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Abstract

Magnetoplasmonic nanostructures, as a branch of multifunctional materