 7, A, I'y and Q are group index of the material, resonant wavelength, energy confinement
factor, and quality factor, respectively. This relation originates from the general gain-loss balance
condition of the rate equation and is valid for all types of cavity modes. In our case, the FDTD
calculation can give A, I'; and Q. Since in the calculation the material loss is assumed small, the
calculated quality factors in the paper are from the radiation losses of the cavity, which include
power leakages in al/ directions. Accordingly, Gy’s for different structures can be obtained.
Detailed derivations of this formula are shown in Ref. (773).

Using this method, |E| *_field intensities were calculated for the horizontal and vertical
planes of the 375 nm and 283 nm diameter disks and are shown in Figure 2.11b and 2.11e,
respectively. The calculated mode wavelengths for the 375 nm and 283 nm diameter disks are
376 nm and 374 nm, respectively, which agree well with the experimentally observed lasing
peaks. For the 283 nm diameter disk, the optical energy confinement factors (775) of the polar-
ization components parallel (I'}|) and normal (I'.) to the silica substrate are 0.105 and 0.541,
respectively, and the quality factor (QQ) is 93. Despite having a diameter much less than the wave-
length of the lasing mode, the 283 nm disk managed to contain almost 65% of the mode energy
within its structure. This is in part due to the tapered base that pushes the mode away from the
substrate into the upper part of the nanodisk.

To quantitatively compare the advantages of a tapered-base cavity, the energy confine-
ment factor and QQ were also calculated for a 283 nm diameter cavity with vertical sidewalls. A
comparison of the nanodisk mode patterns with and without a tapered base is shown in Figure
2.12. In the non-tapered structure, the optical energy confinement factors, I')| and I',, of the
nanodisk are 0.092 and 0.521, respectively, and Q is only 77. Consequently, more field penetrates
into the substrate, which indicates that the tapered base geometry confines the mode in the nan-
odisk better. This results in the smaller leakage power from the substrate. For a nanodisk with a
tapered base, the quality factor is improved by 20.7%, and the corresponding threshold material
gain can be decreased from 10,889 cm™ to 7351 cm'.

To further investigate the effect of the tapered-based structure on the leakage power, we
calculate the ratio of the leakage power from the substrate over the total leakage power and
compare these values for tapered-based and vertical-sidewall structures. The leakage power is
calculated by simulating an artificial box that encompasses the nanodisk as well as a portion of
the substrate underneath. The Poynting vectors are then determined by the FDTD program,
which yields the corresponding radiation powers from the six facets of the box at any moment.
To obtain the radiation powers of a specific resonant mode, the mode is excited using a dipole
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Figure 2.12: WGM simulations of a sub-wavelength ZnO nanodisk. Calculated |E |’ field of the nan-
odisk with dimensions 283 nm X 606 nm (diameter X height) in the (a) xy-plane and (b) yz-plane. The cal-
culated mode has a resonant wavelength of 374 nm and a quality factor of 93. The simulations shown in
(c) and (d) are for the same nanodisk without the tapered base. This mode has similar field patterns in the
xy and yz planes to those in (a) and (b) except for the field above the substrate surface. Its wavelength and
Q are 378 nm and 77, respectively. Comparing (b) and (d), the tapered-base nanodisk has less field pene-
trating into the substrate, leading to a higher quality factor.

source with a narrow bandwidth. After the source is turned off the radiation powers from all six
facets are calculated in time. To obtain the averaged radiation power, the radiation powers are
summed over several optical cycles and divided by the total optical cycles.

This method is used to calculate the leakage powers from the top (P,,), sidewalls (P)
and bottom (P, of the simulated box, respectively, for the structures with and without tapered-
bases. The ratios for each component over the total leakage power, the sum of Py, Py, and Py,
for both cases are tabulated in Table 2.3. The ratios of P, over the total leakage power for
tapered-based and vertical-sidewalls cases are 0.172 and 0.186, respectively. The calculation
shows that the radiation power from the substrate can be reduced by 7.5% using the tapered
base. Although the energy confinement factors I'y in the nanodisk for these two cases are only
3% different, the confinement factors in the substrate are 0.168 in the tapered-based case and
0.213 in the vertical-sidewall case. This indeed shows that more energy leaks into the substrate
for the vertical-sidewall case.
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By combining a low-loss lasing mechanism into a high-gain semiconductor material,
ZnO nanodisks have achieved lasing in the smallest diameter WGM structures to date. The
observed lasing in 491 nm diameter and 283 nm diameter disks at room temperature and low T
(8 K), respectively, represent the smallest diameter semiconductor structures for both chemically
synthesized and top-down fabricated WGM structures. Furthermore, when normalized to the
refractive index at the lasing wavelength (ZnO = 2.45, GaAs = 3.5, InP = 3.5), ZnO nanodisks
exhibit the lowest ratio of diameter-to-lasing wavelength that were previously demonstrated with
InGaAs and InP WGM disks at near-IR wavelengths (28, 727).

Table 2.3: Leakage Power Ratio.

leak power ratio

sidewall air substrate
Tapered-based 0.738 0.09 0.172
Vertical sidewalls 0.723 0.091 0.186

2.4. Metal-enhanced photoluminescence

Surface plasmons, electron oscillations on the surface of metals that are excited by light,
are known to enhance light absorption and Raman scattering. It is believed that the discontinu-
ous metal coating on a semiconductor with a thin dielectric spacer layer somehow increases the
internal quantum efficiency of the emitter, which is dependent on the ratio of the radiative
recombination rate to the total recombination rate. The enhancement cannot be due to light
absorption enhancement, which occurs when the metal is placed as an antenna and increases the
surface area over which light can be absorbed— in this case, the metal coats the semiconductor
and leads to a decrease in photons that can be absorbed. Instead, it is thought that the intense
local electric field at the metal surface increases both the radiative and nonradiative decay rates,
although the radiative rate more so. However, this only accounts for part of a small part of the
enhancement- by decreasing the exciton lifetime, carriers are more quickly returned to the
ground state to be reexcited.

To take advantage of this effect, a conformal Al,O; layer was deposited on the surfaces
of a ZnO nanowire vertical array using atomic layer deposition (ALD). The alumina coating was
optimized at 6 nm in ZnO, similar to the values reported in the literature. With a thinner or
absent spacer layer, carriers are injected into the metal and lost through nonradiative processes,
quenching the emission. The ALD deposition and alumina layer did not affect PL. emission by
more than +15% (Figure 2.13), which was recorded from the same exact location. A discountin-
uous ~1 nm film of gold was sputtered onto the ZnO/AL,O; NW arrays. The PL emission from
the laser spot on the ZnO/ALOs/Au arrays was visibly brighter (Figure 2.13f). A plot of the
enhancement factor (EF = final PL/initial PL) versus wavelength reveals a peak of 34-times
enhancement at the band edge, while the defect emission was slightly reduced (Figure 2.13a).
The features around the band edge the EF peak suggest that the radiative rate enhancement may
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Figure 2.13: Surface-plasmon enhancement of PL emission in ZnO/A1,0;/Au. a) Evolution of the
PL spectra for the same spot on a ZnO NW array initially (green), after 6 nm ALO; ALD deposition (red),
and 1 nm sputtered Au deposition (blue). b) As in panel (a), but with an e-beam evaporated Au coating
(blue). ¢) The enhancement factor for the samples prepared in panels (a-b). d-f) White-light illuminated
field of view (5x objective) with laser spot for the initial (d), after ALD (e), and after sputtered Au (f), for
the series in panel (a). The substrate has been intentionally scratched to aid in positioning. g) PL emission
of vertical ZnO nanowires (50x objective). Note,that the y-axis of (a) is x10° counts and (b) is x10* counts.

depend on the emission mechanism, although features are seen in the EF plot for other materi-
als (Figure 2.13c). The experiment was repeated using an e-beam evaporator-deposited Au film,
which resulted in a small decrease in PL emission and a featureless EF plot (Figure 2.13b).

Other metals were tested for enhancement effects in ZnO, including Al and Pd. The
Zn0O/ALO;/ Al array showed the best performance, with a peak enhancement factor of 74 at the
band edge and a 10x improvement of the defect (Figure 2.14a). The optimal conditions for PL
enhancement was determined to be a 6-nm thick ALOj layer with a 3-nm sputtered Al discontin-
uous film. Of the three sputtered metals test, the weakest enhancement was from palladium,
which has weak surface plasmon activity (Figure 2.14b). Silver is expected to have enhancement
factors intermediate of Al and Au, given its peak surface plasmon resonance relative to the
others. Al and Pt were also deposited by e-beam evaporation but did not have any significant
increases in PL emission (Figure 2.14b). While sputtering results in a discontinuous, rough film
that is typically associated with plasmonic activity, the evaporated films were relatively smooth,
uniform, and apparently plasmon-inactive films, which only served to attenuate the pump
intensity.
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Figure 2.15: PL and lasing emission in Al-coated ZnO nanodisks. a) Cross-section and top-down
SEM images of a ZnO nanodisk with diameter of 1050 nm and height of 425 nm. b) Integrated PL inten-
sity versus pump power for the uncoated ZnO nanodisk (blue), after 6 nm AlL,O; ALD deposition (red),
and 3 nm sputtered Al deposition (green). c-d) Lasing spectra collected at increasing pump powers for the
untreated ZnO nanodisk (c) and after AI203 ALD and Al depositions (d).

Towards the ultimate goal of metal-enhanced laser operation, a similar ALO;/Al treat-
ment was applied to the ZnO nanodisks, with the lasing power series and lasing threshold col-
lected at each step. However, the metal coating did not have a large effect on the spontaneous
emission at pump energies below the lasing threshold. In the 1050 nm ZnO nanodisk shown in
Figure 2.15, a superlinear increase in emission was observed, but the laser emission was weaker
than equivalent pump power in the uncoated nanodisks. The lasing threshold did not appear to
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change significantly. In a large number of tested ZnO nanodisks, especially those with decreas-
ing diameter, there was no apparent superlinear increase or lasing threshold observed. Similar
tests on ZnO NWs, which has better overlap between the available surface area and mode leak-
age, revealed similar results. It is reasonable that as the metal coating increases the radiative rate,
the radiative lifetime is decreased and it is more difficult to maintain a population inversion for
lasing. However, preliminary results suggest that many of these samples display zncreased radiative
lifetime, which cannot currently be explained.

2.5. p-Type lithium-doped ZnO nanowires

Lithium-doped ZnO nanowires were grown using LisN as a solid dopant precursor. The
lithium doping level was varied by adjusting the position of the dopant across the natural tem-
perature gradient of the furnace. ZnO:Li nanowires were characterized using SEM imaging to
select for conditions that stunted nanowire growth (indicating the influence of Li vapor), but
does not completely halt nanowire growth, and then further optimizing around these conditions.
ZnO nanowires were grown with a range of lithium precursor temperatures from 25 °C, which
had no effect on the growth, to 770 °C. (Figure 2.16). At the high end of precursor temperature
range, the prepared samples were often completely non-conductive. Beyond 770 °C, the
nanowire growth conditions were severely perturbed and poor growth and morphology control
were observed.

Elemental characterization for lithium is very difficult due to its low atomic number.
Lithium (in the ground state) does not have a Ky transition and cannot be measured in energy
dispersive x-ray spectrometers. Lithium has a small photoionization cross-section for x-ray pho-
toelectron spectroscopy (XPS) that only allows for detections when concentrations are ~5% and
higher. Neither lithium or nitrogen peaks were observed in XPS of LisN-doped ZnO (Figure
2.17a). Some previous reports have observed a shift in the x-ray diffraction pattern after lithium
incorporation, particularly in the the « lattice parameter (776, 777). The highly ordered nature of
the ZnO nanowire arrays makes observation of the @ parameter difficult and no consistent shift
has been observed (Figure 2.17b). Fortunately, lithium incorporation in the lattice is readily
observed in low-temperature PL studies (776, 777). At 10 K, the band edge emission of Li;N-

Figure 2.16: SEM images of Li;N-doped ZnO nanowires. a) ZnO nanowires grown without a lithium
precutsor. b-d) ZnO nanowites grown with Li3N precursor position at 200 °C (b), 670 °C (c), and 710 °C
(d). e) At high temperature, no nanowire growth is observed.
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doped ZnO nanowires is redshifted by 9.6 nm and significantly broadened (FWHM = 1.0 nm in
Zn0O, 12.5 in ZnO:Li), which is similar to literature reports (Figure 2.17c-d).

The electrical conductivity, carrier concentration, and carrier type of prepared ZnO
nanowires were measured by single-nanowire FET devices. Electrical devices were made by
cither drop-casting or micro-manipulating nanowires onto a Si chip with 200 nm of thermal
oxide on the surface. The nanowires were top-contacted in one of two methods: (a) four-point
probe using metallic contacts defined by standard photolithography techniques or (b) two-point
probe using a TEM grid as a mask for an electron-beam evaporated metal film without any wet
chemistry. Although the four-point method is a superior method that allows for voltage and cur-
rent to be measured independently, the all dry method was preferred due to concerns of the sta-
bility of p-ZnO during exposure to solvents. The photolithography mask for the four-point
measurement also has resistive heating elements to generate a temperature gradient across the
device, allowing for single-nanowite Seebeck measurements. Ti/Au was used as the contact
metal and Ohmic contact was achieved after rapid thermal annealing (755, 762).

For ZnO nanowires and ZnO:Li prepared by low doping temperatures (< 500 °C), the
two-point single-nanowire FET devices displayed a gating effect typical of n-type semiconduc-
tors with moderate carrier concentrations (Figure 2.18a). The transconductance plot (Iy vs 17,
Va = 0.5 V) shows a turn-on voltage (V) at negative gate voltage, no measurable current
through the wire below the Vi, linear increase of the current above V,, (Figure 2.18b). For
ZnO:Li nanowires prepared with doping temperatures over the range of 500-770 °C, normally off
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Figure 2.17: Characterization of ZnO:Li nanowires. a) X-ray photoelectron spectrum of Li;N-doped
ZnO nanowires. Peaks are observed for Zn, O, and C, but not Li or N. b) X-ray diffraction pattern of
highly-oriented Li;N-doped ZnO nanowires. c-d) Photoluminescence emission spectra for ZnO (c) and
LisN-doped ZnO nanowires (d) at 10 K, 50 K, and 298 K.
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Figure 2.18: Single-nanowire FET devices for carrier concentration determination. a-d) I-1” curves
for ZnO (a-b) and 3.5-cm LisN-doped ZnO (c-d) nanowires. In (a) and (c), Lu-1" behavior is plotted for
several gate voltages and indicates Ohmic n-type semiconductor behavior. In (b) and (d), the transconduc-
tance plot is shown for two devices with ["q = 0.5 V. For ZnO (b), this FET device has a negative 1’ and
is characterized as normally-on, while ZnO:Li (d) displays a positive [y and is characterized as normally-
off. d, inset) SEM image of a two-point FET-device defined by a TEM grid mask and an e-beam evapo-
rated metal film. e-f) FET-measured carrier concentration has a function of Li;N position and temperature
during growth (e) and field-effect mobility (f). Normally-on FET behavior (b) is indicated by red, filled cir-
cles and normally-off FET behavior (d) is indicated by blue, open circles.

FET behavior is observed (Figure 2.18d), meaning that the Vy, occurs at positive gate voltage,
indicating that the nanowire has very poor conductivity, possibly due to the conduction channel
being fully depleted (778). For samples above 740 °C, a very large number of the prepared FET
devices were completely insulating and showed no gate response.

The field-effect mobility can be determined by the slope of the linear region of the
transconductance plot,

dIS 4 ucC

dr’, I’

, )

where u is the mobility, C is the capacitance, and L is the length of the nanowire channel (755,
7162). The capacitance is determined by the device materials and dimensions,

2me €. L

0sio,

C—W. (5)

The capacitance equation assumes that the nanowire is completely surrounded by gate dielectric,
which is not true for our device geometry. This is an acceptable assumption for nanowires with
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diameters below 100 nm, but in large nanowires, the applied electric field from a bottom-gate is
non-uniform and poorly modeled by equation (5). Assuming the validity of the capacitance
model and that field-effect mobility is a reasonable value, the carrier concentration for normally on
FET devices is given by

V,C
gr(4) L

This equation does not hold for normally off devices, which returns a meaningless negative

©)

C

numbet.

The carrier concentration of single nanowires from several Li;N-doped ZnO nanowire
conditions is aggregated in Figure 2.18e, with negative results (from normally off devices) shown
in empty shape data points. There is no apparent trend in carrier concentration as a function of
the preparation conditions, although there is a clear trend in device behavior: almost all devices
from Ty; = 695 °C are normally off. However, analysis of the mobility results indicates that there
is also a very large range in calculated mobilities (Figure 2.18f). Mobilities larger than 100 cm/Vs
are unrealistic for ZnO and suggest that the NW-FET model does not hold here, probably due
to large nanowire diameters and low carrier concentrations.

Annealing the as-grown samples in oxygen at 450 °C for 30 minutes successfully con-
verted the as-grown LisN-doped ZnO (Ty; = 770 °C) to p-type behavior (777). Out of concern
over the two-point FET devices, these devices were prepared using the four-point probe, which
would allow for more accurate FET measurements as well as a Seebeck coefficient measure-
ment, which gives an unambiguous positive or negative value for p-type or n-type majority car-
rier behavior. FET measurements were performed on a single device before and after annealing,
which showed the change from n-type to p-type conduction for the nanowire FET device. The
Seebeck measurement was also in agreement, showing the change from approximately —400 uV
K™ to +400 uV K'', which corresponds n-type and p-type behavior, respectively. Follow-up
experiments are now being carried out to reproduce the experimental results and study the sta-
bility of these p-ZnO nanowires.
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Figure 2.19: p-Type behavior in ZnO nanowires after thermal activation. a) An SEM image of the
four-point probe used to characterize FET performance and the Seebeck coefficient before and after
annealing. The circle is added to highlight the position of the nanowire. False-color added to show temper-
ature gradient during Seebeck measurement. b) I—V, curve showing FET behavior before (blue, N) and
after (red, P) annealing. c) The measured Seebeck coefficient versus FET-calculated carrier concentration
for intrinsic ZnO (purple), as-grown ZnO:Li (red), and thermally-activated p-ZnO (green).
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3. Indium oxide—zinc oxide alloy nanowires

While nearly all single elements and binary compounds have been characterized and eval-
uated for potential applications, ternary and quaternary compounds present a vast number of
unexplored materials. These multicomponent materials provide an opportunity to tune the struc-
tural and physical properties to the requirements for specific technological applications. In this
chapter, we look at alloys of zinc oxide with tri-valent metal oxides such as indium, gallium, and
iron oxide. These materials display enhanced optical and transport properties that are potentially
useful in energy applications. A simple solid state reaction allows for the preparation of several
new nanowire compositions in the indium oxide-zinc oxide crystal structure system. Using opti-
cal measurements and single-nanowire thermal and electrical measurements, these materials are
evaluated for applications in photoelectrochemical water oxidation, transparent conducting
oxides, and thermoelectric matetials.

Parts of this chapter were previously published in Chemical Science. S. C. Andrews, M.
A. Fardy, S. Aloni, M. Zhang, V. Radmilovic, and P. Yang. Atomic-level control of the thermo-
electric properties in polytypoid nanowires, Chemical Science 2, 706 (2011) - Reproduced by per-
mission of The Royal Society of Chemistry.

3.1. Introduction

The indium oxide—zinc oxide alloy system has the peculiarity of forming a periodic struc-
ture of single layers of indium oxide interspersed between layers of zinc oxide with near-perfect
periodicity (779, 180). The periodicity of the structure is related to the ratio of indium oxide to
zinc oxide indicated by the chemical formula, In,O3(Zn0O),, where #+1 layers of ZnO form for
every layer, or inclusion, of indium oxide. Indium zinc oxide alloys have typically been prepared
as bulk powders by mixing stoichiometric amounts of indium oxide and zinc oxide and anneal-
ing at temperatures in excess of 1100 °C to induce solid-state diffusion (787). The phase diagram
in Figure 3.1 shows the different phases formed over the range 1100-1400 °C, as well as how #
corresponds to Zn concentration. Later work has expanded this crystal structure to alloys of zinc
oxide with gallium oxide, iron oxide, and other tri-valent metals (782-785). Additionally, mixtures
of metals can be used in varying ratios, such as indium gallium zinc oxide (IGZO),
In, .Ga,O5(Zn0),. The term metal zinc oxide (MZO) is used to describe the general family of
materials with the chemical formula R, M, O5(Zn0O), and an IZO-like structure without regard
to specific elemental composition.
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Figure 3.1: Phase diagram of In,0;-ZnO system. The lower x-axis indicates Zn at % and the upper x-
axis represents #, which describes the periodicity of the crystal structure by the chemical formula,
In,05(Zn0),. This image was adapted from reference (787).

The structure of indium zinc oxide (IZO) and related structures have been an area of
intense research. Zinc oxide adopts the wurtzite crystal structure, with hexagonal close-packed O
anions stacking in the [001] direction and Zn cations filling half of the tetrahedral holes. In IZO,
a close-packed layer of InO, (edge sharing InO, octahedra) insert between ZnO (002) planes
(Figure 3.2). Each oxygen in the InOg octahedra is shared with one ZnO tetrahedron, resulting
in an inversion of the wurtzite structure across the InO, layer, known as an inversion domain
boundary (IDB) (785, 786). The InO, inclusion layer is also associated with a stacking fault,
which together with the IDB, results in a stacking sequence of AaBbAaBbAcCaAcCaA (capital
and lowercase letters correspond to metal and oxygen atoms, respectively). As a result, the
wurtzite lattice is translated by 1/3<100> on opposite sides of the InO,". The location of the
octahedral InO,” within the stacking sequence is denoted by the bold bAc.

@ > w N > 0

Figure 3.2: Indium octahedral layer. Atomic and polyhedra structure models of indium zinc oxide
around the indium oxide inclusion. The InO; layer is position between ZnO (002) layers and inverts the
wurtzite lattice, changing stacking from ABAB to ACAC. Zinc cations and polyhedra are indicated in gray,
oxygen anions in red, and indium cations and polyhedra in yellow.
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In order to form a bond with the neighboring InO," layer, the wurtzite "slab" must con-
tain a second inversion domain boundary to reorient the polarity of the lattice (787). Early struc-
ture models identified that InO" trigonal bipyramidal defects could serve to reinvert the polarity
and restore charge balance, but disagreed as to whether they were randomly distributed in the
wurtzite slab or formed an additional planar layer (784, 7188). "Zigzag" contrast patterns within
the slab layers were identified as a second form In ordering, but were too pootly resolved to lead
to a structure and were inconsistently observed, especially for » < 6 (Figure 3.3a) (7189-192). The
complete structure was finally solved by density functional theory (DFT) calculations, which
determined that the zigzag IDB structures created less lattice strain and were more energetically
favorable than other IDB configurations (Figure 3.3b) (787, 7193). These DFT calculations also
suggested that the lattice strain of a planar InO" trigonal bipyramidal layer decreases as the thick-
ness of the InZn,0,.," slabs decreases, possibly accounting for the absence of zigzags in low-#
compositions (793). The decreased coordination number of the zigzag defect means that it is
preferentially filled by the smaller cation when multiple defects are present, such as Ga in IGZO
(7193). Thus, in terms of the generalized chemical formula for MZO, the structure can be broken
into RO, layers and MZn,O,.;" slabs, where R is larger than M.

Group-IIT elements have long been used as substitutional dopants in zinc oxide to
improve n-type electrical conductivity (794). As a low-indium alternative to indium tin oxide,
amorphous IGZO is of particular interest as a transparent conducting oxide, as the defect band
position of gallium substitutions allows it to be populated at room temperature (795). The lattice
strain created by accommodating larger indium atoms in IZO results in a decrease in the band
gap, which has generated interest in its application for photoelectrochemical water oxidation
(7196). The octahedral and zigzag layers disrupt phonon transport, reducing the thermal conduc-
tivity of IZO. The combination of low thermal conductivity and high electrical conductivity
makes IZO particularly interesting as a thermoelectric material (797).

Figure 3.3: Zigzag modulation layers. a) TEM image of zigzag modulation layers in In,O5(ZnO)y;. b)
The predicted structure model for In,O3(ZnO)s, showing the zigzag modulation layers in the 1nZn,0,.;"
slab. The large green, medium gray, and small red balls indicate the In, Zn, and O atoms, respectively.

These images were adapted from references (790, 193).
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Oxide materials are an area of research for thermoelectric devices due to their low ther-
mal conductivity, high stability, and general low cost and abundance, although low electrical con-
ductivity remains an obstacle (79§). Aluminum-doped zinc oxide was reported to have a g1 of
0.3 at 1273 K, remarkably high for a material without any nano-structuring (794). New oxide
materials with complex crystal structures, such as layered cobalites and doped perovskites, have
even higher 3T values (46, 798). Indium zinc oxide has been investigated as a thermoelectric
material due to its nanoscale features for phonon scattering and increased electrical conductivity
from n-type doping by group-Illa substitutional defects. Several reports have agreed on a T’
value of approximately 0.1 at 1000 K for bulk indium zinc oxide, with values as high as 0.33 at
1073 K for yttrium-substituted In,O5(Zn0O)s (797, 199-202).

Efforts are now underway to prepare indium zinc oxide thin films and nanowires to fur-
ther study and develop these possible applications. IGZO thin films have been prepared by laser
ablation of IGZO bulk powder to deposit an amorphous layer on a ZnO substrate by and fol-
lowed with annealing at 1400°C to produce a single-crystalline film (203). IZO and 1GZO
nanowires have been grown using a chemical vapor transport synthesis similar to the ZnO
nanowire CVT synthesis described in Chapter 2 (204-200).

3.2. Conversion synthesis of indium-zinc-oxide-structured
nanowires

The CVT synthesis of zinc oxide nanowires provides various methods to control mater-
ial parameters such as diameter, length, nanowire orientation, and nanowire density. An ideal
synthesis for R, M. O5(Zn0O), nanowires would allow for easily manipulation of R and M ele-
mental identities, elemental ratio (x), and (R+M):Zn ratio (#) with perfect sample uniformity, in
addition to retaining control of all nanowire and array properties. However, simultaneous con-
trol of all of these parameters rapidly increases the complexity and difficulty of the synthesis.
CVT-grown IZ0O and IGZO nanowires syntheses usually exhibit poor morphology control and
sample uniformity issues (205-208).

Utilizing a three-step process shown schematically in Figure 3.4, the conversion method
for MZO nanowires allows for better control of the material composition, structure, and proper-
ties through rational manipulation. First, ZnO nanowire arrays are grown using a CVT synthesis,
which allows for control of general nanowire dimensions and array properties. The nanowire
arrays are coated with 5-25 nm of various metals using thermal and electron beam evaporation
systems. For some metals, it is necessary to use an oxygen plasma etcher to oxidize the metal
coating. The sample is then annealed at 900 °C in oxygen gas to form arrays of polytypoid alloy
nanowires. Since as much as 100 nm of metal coating may be necessary to achieve low 7 compo-
sitions for typical ZnO nanowire dimensions, the metal deposition and annealing steps are
repeated as many times as necessary.

Many metals can be deposited using an e-beam evaporator, including indium, gallium,
iron, erbium, and yttrium (a limited number may deposited by thermal evaporation but include
indium and gallium). By using a quartz crystal monitor to measure film thickness, mixed metal
ratios can be controlled, as well as total metal loading for controlling (M+R):Zn ratio. Several
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Figure 3.4: Schematic illustration of the synthetic method.

elemental compositions of MZO nanowires have been prepared the conversion synthetic
method, including 120, 1GZO, indium iron zinc oxide (IFZO), gallium zinc oxide (GZO).
TEM images of inclusion formation and elemental analysis (energy-dispersive x-ray spectros-
copy) are primarily used to confirm the reaction products (Figure 3.5). While bulk powder prepa-
rations of group-IIIb- and lanthanide-series-containing compositions, as well as iron zinc oxide,
have been reported in literature (782, 183, 199, 209), these compositions have not been prepared
as nanowires using the conversion method, most likely due to the very high annealing tempera-
tures required.
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Figure 3.5: MZO nanowires. TEM images (top, middle) and energy-dispersive x-ray spectra (bottom) of
nanowires prepared with 15 nm of In (a), 10 nm of In and 10 nm of Ga, x=1 (b), 10 nm of Ga (c), and 5
nm of In and 5 nm of Fe, x=0.67 (d).
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One major limitation of the conversion synthesis is that a true single-phase composition
is never obtained in MZO nanowires. This is primarily due to the natural variability of bottom-
up grown nanowires, the inhomogeneity of the evaporator-deposited metal coating, and the ten-
dency for metal coating to melt, form droplets, and diffuse. Rather than referring to a specific #
value for the MZO nanowires prepared by conversion, prepared samples are referred to by the
metal coating thickness, e.g. 15 120, 10/10 IGZO, 10 GZO, and 5/5 IFZO in Figure 3.5.
Replacing the evaporator-deposited metal coating with a conformal technique such as atomic
layer deposition would help improve the uniformity of single nanowires, but the nanowire array
would still be vary according to the ZnO nanowire diameter distribution.

3.3. Typical methods for conversion synthesis

The ZnO nanowire arrays are grown using the previously discussed chemical vapor tran-
sport and VLS catalyzed methods (see Section 2.2). The metal evaporation source is located
above the nanowire array and cannot coat the nanowires even from top to bottom. For this
reason, vertically-oriented, low-density nanowire arrays are ideal. Arrays of shorter nanowires
also mitigate coating inhomogeneity, but nanowire lengths of at least 10 um are needed for
single-nanowire transport measurements. Smaller diameter nanowires require less amount of
metal loading to achieve smaller 7 values. The substrate must also be stable to at least 900 °C, if
not 1100°C. To achieve these requirements, samples are prepared on sapphire a-plane (11-20)
substrates using 20 nm gold colloids (diluted 1:150) as a VLS catalyst. The Au colloids allow for
significantly lower density arrays and smaller nanowire diameters than a sputtered Au film, but
reduce the verticality of the synthesis (Figure 3.0).

The substrates were mounting on a rotating, unheated stage in a combined thermal and
electron beam evaporation system. Sources are positioned normal to the stage, so the substrates
were mounted with a ~10° angle to increase vapor penetration into the nanowire. Indium and
gallium metal are typically deposited by thermal evaporation, while iron and other metals are
deposited by e-beam evaporation, using a 0.1-0.4 A/s deposition rate. The order of metal depo-
sition was not observed to have any effect for IGZO or IFZO nanowires. Deposition of a

Figure 3.6: ZnO nanowire arrays. a-b) prepared from sputtered Au (a) and 30 nm Au colloids (b). c)
This isolated nanowire measutes 42 nm in diametet.
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Figure 3.7: Unannealed metal-coated ZnO nanowires. TEM images of ZnO nanowires coated with 10
nm of In (a), 10 nm of Ga (b), 5 nm of In and 5 nm of Fe (c), 5 nm of In and 5 nm of Ga (d), and 10 nm
of In and 10 nm of Ga (e),

mixed metal coating of 10 nm of In and 10 nm of Ga results in a non-conformal coating of
metal droplets on the nanowire surface (Figure 3.7). Using an oxygen plasma to oxidize the
metal coating has been shown to improve alloy formation in some alloy systems, particularly for
IZ0. The substrates were oxidized using a 18 W plasma etcher for 30 minutes in 200-300 mTorr
of O, gas.

Solid state diffusion of the metal coating into ZnO nanowires is accomplished by anneal-
ing at high temperatures. Indium inclusion formation has been observed as low as 800°C but
occurs appreciably at temperatures of 900 °C and higher. ZnO nanowires decompose readily at
these temperatures in inert atmosphere and in air. Oxygen gas is used as the carrier gas with a
approximate flowrate of 50 scem. At 900 °C, indium inclusion formation occurs rapidly, with
partial inclusions visible after 5 minutes. Due to ZnO decomposition, it is ideal to keep the
annealing time as short as possible: one hour at 900°C is usually sufficient. However, MZO
nanowires display better thermal stability and are stable at 900 °C for several days. At this tem-
perature, no significant differences are observed in IGZO samples annealed for 4 hours and 96
hours; periodicity or sample uniformity do not appear to improve with further annealing at 900
°C. In addition, no significant differences are observed in samples that are rapidly cooled versus
samples with slow (10°C/min) cooling rates.

3.4. Structural analysis of conversion-synthesized MZO
nanowires

3.4.a. Structural analysis of IGZO nanowires

The solid-state diffusion process used to generate the MZO nanowires maintains the
original morphology of the nanowire array and only minor etching is observed, as seen in the
SEM images taken before (Figure 3.8a) and after (Figure 3.8b) alloy formation. The dimension
of MZO nanowires made in this study vary depending on the ZnO nanowire synthesis and the
overall metal layer thickness. The typical diameters of the initial nanowires are 80-130 nm for
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Figure 3.8: XRD and SEM of IGZO nanowire arrays. a-b) Scanning electron microscope images of
ZnO (a) and 10/10 IGZO (b) nanowires. ¢) X-ray diffraction of ZnO (bottom), 10/10 IGZO (middle),
and 40/40 IGZO (top) nanowires using a Cu K source. The peaks at 10° and 7° correspond to the 7 = 1
and 7 = 2 spacings predicted for IZO. The weak peak at 5° is an instrument artifact.

sputtered-film-grown ZnO and 30-60 nm for colloid-grown ZnO. The strong 002 peak in the
x-ray diffraction (XRD) pattern indicates that the ZnO nanowire array is highly oriented and
largely maintains the orientation after the conversion (Figure 3.8c). No In,O5 or Ga,O; peaks
wete observed in the 10/10 IGZO sample, but the weak unidentified peaks in the 40/40 IGZO
sample may belong to an alloy of indium and gallium oxide. In the IGZO nanowire alloys, there
is little shift from the position of the ZnO nanowire diffraction peaks, but peak broadening
towards smaller angles is observed, suggesting the formation of non-uniform alloys. No peaks
below 30° are obsetved for ZnO or 10/10 IGZO, but new peaks appear in the low-angle region
(<10°) for the 40/40 IGZO sample, corresponding to spacings of 0.86 and 1.12 nm, which are
in good agreement with the predicted lattice constants for IZO with » = 1 and » = 2 (793). The
relative peak heights suggest that » = 2 is the dominant composition in 40/40 IGZO. In addi-
tion, weak higher-order peaks for » = 1 and #» = 2 are observed in the 15-30° range.

Transmission electron microscope (TEM) images of 10/10 IGZO nanowires (Figure
3.9a) show modulated contrast along their longitudinal axis in nearly all nanowires imaged,
which can be attributed to the formation of the indium inclusion layer. To confirm the structure
of our nanowires, Z-contrast scanning transmission electron microscopy (STEM) imaging was
done using a 300 kV double-Cs-corrected STEM capable of 50 pm resolution. In Z-contrast
images, the intensity is approximately proportional to the mean square of the atomic number of
the constituent atoms. Thus, using Z-contrast imaging, the position of In (Z = 49) can be unam-
biguously determined, but Ga (Z = 31) and Zn (Z = 30) cannot be distinguished from one
another since their atomic numbers differ by only one. Oxygen cannot be imaged due to its rela-
tively small atomic number. Figure 3.9b is a Z-contrast image of a 10/10 IGZO nanowire cleatly
showing the presence of In-enriched layers (brightest lines) oriented perpendicular to the [001]
direction, in agreement with the bulk IZO structure.
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Figure 3.9: IGZO nanowires. a) TEM image of multiple IGZO nanowires. b) Z-contrast STEM image
of a 10/10 IGZO nanowite. The Z contrast in the image cleatly shows that In atoms are preferentially
located within layers oriented perpendicularly to the nanowire growth direction.

Energy dispersive x-ray spectrometry (EDS) confirms the presence of In, Ga, and Zn in
the IGZO nanowires (Figure 3.5), with an In:Ga atomic ratio of approximately 1:1 in all nanow-
ires. The (In+Ga):Zn ratio varies depending on the diameter of the starting ZnO nanowire and
local metal coating thickness. EDS two-dimensional mapping is used to study elemental concen-
tration in a 28 nm x 50 nm region of 10/10 IGZO. The STEM image in Figure 3.10a is overlaid
with EDS maps in for In, Ga, and Zn in Figure 3.10b-d. The In map shows that In is concen-
trated in single layers perpendicular to the nanowire and correspond with the bright regions in
STEM, while Ga and Zn tend to be present throughout the region. While a decrease in Zn signal
is observed at the octahedral layers, Ga appears to also concentrate in the octahedral layers, sug-
gesting that their true composition is In; Ga,O, . Zigzags were seen in all four types of alloys
synthesized in this study (Figure 3.5), but were not apparent in those alloys with small 7 Also,
since the trigonal bipyramidal sites may be occupied by In, Ga, or Zn atoms in the IGZO
nanowires, the zigzags appear faint in the Z-contrast images and in some cases are not

discernable.

Figure 3.10: EDS Mapping of IGZO nanowires. STEM image of an IGZO nanowire (a) and the corre-
sponding EDS element maps for In (b), Ga (c), and Zn (d) overlaid on the original image.
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Figure 3.11: HR-STEM of IGZO nanowires. a-b) HR-STEM image of 10/10 IGZO (a) and 40/40
IGZO (b) nanowires showing individual RO, layers sandwiched between multiple MZ0,0,." layers. c)
HR-STEM image highlighting the change in stacking sequence across a RO, layer. d) Intensity line profile
and d spacing across a RO, layer taken from a HR-STEM image. On either side of the inclusion, the 4
spacing shows an expansion of ~17% relative to that of pure ZnO. e) Frequency of different # values of
the MZn,0,," layers measured from HR-STEM images of several 10/10 IGZO nanowites.

High-resolution (HR)-STEM is used to confirm that the atomic structure of converted
IGZO nanowires is the MZO structure, as shown in Figure 3.11a-b for 10/10 and 40/40
IGZO. The In atoms sit on individual planes and are separated by wurtzite MZn,0,.," slabs of
varying thickness, although zigzags are rarely observed. Only single layers of In atoms were
observed in the 10/10 IGZO nanowires, consistent with the layers being composed of octahe-
drally-coordinated InO,, which has been shown to be the most stable configuration for In
within the MZO structure (793). Careful study of Figure 3.11a reveals the IDB and stacking fault
behaviors of the octahedral layer, diagrammed in Figure 3.11c. In agreement with XRD, the &
spacings in the MZn,O,.," layers are unchanged from (002) in pure ZnO (0.26 nm), but the
octahedral RO, planes force a local 17% increase in the 4 spacing (0.30 nm) on either side of the
inclusion layers (Figure 3.11d). The 4 spacings were determined by taking an intensity line profile
across an inclusion in a HR-STEM image and measuring the distance between peaks. This
change in d-spacing on ecither side of the In/Ga inclusions corresponds with that reported by
Yan et al. and Jie et al. on IZO (786, 204). This significant increase in 4 spacing around the inclu-
sion layer is associated with a large amount of lattice strain.
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To approximate an # value for the 10/10 IGZO nanowires, the number of atomic layers
in each MZn,O,.," slab was counted for several nanowires Figure 3.11€). The average 7 is 11,
but the most frequent is 6. # can be related to the inter-inclusion spacing (¢) between RO, layers
by the following equation:

¢(nm) = 0.61, + 0.26, 7, ©

where 0.61, nm corresponds to twice the distance of the & spacing immediately adjacent to the
RO, octahedral layers and 0.26, nm corresponds to the (002) d spacing for wurtzite within the
MZn,0,.;" slabs (subscripts indicate insignificant figures). Using equation (7), the average spac-
ing between RO, octahedral layers in the 10/10 IGZO nanowitres 3.50 nm and the most fre-
quent is 2.19 nm.

The amount of metal deposition was varied to determine its effect on RO, layer density
(Figure 3.12a-d). The surface of the 40/40 IGZO nanowire shown in Figure 3.12d appears
rough due to the presence of oxide particles left over after the solid-state diffusion process.
However, most IGZO nanowires in the sample did not show surface particles. Line intensity
profiles drawn perpendicular to the RO, inclusions were used to generate power spectra (Figure
3.12e-h) from the HR-STEM images shown in Figure 3.12a-d. The power spectra show the most
common frequencies (1/¢) within the nanowires, providing information regarding the RO, layer
spacings and the periodicity of the spacings. The range of frequencies obtained from the 10/10
IGZO power spectrum match the # values that were manually counted in Figure 3.11e. As the
thickness of metal deposition is increased the most common frequencies shift to higher 1/¢
(smaller #, smaller /) indicating that the distance between RO, layers decreases with increased
metal deposition. The periodicity also increases with metal deposition, which can be seen in the
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Figure 3.12: IGZO metal coating thickness dependence. a-d) High-angle annular dark field images of
annealed IGZO nanowires distinguishes the presence of heavier elements as brighter regions. prepared
with 5 nm of In/5 nm of Ga (a), 10/10 (b), 20/20 (c), and 40/40 (d). e-f) The fast Foutier transform of
the line intensity profiles obtained from (a-d).
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emergence of distinct peaks (Figure 3.12g-h). The power spectrum of 40/40 IGZO indicates
that the majority of RO, layers in the 40/40 IGZO are separated by 2 or 3 layers of MZn,0,.1",
which can be visually confirmed in the HR-STEM image taken from same 40/40 IGZO
nanowire sample (Figure 3.11b). While Figure 3.12h only contains information about a single
HR-STEM image, it is in good agreement with the XRD measurement on the nanowire array in
Figure 3.8c. It is evident from these power spectra that both 7 and the superlattice periodicity

can be controllably tuned by adjusting the amount of metal deposition.

3.4.b. Structural analysis of IFZO nanowires

As in IGZO nanowires, manipulation of the # value is also easily controlled in the

indium iron zinc oxide system by varying the thickness of the metal coating. Figure 3.13 shows
the dependence of inclusion density IFZO as a function of metal deposited, from 10 nm In/5
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Figure 3.13: IFZO metal coating thickness dependence. a-d) TEM images of annealed IFZO nanow-
ires prepated with 10 nm of In/5 nm of Fe (a), 30/15 (b), 50/25 (c), and 70/35 (d). €) HRTEM of a
70/35 IFZO nanowire. f) EDS specttum of 70/35 IFZO. g) XRD of several IFZO preparations. InFe,O,
is observed in the samples high metal loadings. Low-angle XRD of 70/35 IFZO showing » = 2 and » = 1

diffraction peaks (inset).
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nm Fe to 70 nm In/35 nm Fe. In 10/5 IFZO (Figure 3.13a), few inclusions are observed and
many do not extend completely through the nanowire. However, in Figure 3.13c-d, there is
enough metal that the inclusions are completely formed and the average layer spacing is 2.5 nm.
Characterization by EDS shows that these samples are 1:1 In:Fe (+ 10%) due to the molar vol-
umes of each metal (Fe: 7.1 mol/cm’, In: 15.7 mol/cm’). X-ray diffraction indicates that the
nanowires arrays remain highly oriented, as only the ZnO 002 and 101 and substrate peaks are
observed (Figure 3.13g). For 50/25 IFZO and samples with higher loading, a small amount of
InFe,O, is observed. In the 70/35 IFZO, low angle peaks corresponding to » = 1 and # = 2
periodicity is observed.

The high directionality of e-beam evaporated iron (as opposed to thermal evaporation of
In and Ga) preferentially deposits at the top of the nanowire array (Figure 3.14a). Additionally,
the high melting point of iron acts to limit metal diffusion across the nanowire surface, as in
InGa, so highly-loaded IFZO nanowires tend to have a large amount of indium and iron
deposited at the nanowire tips, sometimes leading to joined nanowires as shown in Figure 3.14b.
Further, HRTEM of the nanowire tips reveal two phases (Figure 3.14c): an IFZO-structured
phase and a non-layered phase, which may be the InFe,O, phase observed in XRD (Figure
3.13g).

In addition to varying the (In+Fe):Zn ratio, IFZO nanowires were prepared with 1:2 and
1:4 In:Fe ratio (Figure 3.15). Surface particles were observed in the 1:2 and 1:4 In:Fe samples,
which were identified as pure Fe,O; by EDS. EDS analysis of particle-free regions of 20/20 and
20/40 IFZO samples revealed enhanced but non-stoichiometric incorporation of Fe, 1:1.6 and
1:1.9, respectively. As previous attempts to prepare Fe,O3(Zn0O), were unsuccessful, it was
already known that Fe,O; is unreactive at 900 °C. Given that the phase diagrams for In-Fe and
In-Fe-O show that liquid indium metal can accommodate ~1% iron, it is surprising that the dif-
fusion of In into ZnO facilitates the diffusion of Fe into ZnO at even faster rates (270, 277).

Figure 3.14: IFZO nanowire tips. a) SEM image of IFZO nanowires. b) TEM image of IFZO nanowire
tips. ¢) HRTEM of the nanowire tip. The layered IFO phase is on the right and then InFe,O,4 phase on the
left.
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Figure 3.15: Varying In:Fe in IFZO. TEM images of IFZO prepared with varying In:Fe ratios. 1:1
20/10 IFZO (a), 1:2 20/20 IFZO (b), and 1:4 20/40 IFZO (c).

3.4.c. Structural analysis of IZO nanowires

Early preparations of IZO nanowires were performed without oxidation of the indium
metal coating. These IZO samples did not exhibit a strong correlation between deposition thick-
ness and inclusion density, especially above 15 nm of In (Figure 3.16). In 25 IZO, inclusions are
especially irregular and large surface particles of In,O; are formed (Figure 3.16d). These particles
are routinely observed in all preparations of IZO at 900 °C and do not decrease with increasing
reaction time. At this time, it was not possible to anneal at higher temperatures without signifi-
cant decomposition. As the observed particles were far larger than the deposited metal films, it
was suspected that indium metal (melting point = 157 °C) was melting and undergoing Ostwald
ripening to form larger, unreactive droplets before eventually being oxidized. It remains unclear
why a similar behavior is not observed in IGZO, in which indium and gallium can form a eutec-
tic and melt at even lower temperatures.

In order to prevent the coating from melting and ripening, a plasma etcher was used to
oxidize In” to In,O; (melting point = 1910 °C). X-ray photoelectron spectroscopy measurements
were collected to confirm the change in oxidation state (Figure 3.17a). The O 1s peak was
observed in both samples due to ZnO. While a shift in the In 3ds/, was not as large as previously
reported for oxidation of In to In,O5 (+1.4 £ 0.2 eV), a positive shift was observed and the oxi-
dized peak is in fair agreement with the reported value for In,O; (444.9 V) (272). The treatment
did not have any discernible effect on the ZnO NWs by TEM analysis (Figure 3.17b-c).

With this simple additional step, more uniform IZO nanowires were prepared, even for
10 IZO (compare Figure 3.16b to Figure 3.17d). By repeating the deposition, oxidation, and
annealing steps, compositions as high as 75 IZO were prepared. However, oxidizing the metal
film did not improve annealing for thick indium oxide films and large indium droplets continue
to suffer from low reactivity at 900 °C. New synthetic techniques for developed to prepare IZO
at higher temperatures.
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Figure 3.16: IZO nanowires. TEM images of IZO nanowires prepared from a 5- (a), 10- (b), and 15-nm
(¢) In” metal coating. The inclusions are relatively low and irregularly spaced in all preparations. Surface
particles of In,O; are commonly observed (c).
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Figure 3.17: IZO nanowires prepared after metal oxidation. a) X-ray photoelectron spectroscopy
spectrum of the indium metal coating on ZnO nanowires before (top) and after (bottom) oxygen plasma
treatment. Literature reports that the In 345/, peak in In,Os is shifted +1 eV relative to In". b-c) TEM
images of the In coating before (b) and after (c) oxidation treatment. d-e) TEM images of annealed 10
120 (d) and 50 IZO (e) nanowires. The 50 IZO sample was deposited in 4 steps.

Sealed-tube annealing technique

ZnO stability is clearly improved by annealing in pure oxygen gas, but nanowire decom-
position remains a problem in sparse arrays and single-nanowire samples. Additionally, increas-
ing the annealing temperature might improve the reactivity of thick metal films, improve sample
uniformity, and allow for new compositions, such as Fe,O;(Zn0O), or ErRO;(Zn0), nanowires,
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that have yet to be prepared. Initially, it was believed that increasing the oxygen partial pressure
alone was enough to limit decomposition and that increasing the pressure above one atmosphere
during annealing might allow for annealing at higher temperature.

To achieve higher pressures, samples were sealed inside of a quartz tube filled with
oxygen at 1 atm. In elevating the temperature to 1050 °C for annealing, the internal pressure is
increased to 4.4 atm. An 8-inch long quartz tube (OD: 12.75 mm, ID: 10.5 mm) was prepared
with one sealed end and a pinch point three inches from the sealed end. Metal coated substrates
were loaded through the pinch point and a rubber septum was fitted over the open end of the
quartz tube. The tube was purged with oxygen using a fully-inserted 8-inch syringe needle and a
second short syringe needle inserted just inside the septum to allow venting. The tube was sealed
at the pinch point by an oxymethane torch and then annealed.

Using these techniques, IZO and IGZO nanowires were successfully prepared using
thick metal coatings that are unreactive under normal annealing conditions at 900 °C without
oxidation or repeated deposition cycles. Sputtered-Au-grown ZnO nanowire arrays were pre-
pared with 50 nm In and 40 nm In and 40 nm Ga, without plasma etcher treatment. After
annealing at 900 °C (~3.9 atm) for 1 hour, the In-coated sample was unreacted and had formed
surface In,O; particles (Figure 3.18a). When the temperature was increased to 1050°C (~4.4
atm, 1 hour), inclusions are formed in both IZO and IGZO (Figure 3.18b-c). However, all
nanowires observed in TEM still showed signs of surface etching and were less than 4 um long,
likely due to the fragility of the nanowires and breakage during annealing or TEM grid prepara-
tion. SEM imaging shows significant damage in ZnO and IZO at 1050 °C, with malformed and
fallen nanowires (Figure 3.19).

Figure 3.18: TEM of annealed nanowires by sealed-tube method. a) ZnO nanowire with 50 nm of
In” annealed at 900°C, ~3.9 atm, 1 hour. b-c) 50 IZO (b) and 40/40 IGZO (c) nanowires after annealing
at 1050°C, ~4.4 atm, 1 hour.
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Figure 3.19: SEM of annealed nanowire arrays by sealed-tube method. a) ZnO nanowires annealed
at 900°C, ~3.9 atm, 1 hour. b-c) ZnO (b) and IZO (c) nanowires after annealing at 1050 °C, ~4.4 atm, 1
hour. Inset shows magnified view of individual nanowires.

"Sandwich" annealing technique

Following the partial success of the sealed-tube experiments, attempts were made at
increasing the local concentration of ZnO vapor to decrease the decomposition rate. Initial
attempts included annealing IZO substrates on a boat of ZnO powder (substrate face up and
face down), but this did not yield any significant improvements. Inspired by an IGZO thin-film
synthesis, the metal-coated ZnO substrate was covered with another ZnO nanowire substrate
(203). This not only introduces a local ZnO vapor source but also limits diffusion allowing for
the ZnO decomposition to equilibrate with ZnO vapor.

170 nanowires were prepared from a sputtered-Au ZnO array and were coated with 50-
nm In metal without oxidation. A second uncoated substrate of sputtered-Au ZnO nanowires
were placed on top and annealed in pure oxygen at 1100 °C for 2 hours. The resulting nanowires
were exceptionally stable against corrosion in this configuration and although the SEM shows a
large number of unoriented nanowires disconnected from the substrate, the majority of the
nanowires appear to be greater than 5 um in length (Figure 3.20a). It is unclear if the loose
nanowires are from the IZO substrate or the sacrificial substrate and whether than can be easily
removed by sonication without damaging the IZO array. Few surface particles are observed, and
minimal etching is observed (Figure 3.20b-c). Conjoined IZO nanowires are observed more fre-
quently than in other IZO samples and often appear to be epitaxially matched and single-crys-
talline (Figure 3.20c). Additionally, the nanowires prepared at higher temperature are much more
ordered, in terms of periodicity and zigzag structures, compared to IZO nanowires prepared at
900 °C. This technique offers a possible direction forward to higher-quality, single-composition
IZ0 nanowires, especially if combined with a more uniform deposition technique.
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Figure 3.20: ""Sandwich" Annealing of IZO. a) SEM image of nanowires prepared by annealing with a
second ZnO nanowire substrate pressed against the ZnO/In’ substrate. b-d) TEM images of prepared
170 nanowites, displaying no sutface particles, low surface roughening, and high inclusion density.

3.4.d. Structural analysis of other MZO nanowire compositions

In addition to the indium-containing MZO compositions, attempts have been made at
Fe,05(Zn0),, Y,05(Zn0),, Er,05(Zn0),, and ErRO;(Zn0O), nanowires using the conversion
synthesis and electron-beam evaporated metal films. Unfortunately, inclusions have not been
observed in any of these materials after annealing at 900 °C. Even brief reactions at 1075 °C
have failed to turn up any partial inclusions in Y,O3(Zn0O),. In all cases, we observe oxide parti-
cles on the ZnO nanowire surface after annealing (Figure 3.21).

While numerous other compositions of MZO materials have been prepared in the bulk
phase, much higher temperatures are utilized over multiple day reactions. An incomplete list
(arranged by temperature) of the various MZO elemental compositions and preparation condi-
tions is compiled from literature in Table 3.1. Unsurprisingly, the indium-containing composi-

Figure 3.21: Non-indium-containing MZO nanowires. TEM images of unsuccessful attempts at other
MZO compositions. These samples were prepared with 15 nm of Fe (a), 26 nm of Y (b), 25 nm of Er (c),
and 12.5 nm of Er and 12.5 nm of Fe (d).
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tions require the lowest necessary temperature, leading to their ease in nanowire preparation.
MZO alloys prepared from heavier elements might provide even more thermoelectric benefit
than materials prepared from lighter elements. The sandwich annealing technique may possibly
make Fe,O5(ZnO)# feasible, as this is the next lowest-temperature preparation after the indium-
based MZO materials.

Table 3.1: Literature annealing conditions of various bulk MZO compositions.

Composition Temperature (°C) Time (days) Ref.
In,05(Zn0O), 1100 3 (180)
InFeO3(Zn0O) 1150 7 (182
InGaO;ZnO 1150 7 (184)
Fe,05(Zn0O);5 1300 7 (197)
LuFeO5ZnO 1350 2 (182)
LuGaO;Zn0O 1350 3 (182
YbFeO;Zn0O 1350 2 (182
YbGaO;ZnO 1350 1 (182
Ga,05(Zn0O)y 1350 11 (184)
ErFeO;(Zn0O), 1450 4 (182
ErGaO;(Zn0O), 1450 4 (182)

3.5. Mechanism of conversion synthesis

The diffusion rates of In, Ga, and Zn within ZnO are extremely high at the 900°C
annealing temperature, with values of 6.62x10"%, 1.09x10™", and 1.13x10™ cm’s’, respectively
(213, 214). DFT calculations show that Zn atoms diffuse through ZnO using Zn vacancies
(215). Based on their activation energies for diffusion, In and Ga are also thought to diffuse
through Zn vacancies, though some controversy exists regarding their true activation energies
(214, 216, 217). One possible mechanism is that In and Ga diffuse into the nanowire, which
strain and deform the wurtzite lattice of the pure ZnO. This strain is eventually relaxed by creat-
ing octahedral In/Ga inclusions and trigonal bipyramidal layers. However, this mechanism
would likely produce perfectly spaced inclusion layers and an organized zigzag structure, which
is not observed in nanowires prepared by the conversion chemistry technique.

Defects such as edge dislocations, stacking faults, and inversion domain boundaries are
known to attract impurities and can assist in the formation of impurity inclusions (276). In some
of the nanowires synthesized in this study, especially those made with lower amounts of In and
Ga, partial inclusions were observed (Figure 3.22). The ends of these partial inclusions are usu-
ally associated with edge dislocations with the dislocation line lying at the leading edge of the
MO, plane (790). Edge dislocations can be seen in Figure 3.22b in the HR-STEM image of two
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Figure 3.22: Edge dislocations at partial layers. a) Z-contrast STEM image of a 10/10 IGZO
nanowire. The arrows indicate the presence of partial inclusions, all of which are connected to one side of
the nanowire. b) HR-STEM image of IGZO oriented on the [010] zone axis with two incomplete MO,
layers and the corresponding FFT (inset). ¢) Z-contrast HR-STEM image of IGZO showing three partial
inclusions. The two partial inclusions at the top of the image appear to be merging together via edge dislo-
cation climb to create a single complete inclusion layer. d-e) Moiré images of the 002 (d) and 102 (e)
reflections clearly showing the presence of edge dislocations at the end of each incomplete MO, layer.

partial inclusions. Moiré images taken along the 002 and 102 reflections clearly show the pres-
ence of the edge dislocations. Partial inclusions are always connected to one surface of the
nanowire (Figure 3.22a), indicating that the growth of the inclusion starts at the surface and pro-
ceeds across the diameter of the nanowire until it either reaches the opposite side or connects
with an inclusion growing from the opposite side (Figure 3.22c).

If the inclusions are growing through a defect-assisted process and the inclusion forma-
tion begins at the nanowire surface, then the edge dislocation must somehow nucleate near the
surface. One possible scenario is that the edge dislocations are formed on the nanowire surface
via heterogeneous nucleation, which occurs with the help of defects such as impurity atoms.
Since In has a larger radius compared to Zn, the dissolution of In within the wurtzite lattice will
create strain. The presence of dislocations within the lattice can relax some of this strain if the In
atoms diffuse towards the dislocations and eventually occupy those lattice positions below the
edge dislocations where the lattice is already expanded. The edge dislocation basically creates a
“hole” in which the larger In atoms can sit. Due to the high diffusion rate of In within the ZnO
lattice, the In atoms can rapidly concentrate at the sites of edge dislocations. Since the In atoms
have a mutual attraction they can crystallize into another phase (octahedrally coordinated MO;")
which will flow in one direction towards the dislocation. The growth of the inclusion will con-
tinue along the dislocation until the concentration of In within the lattice decreases to the point
at which equilibrium is reached. In the lower concentration samples, more partial inclusions can
be observed, likely resulting from insufficient quantities of In atoms necessary to complete the
inclusions. In the 40/40 samples with higher concentrations of In, no partial inclusions were
observed. Given that inclusion formation is driven by the inhomogenous presence of metal pre-

-59_



cursor at the surface, there is little order observed until very high metal loadings, when every
possible inclusion position is occupied.

It is suspected that the defect-assisted octahedral layer formation causes local changes in
the layer stacking but that a high activation energy limits the propagation of the reordering
through the MZn,0,.;" slab. As a result, the second inversion to reorient the polarity in the slab
layer is accomplished through random defects, rather than an ordered defect such as the modu-
lated zigzag layer. In order to observe an organized zigzag structure, much higher annealing tem-
peratures are necessary.

Since In and Ga are substitutional dopants, Zn atoms must diffuse out when the In and
Ga atoms diffuse in. The Zn atoms diffuse to the surface of the nanowire, leading to a modula-
tion in the diameter (Figure 3.22a). In areas of higher inclusion density, the diameter of the
nanowire is slightly thicker (more In and Ga diffused in, more Zn diffused out) compared to
areas of lower inclusion density. However, this can also be explained by etching of the ZnO
nanowire at high temperature, which is inhibited by the presence of inclusion layers that act to
increase the thermal stability of ZnO.

While the phase diagram for bulk IZO (Figure 3.1) covers the temperature ranges from
1100-1400 °C, several compositions of IZO and IGZO have been prepated in the bulk by
annealing at 1050 °C by a simple solid state reaction of In,O5 and ZnO powders in air for 48
hours. However, no IZO or IGZO phases were observed by XRD for bulk powders annealing
at 900 °C. On the other hand, the conversion synthesis for MZO nanowites has shown that
solid state diffusion occurs spontaneously in ZnO nanowires at 900°C, given that the metal coat-
ings are thin and particle ripening is prevented. This suggests that the thermodynamics of MZO
formation at low temperature are made favorable by the surface energy contribution of ZnO
nanowires and small metal and metal oxide surface particles. During annealing, free energy is
reduced by the formation of the MZO structure or by the ripening of surface particles. Thus, the
nanoscale metal thin films and droplets deposited by the evaporator are ideal for MZO forma-
tion, while thicker coatings and large surface particles have decreased or no reactivity.

A schematic illustration summarizing the surface processes in IZO formation is shown
in Figure 3.23. Metal particles on the surface may be oxidized by the oxygen atmosphere at ele-
vated temperatures, diffuse on the surface, ripen, and contribute to inclusion formation. As sur-
face particles diffuse or are depleted, inclusions may be cut off from an indium source, resulting
in partial inclusions. ZnO decomposition occurs increasingly rapidly at high temperatures result-
ing in surface faceting, but may stabilized by local Zn and O, vapor concentrations, as well as
surface oxide particles and MZO inclusions. Small metal indium oxide particles readily con-
tribute to IZO formation, while large patticles and thick films are inactive at 900 °C (but increas-
ingly reactive as temperature is increased to 1100 °C). Finally, ZnO counterdiffusion along inclu-
sions to the surface may contribute to the faceted appearance of annealed nanowires.
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Zn (g)

Figure 3.23: Schematic diagram of the ZnO nanowire surface in IZO formation. ZnO is indicated
by light gray, In,O; by dark gray, and In" by black. Inclusions are represented by solid lines. Dotted lines
inclusion diffusion. (1) Liquid In’ particle is oxidized by high-temperature and oxygen atmosphere. (2)
Liquid In” diffuse across surface and ripen into large particles. (3) ZnO NW is thermally unstable and
vaporizes, but the decomposition is in equilibrium with the local Zn vapor concentration. (4) Inclusions
lend stability to ZnO, limited etching in areas of high inclusion density. (5) ZnO counterdiffusion into the
sutface particles is suspected. (6) Large In,O; patticle is inactive at 900 °C and no inclusions are formed.
(7) Partial inclusions that have depleted the indium source on the surface. (8) Partial inclusions that have
been cut off from an indium source due to particle diffusion (2).

3.6. Optical Properties

The absorption and PL emission properties of indium zinc oxide have been well
reported, especially in the nanowire literature, but remains largely unknown for IGZO, IFZO,
and other compositions (796, 205). Kudo and Mikami report a large shift in the absorbance
onset (as measured by diffuse reflectance) from from 385 in ZnO to 480 nm in bulk IZO;
powder, which they attribute to an intrinsic band transition given the steep onset and no appat-
ent shoulder features (796). However, PL studies of IZ0, IGZO and InAlO;(Zn0O), nanowires,
observe band-edge PL emission at 3.20 eV, compared to 3.28 ¢V in ZnO, suggesting that the
mechanism of absorption is not due to a change in band gap, but rather from defect states (205,
206, 219). Given the 17% local lattice strain observed around the inclusion layer in IGZO
nanowires (Figure 3.11d), it is reasonable to believe that both mechanisms have a role in the
observed shift.

Bulk samples of IZO, 1GZO, and IFZO were prepared by solid state reaction at
1100 °C. The absorption spectra was measured in an integrating-sphere-equipped UV /Vis spec-
trometer, which allowed for the collection of both transmission and diffuse reflection (Figure
3.24). IGZO; showed a minimal shift in absorption compared to ZnO (410 nm vs. 388 nm).
1Z0;, which appears bright yellow, has an absorption onset of 465 nm. IFZO; has two shoul-
ders and an absorption tail that extends out to 600 nm (it was determined to be free of contam-
ination by XRD). Assuming that the band gap is modified by lattice strain within the slab layer, it
is reasonable that IZO has a larger shift than IGZO, given the ionic radii. As the ionic radius of
iron is intermediate of gallium and indium, we would expect the band gap of IFZO to be inter-
mediate of IGZO and IZO, which is observed near the IFZO peak when the shoulders are
ignored. These two extra features in IFZO are likely due to the strong visible transitions associ-
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Figure 3.24: UV-visible absorption spectra of ZnO and MZO bulk powders. Spectra was collected
using an integrating sphere to account for scattering and reflection. In order of onset is ZnO (1), 388 nm,
1GZ0; (2), 410 nm, IZ0s (3), 465 nm, and IFZ0; (4), 600 nm.

ated with iron and perhaps metal-metal charge transfer. The PL emission of the bulk powders
was tested to gain more insight on the change in band gap of the different species, but no band-
edge emission was observed from the IZO and IGZO samples when illuminated with a 325 nm
laser. IFZO had no emission at all, suggesting a high concentration of non-radiative trap states.

The absorption and emission properties of MZO nanowire arrays prepared with the con-
version synthesis were also studied. The 40/40 IGZO nanowite atrray behaves very similarly to
bulk IGZO, shifting to an absorption onset of 410 nm with a loss in the sharpness of the curve
(Figure 3.25a). The 120 and IFZO nanowire arrays were much lower performing than their
bulk counterparts (Figure 3.25b), with onsets of 420 and 500 nm, respectively, although these
spectra are difficult to interpret due to the strong scattering of visible light due to the nanowire
array (reflection data was unavailable to account for scattering). While the initial ZnO nanowire
arrays had strong band edge emission, this was lost after conversion and no significant band-
edge emission was observed in IZO and IGZO (Figure 3.25c). In both cases, a broad defect
emission band was centered at 540 nm, which may possibly be related to the normally observed
green emission in ZnO (at 506 nm in the initial ZnO arrays here).
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Figure 3.25: UV-visible absorption and PL spectra of ZnO and MZO nanowire arrays. a) Integrat-
ing sphete absotbance spectra of ZnO (red) and 40/40 IGZO (blue) nanowites. b) Absotbance (1 —T)
spectra of ZnO (red) 50 IZO (gteen), and 70/35 IFZO (orange) nanowites. The high background across
the visible spectrum is due to scatteting by the nanowire atray. ¢) PL spectra of ZnO, 40/40 IGZO, and
50 IZO. The initial ZnO NWs have strong band-edge PL emission, but this is lost after conversion to
IGZO, which only emits defect PL. Even at 27 K (dotted line), only defect emission is observed.

3.7. Transport properties

The presence of the MO, inclusions alters both the thermal and electrical properties in
the converted IGZO nanowires. While ZnO can exhibit relatively high intrinsic electrical con-
ductivity due to formation of oxygen vacancies acting as donor states, the introduction of slight
amounts of Al, In, or Ga can further increase the conductivity when substituted for Zn (764).
Electrical devices were made by either drop-casting or micro-manipulating nanowires onto a Si
chip with 200 nm of thermal oxide on the surface. The nanowires were top-contacted using
metallic contacts defined by standard photolithography techniques. Ti/Au was used as the con-
tact and Ohmic contact was achieved after rapid thermal annealing (755). Seebeck coefficients
were determined by measuring the thermal voltage induced by passing current through a heating
coil near the nanowire. The contacts where used as resistive thermometers to measure the tem-
perature difference across the nanowire. Thermal transport in individual nanowires was accom-
plished using pre-fabricated MEMS devices, upon which single nanowires were physically

manipulated using thin tungsten probe tips. Full descriptions of the measurement scheme can
be found in reference (220).

The increased electrical conductivity observed at room temperature in the IGZO nanow-
ires when compared to the ZnO nanowires is consistent with that of a slightly doped semicon-
ductor (Figure 3.26a). However, considering the relatively large amount of In and Ga incorpora-
tion (greater than 2% atomic of metal atoms each from EDS), the observed increase in
conductivity is smaller than expected. While the In and Ga impurities can act as electrical
dopants in ZnO when substituted for tetrahedrally-coordinated Zn, In and Ga also sit in the
trigonal bipyramidal sites, helping to preserve electroneutrality and reducing the number of gen-
erated carriers. Moreover, the MO, inclusions can act as barriers to oxygen diffusion leading to
decreased conductivity by suppressing the formation of oxygen vacancies (227). Interestingly,
the linear temperature-dependent resistance of 1GZO, as seen in Figure 3.20a, is not typical
behaviour for a slightly doped semiconductor (of which pure ZnO nanowires are an example)
nor of a degenerately doped semiconductor (which should give metallic behaviour). This devia-
tion from the classical semiconducting behaviour indicates a departure from the typical thet-
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Figure 3.26: Single-nanowire electrical measurements. a) Electrical conductivity as a function of tem-
perature for a 120-nm diameter 5/5 IGZO nanowire (blue citcles) and a 110-nm diameter ZnO nanowire
(red squares). b-c) Seebeck coefficient (b) and power factor (c) as a function of temperature measured for
the same nanowires in (a). Inset shows a SEM of an individual nanowite in a fout-point FET/Seebeck
device. d) Carrier concentration as a function of mobility, as measured from the FET geometry. No diam-
eter dependence was obsetved for ZnO or IGZO nanowites in the range of 75-130 nm.

mally-activated mechanism. The octahedral layers could be acting as potential barriers to elec-
tron diffusion, leading to alternative transport mechanisms such as pseudo variable-range hop-
ping or percolation conduction (222).

The presence of the inclusion layers also has an effect on the Seebeck voltage (Figure
3.26b). At 300 K, the Seebeck coefficient grew in magnitude from —188 pV K" in ZnO nanow-
ires to —402 uV K" in IGZO nanowires. This increase may be an effect of the potential barriers,
which could act as low-energy electron filters (223). When a temperature gradient is applied,
charges diffuse to states of lower chemical potential. While most of these states are on the colder
side, unoccupied states on the hotter side allow for charge diffusion in the opposing direction,
thereby limiting the overall potential that can develop for a given temperature gradient. Charges
that participate in back diffusion are referred to as “cold electrons” (for n-type semiconductors)
since they posses lower carrier energy. However, potential barriers with appropriate energy levels
can act as low energy charge filters by preferentially affecting their mobility (224). By limiting the
amount of back diffusion, a larger potential can develop, resulting in an increased Seebeck
coefficient.

Aside from filtering, the possibility exists that electronic quantum confinement caused by
closely spaced inclusion layers contributes to the rise in Seebeck values (49). Since ¢ values of
less than 2.34 nm (exciton Bohr radius of ZnO) were observed, thermopower enhancement
might be due to slight changes in the density of states near the Fermi level (225). While difficult
to quantify at this time, the random nature of the single crystalline, polytypoid nanowires per-
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haps plays a role in these and other transport phenomena. Further theoretical and experimental
investigations are required in order to paint a clearer picture of this general nanowire system.

Regardless of the source of enhancement, when increases from both the electrical con-
ductivity and the Seebeck coefficient are combined, the resulting power factor (5%c) for the
IGZO nanowires is 0.6 mW m™ K, which is 58 times larger than that for pure ZnO nanowires
and approximately 6 times greater than the highest reported bulk IZO value at 500 K (Figure
3.26¢) (226).

To ensure that the observed Seebeck enhancement is not due to mere increases in impu-
rity scattering, FET mobilities were measured on the same nanowires from which the electrical
conductivity and Seebeck coefficient were determined (Figure 3.26d). Both carrier concentration
and mobility enhancements were observed when compared to the pure ZnO nanowires. This
indicates that the carrier concentration, and not the mobility, is the limiting factor in the electri-
cal conductivity, contrary to what may have been suspected based on the defects that accompany
each MO, layer. Furthermore, 177 cm® V™' 57" at 300 K is more than twice the field effect
mobility value previously measured in single crystalline IGZO thin films (227). The nature of the
mobility enhancement in the polytypoid IGZO nanowires over IGZO thin films is not fully
understood. However, the enhancement over the single crystalline ZnO nanowires may be
explained by the induced strain at the MO, layer interfaces. It is well established that piezoresis-
tive materials, both crystalline and amorphous, demonstrate mobility changes with the applica-
tion of stress (227, 228). As seen in Figure 3.11d, the 17% difference in the 4 spacing at the octa-
hedral/wurtzite interface produces a significant amount of strain. Although the inclusions are
perpendicular to the transport direction, the mobility could be enhanced by possible strain-
induced changes to the electronic band structure. Further theoretical and experimental work is
necessary to determine the extent to which strain plays a role in this polytypoid system.

Not only do the nanostructured features influence the electronic properties, but they also
act as important phonon scattering interfaces, thereby limiting the lattice thermal conductivity
(229). Compared to literature values for the bulk material, ZnO nanowires demonstrate up to
five-fold reduction of thermal conductivity at room temperature (Figure 3.27b) (230). An estima-
tion of the average phonon mean free path as a function of temperature shows that the limiting
factor is the nanowire diameter until the 150—200 K range, where other scattering mechanisms,
such as impurity and umklapp scattering, begin to limit the conductivity. As seen in Figure 3.27b,
the linear segment of the ZnO nanowire plot begins to plateau around that temperature range.
The IGZO nanowires, on the other hand, show no such plateau, indicating that the MO, layers
are limiting the average phonon mean free path throughout the measured temperature range. At
300 K, IGZO nanowires exhibit a thermal conductivity of 3.3 W m" K", which is only slightly
lower than what has been observed for IZO (# = 3,4) in the bulk (202). However, since bulk
IZ0O has both higher inclusion density and periodicity, it is surprising that the more disordered
5/5 IGZO nanowites exhibit comparable thermal transport properties. While higher inclusion
densities are expected to limit the average phonon mean free path, the disordered nature of the
polytypoid IGZO structure combined with the nanowire geometry produces similar effects on
overall thermal energy propagation, as seen in other systems (237).
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Figure 3.27: Thermoelecttic measurements. a) SEM of an individual 5/5 IGZO nanowire bridging
two suspended membranes on a prefabricated MEMS device used for thermal conductivity measurements.
b) Thermal conductivity as a function of temperature for both a 120-nm 5/5 IGZO nanowite and a 90-
nm ZnO nanowire. ) Figure of merit, 37T, of 5/5 IGZO nanowites compared with ZnO nanowires show-
ing an enhancement of 2.5 orders of magnitude after alloying.

As a direct result of the enhancements from all three thermoelectric parameters, 31" was
increased from 1.7x10* for ZnO nanowitres to 0.055 for the IGZO nanowires at 300 K, an
enhancement of 2.5 orders of magnitude (Figure 3.27c) (202, 232). Such T values represent a
factor of ~10 enhancement when compared to the bulk IZO superlattice samples. It is worth
noting that oxide-based thermoelectric modules are typically employed at elevated temperatures
(700-1000 K) in actual application, where further power factor enhancements are expected.
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4. Titanium oxide-ilmenite nanowires

In another demonstration of conversion chemistry, an easily scaleable solid state prepa-
ration is used to react rutile (TiO,) nanowires with transition metals to form ilmenite-structured
ternary metal oxides. Given the epitaxial match between rutile and ilmenite, the nanowire geom-
etry is maintained through the conversion process despite a change in crystal structure. By con-
trolling the extent of the reaction, different rutile-ilmenite heterostructures are prepared for
CoTiOs, NiTiO;, MnTiOs, and CosNiysTiO;. Ilmenite materials have greatly enhanced visible
light absorbance and are potentially useful photoanode materials for photoelectrochemical water
photolysis.

4.1. Introduction

Since the first demonstration of water photolysis by the Honda-Fujishima with the rutile-
phase of titanium oxide (65), TiO, and ternary titanates have been one of the most researched
semiconductor materials. While rutile is photostable and abundant, it is a large band gap material
(E, = 3.0 eV) and cannot efficiently utilize the solar spectrum, nor does it have a proper band
alignment for photolysis at pH 7. While other materials have been demonstrated for overall
water splitting, rutile is still one of the most common photoanode materials for tandem water
photolysis schemes when combined with an appropriate photocathode such as silicon or indium
phosphide. There are many reports of doping and other modifications to increase the visible
absorption of rutile, as well as to reduce the overpotential requirements without relying on
expensive platinum metal.

There are two major groups of .4TiO; structured titanates: perovskites and ilmenite.
While perovskite forms when r, and ry are highly mismatched, ilmenite (4 = Mn, Fe, Co, Ni,
Mg) forms an ordered corundum structure with alternating layers of .40, and TiO4 octahedra
when 1, is similar to ry; (Figure 4.1). The ilmenite family have the smallest band gaps among
ternary titanates: 2.4 ¢V in MnTiO; and CoTiOs, 2.5 eV in FeTiOs, and 2.8 in NiTiO; (233).
Flat-band measurements have shown that the reduction in band gap is at the expense of the CB
position, indicating that these materials are less useful for overall water photolysis than rutile.
Additionally, the ilmenite family suffers from a number of material properties that make them
ill-suited as photoanode materials. All of the ilmenite materials were determined to have low or
no photocurrent due to both low quantum efficiency and high electrical resistivity. The inherent
O* - Ti"" transition occurs at ~3.7 eV for all ilmenite structures, while the visible absorption
increase is due to the 4> — Ti'" charge transfer (234). However, the geometry of the ilmenite
crystal structure in NiTiO; leads to low oscillator strength for Ni** - Ti'", which is probably
general to the other ilmenites. While holes generated in NiTiO; are thought to reach the surface,
they tend to lead to photocorrosition rather than water oxidation because the Ni*" intermediate
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Figure 4.1: Ilmenite crystal structure. Atomic and polyhedra structure models of ilmenite, 4TiO;, along
the  and ¢ directions. Titanium cations and polyhedra are indicated by blue, .4 cations and polyhedra are
indicated by yellow and oxygen anions in red.

is not positioned correctly to oxidize water (234, 235). Similar stability problems have been
observed in FeTiO; (236), while no photocurrent has been observed in MnTiO; (237) and
CoTiOs (237, 238). Oxygen evolution rates for NiTiO; and CoTiO; during illumination in a
KBrO; sacrificial reagent solution were measured and found to be an order of magnitude less
than rutile, anatase, and perovskite titanates under the same conditions (239).

Given the water oxidation catalytic activity of manganese oxides and cobalt oxides and
their similarity to the Mn;CaOy-cubane structure believed to be the basis for photosynthetic
water oxidation (240), these ilmenite materials may be useful as electrocatalysts and co-catalysts
for water oxidation (247-243). Garcia-Mota et al. used DFT calculations to determine the opti-
mal relationship between surface binding energies of OER intermediates in doped rutile materi-
als (247). The study predicted that that activity of 6% doping of Cr, Mn, or Mo- in rutile TiO,
may have activities similar to RuO,, one of the best OER catalysts. The improved activity of the
doped rutile nanowires as predicted by DFT has been observed experimentally (244).
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Figure 4.2: Computational study of OER activity for doped rutile materials. a) Adsorption energies
of HOO* as a function of the adsorption energy of HO* on the surfaces of MTi;503, (M=V, Nb, Ta, Ct,
Mo, W, Mn, Fe, Ru, Ir, Ni, colored points). The small black circles correspond to DEHOO as a function
of DEHO on pure oxides. The red star indicates where the binding energies need to be for an ideal elec-
trocatalyst. b) Calculated theoretical overpotentials plotted as a function of AGo—AGyo- for MTi;505,.
The volcano curve is established by using the scaling relation between AGpoo—AGor and AGo—AGyor.
Green circles stand for configurations in which the dopant is five-fold coordinated. Triangles stand for
configurations in which the dopant is six-fold-coordinated: 6¢c-M (blue), 6¢c-Msl (red), and Gc-Ms2
(vellow). This image was adapted from reference (247).
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Following the conversion technique proposed in Chapter 3, a similar synthetic technique
was devised for ilmenite nanowires. First, rutile nanowires were prepared using a gram-scale
molten salt flux synthesis. Second, a metal coating of A(OH), was deposited on the prepared
nanowires using a chemical bath deposition (CBD) method. This method can potentially be
scaled up to gram scale deposition, but can be substituted with other techniques for depositing a
metal (A") or metal salt (4°") coating. Finally, the core-shell nanowires are annealed at high tem-
perature, typically 825 °C, for 0.5—4 hours. In varying the shell thickness and annealing condi-
tions, it is possible to produce ~ATiO;-decorated r-TiO, nanowires, ATiOs—1-TiO, segmented
nanowires, and fully converted ATiO; nanowires. This conversion chemistry method has been
demonstrated to prepare CoTiO; (CTO), NiTiO; (NTO), and MnTiO; (MTO).

4.2. Synthesis of rutile-ilmenite nanowires

Rutile nanowires were synthesized using a high-temperature molten salt flux synthesis.
TiO, nanoparticles (Degussa P25, 70% a-TiO,, 25% 1-TiO,, average diameter 25 nm), disodium
hydrogen phosphate (Na,HPOy), and sodium chloride were mixed in a mortar and pestle in a
1:1:4 ratio by weight (244, 245). The mixture was transferred to an alumina crucible and annealed
in air at 825 °C for 8 hours. The resulting mixture was boiled in Millipore-filtered deionized
water for 1-2 hours until all large chunks had dissolved into a suspended nanowires and dis-
solved salts. After centrifugation, the water and excess salt were decanted. Nanowires were
washed with 1 M HCI acid, rinsed with water, and dried. The resulting nanowires grew in the
<001> direction and averaged ~100 nm in diameter and no evidence of anatase, NaCl, or phos-
phorous compounds were observed in XRD.

The metal coating was deposited by a chemical bath deposition technique for Co(OH),,
Ni(OH),, and Mn(OH),. No suitable chemistry was found for the deposition of Fe** films, but
Fe(OH); can be deposited using the same chemistry (attempts to reduce it to Fe’" afterwards
failed). For CoTiOs-decorated r-TiO, nanowires, a solution of 0.25 M Co(NOs), and 0.1 M urea
was used for the chemical bath. For completely converted CoTiO; nanowires, the concentra-
tions were increased as high as 0.5 M Co(NOs), and 0.75 M urea. The necessary A(OH), con-
centrations for equivalent depositions of Ni(OH), and Mn(OH), ate approximately 1/2 and 1/5
of Co(NOs),, respectively, with no changes to urea concentration. In a glass scintillation vial, 10
mL of growth solution was used for every 5 mg of r-TiO, nanowires. The reaction was carried
out at 90 °C on a hot plate for 1.5-3 hours, and then hot filtered through 0.5 um filter paper. All
three metal hydroxides could be decomposed to their metal (II) oxides by annealing at ~350 °C
in inert atmospheres, but this was not necessary prior to high-temperature annealing.

The high-temperature annealing for solid-state conversion was performed in a tube fur-
nace under argon atmosphere to prevent oxidation of the metal species. The metal-coated
nanowires were dropcasted onto a quartz slide in a thick film and placed in the center of the
tube furnace. To form ATiO3 surface particles, 5 minutes of annealing at 825 °C was sufficient.
For segmented and fully converted nanowires, the samples were annealed at 900 °C for 1-4
hours with ramp rates of ~15 °C/min. The nanowires were redispersed in DI water or spec-
troscopic-grade isopropanol using an ultrasonicator. For short annealing times, a 3-foot long
quartz tube was used (for a 2-foot-wide furnace) with the sample placed in the tube but just out-
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side of the furnace. After sufficient time for the tube to purge and the furnace to ramp up to
temperature, the excess quartz tube was slid into the furnace until the sample was positioned in
the center of the furnace. The system generally equilibrated after 60 seconds, rather than the ~10
minutes needed for the furnace to ramp from room temperature to 825 °C.

4.3. Structural analysis of rutile-ilmenite nanowires

The 1-TiO, synthesis produced phase-pure nanowires with average dimensions of 100
nm diameter and 10 um length. The chemical bath deposition for Co(OH),, Ni(OH),, and
Mn(OH), formed free particles in solution as well as coatings or attached particles on the
nanowires: Co(OH), tends to form lamellar structures, Ni(OH), tends to form sheet structures,
and Mn(OH), tends to forms particles (Figure 4.3). There was no any observable changes or
damage to the r-TiO, by TEM. The coating morphology was unchanged for thick depositions of
Co(OH), and Ni(OH),, but attempts to increase the Mn(OH), coating instead resulted in large
0.3-1 um particles.

Annealing the core-shell nanowires at 825 °C for 5 minutes tended to produce CTO par-
ticles on the nanowire surface, which were visible in nearly all nanowires within a given sample.
The particle dimensions varied widely depending on both the CBD parameters and local varia-
tion, but were typically 20-50 nm deep, 20—60 nm wide, and 80-100 nm long (Figure 4.4a). The
formation of the ternary phase was confirmed by EDS measurements of the surface particles,
which were approximately 1:1 A:Ti by peak area (as calculated by EDAX Genesis software)
while the 4 peak was undetectable or insignificant in regions of the nanowires without obvious
particle formation (Figure 4.4d). X-ray diffraction was used to characterize dispersed nanowire
films and also confirmed the incomplete conversion of rutile TiO, to ATiO; (Figure 4.4e). All
ATiO; species have the same diffraction pattern, but the lattice parameters decrease for
Mn>Co>Nj, in agreement with the periodic trends for ionic radius.

Figure 4.3: Chemical bath deposition of metal hydroxide coatings. a-e) TEM images of rutile
nanowires coated with Co(OH), (a-c), Ni(OH), (d), and Mn(OH), (e). The thickness of the Co(OH); is pri-
marily controlled by adjusting the precursor concentrations. 0.25 M Co(NOs), and 0.1 M urea was used in
(a) and 0.5 M Co(NOs), and 0.75 M urea was used in (c).
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Figure 4.4: Rutile nanowires with various titanate surface particles. a-c) TEM images of rutile
nanowires with surface particles of CoTiO; (a, red), NiTiO; (b, blue), and MnTiO; (c, green) after high-
temperature conversion. d) EDS spectra of an ATiO; particle from each sample, indicating the approxi-
mately 1:1 A:Ti ratio in each each. Cu and Al peaks are from the sample holder and grid. e) X-ray diffrac-
tion patterns of the converted nanowires showing both rutile (*) and ATiO; (indexed for CoTiOs, othet-
wise unlabeled). The patterns are normalized to the rutile 110 peak at 28°.

Increasing the amount of metal hydroxide coating using the CBD procedure was sucess-
ful for Ni and Co films, but annealing at 825 °C lead to highly disordered and and irregulatly-
formed surface particles, even after 8-hour anneals. The annealing temperature was increased to
900 °C, which made it possible to obtain segmented nanowires with alternating regions of
ATiO; and r-TiO, for .4 = Co, Ni. MTO segmented nanowires were not possible due to the
poor coating of the Mn(OH),. For CTO, the interfaces were always observed to be perpendicu-
lar to the nanowire growth axis (Figure 4.5a). However, few perfect interfaces were observed in
NTO/rutile segmented NWs and segments were typically bounded by segments with interfaces
perpendicular to the nanowire axis (90°), 33° from the nanowire axis, and less commonly, 62°
from the nanowire axis (Figure 4.5b). To confirm the elemental identity of each segment, Z-con-
trast STEM imaging was used to help identify the ATiO; segments from rutile segments (Figure
4.5¢). Despite the small difference in atomic number (Zy; = 22, Z 4, = 25-28), additional contrast
was provided by the higher atomic density of ilmenite. To confirm that the brighter regions did
in fact correspond to ilmenite, EDS line-scan spectra were collected to measure the spatial
dependence of A (Figure 4.5d).

HRTEM imaging was used to identify lattice orientation at the different interfaces. The
perpendicular interfaces were identified as TiO, <001> (the growth direction) and ATiO;
<1-10>. The structure model of these surfaces (Figure 4.5¢) helps visualize the similarity of the
oxygen sublattice in these specific orientations, facilitating the conversion of rutile to corundum

without disintegrating the overall crystal. In Figure 4.5f, we study a second epitaxial interface
between ATiO; <100> and TiO, <0-31>.

_71 -



Ni intensity (105 counts)

0 10 20 30
Position (nm)

. IR .

® ® ® ® @ @
NiTiO: <110> Tio, <001> Tio; <031> NiTiO: <100>

Figure 4.5: Heterojunction segmented nanowites. a) TEM image of a CoTiO/t-TiO, heterojunction
nanowite. b-¢) Bright-field TEM and HAADF Z-contrast STEM images of the same NiTiO;/t-TiO, het-
erojunction nanowire (both panels are merged from several frames). The NTO regions appear more
brightly than r-TiO, in (c) due to the higher atomic number of Ni, as well as the increased density of the
corundum structure. d) Line-scan EDS was used to confirm that Ni was present only in the bright regions
of (c). A plot of Ni characteristic x-ray emission intensity along the line indicated in the inset image, which
corresponds to the boxed region in (c). e-f) HRTEM images of the two NTO-rutile interfaces character-
ized in (d). Inset images show the FFT pattern of the interface, while the lower panels indicate the lattice
arrangement at each interface.
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Figure 4.6: Quaternary Co,sNip;TiO; nanowires. a-b) Bright-field TEM images of a mixed Co(OH),
and Ni(OH), coating on rutile nanowires (a) and segmented Co,sNiysTiO; nanowire (b) after high-temper-
ature reaction. EDS measurements indicated that the 4TiO3 segments are still 1:1 4:Ti and that the rutile
segments are predominately Ti. ¢) EDS spectrum of CoysNipsTiOs. d) XRD patterns of Co,sNigsTiOs, as
well as CoTiO; and NiTiO; for comparison. Increasing nickel concentration causes a shift to higher angle
(smaller lattice parameter) as the TiO, 110 peak at 27° remains constant.

To demonstrate the flexibility of the conversion chemistry approach, the CBD growth
solution was prepared with both 0.5 M Co(NOs5), and 0.25 M Ni(NOs), and reacted normally
(Figure 4.6). The r-TiO, nanowires were coated with a 47:53 mixture of Co(OH), and Ni(OH),,
as confirmed by EDS, which when annealed formed a single-phase of Co; N1, TiO; (x = 0.53) to
form segmented nanowires. EDS of the final nanowires showed the same Co:Ni ratio as in the
metal coating, and indicated that there was 3% Co and 3% Ni in the r-TiO, segments. This is
probably due to solid solution formation, but the large electron beam spot size and poorly
defined interfaces also introduce uncertainty. XRD diffraction indicates that the Co; Ni, TiO;
lattice parameters are intermediate of CTO and NTO.

With sufficient metal coating and annealing, it is possible to completely convert the rutile
nanowires to .A4TiO; (A=Co, Ni). While the epitaxial match allows for the nanowires to convert
without destroying the geometry, the resulting nanowires are not single-crystalline. There are two
possible orientations for the ATiO; formation from r-TiO,, leading to domains of one of two
possible orientations, as shown by electron diffraction in Figure 4.7a. Because the interface and
change in orientation leads to contrast during TEM imaging, EDS was used to confirm that all
segments were 1:1 4:Ti. No evidence of rutile was observed in the XRD pattern of the fully-
converted ilmenite nanowires, although for CTO nanowires, Co,TiO, was observed due to a sto-
ichiometric excess of Co(OH), (Figure 4.7b). Using x-ray diffraction for the different ilmenite-
rutile morphologies, the overall degree of conversion can be estimated by comparing the relative
heights of the ilmenite 012 peak at 24° and rutile 110 peak at 28°.
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Figure 4.7: Fully-converted CoTiO; nanowires. a) Bright-field TEM image of a CoTiOs nanowire. This
nanowire is fully converted, as confirmed by EDS spot measurements (software-calculated percentages of
Ti and Co are indicated), but different crystal domains are visible. There are several domains for this 8-um
nanowire, which are arranged in one of two orientations as observed by electron diffraction (inset). b) The
XRD patterns of the surface-decorated, segmented, and fully converted nanowires. The conversion
progtess can be estimated by comparing the CoTiO; 012 peak at 24° and the TiO, 110 peak at 27°. No
rutile is observed in the fully converted sample (position indicated by arrow), although an excess of
deposited cobalt leads to the formation of a Co,TiO, phase. c-d) HRTEM images of CoTiO;-CoTiO;
interfaces in fully converted nanowires.
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4.4. Optical and photoelectrochemical properties

The improved visible light absorption of the ilmenite nanowire is readily apparent from
the vivid color change in the materials after annealing, even for surface-decorated nanowires that
contain a very small amount of ilmenite: CTO appears green, NTO appears yellow, CNTO
appears blue, and MTO appears brown. The normalized absorbance spectra measured by an
integrating-sphere-equipped spectrometer is shown in Figure 4.8. The absorbance characteristics
of CNTO appear to be a hybrid of CTO and NTO, displaying the Co*" - Ti*" absorbance at
600 nm, but the band edge is shifted to higher energy, as in NTO.

The surface activity of the prepared ilmenite nanowires was evaluated by studying the
overpotential voltage required to initiate the oxygen evolution reaction (OER). Overpotential is
defined here as the potential at which water is oxidized under dark conditions with 0.5 mA/cm®
of current flow. Electrodes were prepared on fluorine-doped-tin-oxide-coated glass by dropcast-
ing a thing layer of ilmenite nanowires or ilmenite-rutile segmented nanowires and annealing at
450 °C for 30 minutes in air. While oriented arrays of nanowires with a well defined electrical
contact to the substrate is preferred, there are no known conductive substrates that can survive
the high-temperature preparation of ilmenite. The ilmenite working electrode, Pt mesh counter
electrode, and Ag/AgCl reference electrode were used in a three electrode configuration with an
electrolyte of 1 M KOH and 3 M NaCl (pH = 13.61). A Gamry Ref 600 potentiostat to con-
struct current-voltage curves.

Normalized Absorbance (au)

300 500 700 900 1100 1300

Wavelength (nm)

Figure 4.8: Absorbance spectra of ilmenite-rutile nanowires. Normalized absorbance spectra of
MnTiO;-surface decorated rutile nanowires (blue, triangles) and CoTiOs- (green, squares), NiTiO;- (red,
diamonds), and CoysNiysTiOs- (orange, circles) rutile segmented nanowires. The noise at 900 nm is due to
the detector change.
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Figure 4.9: Overpotential required for water oxidation for .4TiO; nanowire electrodes. I-V plot for
water oxidation at pH 13.61 using electrodes prepared from TiO, (black), NiTiO; (red), and CoTiOj; (blue)
nanowires (solid lines), as well as NiTiOs, CoTiO;, and CoysNiysTiO; (purple) segmented nanowires
(dashed lines). The overpotential is defined as the potential necessary for 0.5 mA/cm’ of current, indicated
by intersection with the dotted line.

Overpotential measurements were collected on fully converted NTO and CTO nanow-
ires, as well as NTO, CTO, and CNTO segmented nanowires, as well as rutile nanowires for
comparison (Figure 4.9). The only material to outperform rutile was the fully converted CTO
nanowires, although these wires were also contaminated with Co,TiO,, as observed by XRD
(Figure 4.7b). All other samples were slightly behind rutile at 0.5 mA/cm?, but the apparent
slope suggests that these samples have much lower activity. The performance of CTO is similar
to the improvements observed in Co-doped TiO, (244), but is less than conventional cocatalyst
materials.

Because of the difficulty of preparing electrodes from the dispersed nanowire powders,
the photocatalytic behavior of the ilmenite nanowires was also tested by measuring oxygen evo-
lution under illumination. The powders (~2 mg) were dispersed in 3 mL of 5 mM Fe,(SO,);
solution to serve as a electron scavenger and loaded into a quartz cell (total volume 14 ml.) with
a stir bar. The cell was loaded into a glove box under argon atmosphere and purged by pumping
under vacuum. The cell was illuminated by a 450 W xenon lamp and GC measurements were
collected every 30 minutes to determine the oxygen and nitrogen concentration in the cell (N,
indicates a leak and atmospheric oxygen contamination). In addition to IR light filters to reduce
sample heating, a 400-nm long pass filter was used used in some experiments to reduce the
amount of UV irradiation and test for visible light absorption.

Oxygen evolution measurements were tested for TiO, and for the ilmenite-decorated
TiO, nanowires (Figure 4.10). As expected, rutile nanowires with the full illumination of the 450
W lamp were far more active than the other materials. While the CTO-decorated nanowires had
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an evolution rate of 200 umol g hr™' under full illumination, rutile had an estimated rate of 1750
umol g™ hr™' (and depleted the sacrificial reagent in less than one hour). However, when a 400-
nm long pass filter is used to reduce UV light, the rutile and CTO-decorated rutile had very simi-
lar evolution rates (21 and 23 umol g™ hr™', respectively). NTO-decorated rutile had an evolution

rate of 72 umol g hr', suggesting that the NTO is photoactive under visible wavelengths.
MTO-decorated rutile was completely inactive.
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Figure 4.10: Oxygen evolution of 4TiO;-decorated rutile nanowires under illumination. Oxygen
evolution (standardized by catalyst mass) as a function of time for as-grown TiO, nanowires (1,2, triangles)
and TiO, nanowires with CoTiO; (3,4, circles), NiTiOs (5, squares), and MnTiO; (6, diamonds) surface
decoration. All samples were measured in a homebuilt GC system contained in an Ar atmosphere. Pow-
ders were dispersed in a Fe,(SO,); solution to serve as a sacrificial reagent. All samples were illuminated
with a 450 W xenon lamp, but samples (2, 4-6, open symbols) had a 400-nm long pass filter installed to
reduce UV irradiation. The rutile nanowires under full illumination (1) is estimated to produce 1750 umol
of O, g’1 hr™! using the first two datapoints, but was limited by the sacrificial reagent.
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5. Concluding Remarks

The results presented within this dissertation demonstrate the enormous opportunity
presented by semiconductor nanostructures and materials chemistry to design new materials,
both compositionally and morphologically, for advanced applications. In the case of optical
materials, miniaturization towards nanoscale devices may allow for better control of light below
the diffraction limit, which will lead to new devices and advances in microelectronics. In the case
of energy applications, nanostructured materials will be absolutely essential to achieving high
performance if we are to limit ourselves to inexpensive and abundant materials. Unfortunately,
there are very few effective materials, nanostructured or not. While conversion chemistry has
been demonstrated as a powerful tool for preparing new nanowire compositions, combinatorial
and computational results are needed to discover interesting materials. Luckily, massive opera-
tions in these areas are underway.

The pharmaceutical industry has long relied on robotics for combinatorial chemistry.
While this is one way forward, the sheer number of people in the world (or at least students
enrolled in undergraduate chemistry) presents another potential combinatorial lab. The SHARK
Project (Solar Hydrogen Activity Research Kit) has crowdsourced the mission to find suitable
metal oxides for water oxidation photoanodes. In addition to the numerous independently-
acting theoretical chemists interested in modeling materials, the Materials Genome Initiative is a
federal program to develop computation methods for solving for everything from new PEC and
thermoelectric materials to improved batteries and carbon capture materials. There is a great
opportunity for collaboration between these research efforts and those involved with the synthe-
sis of novel materials.
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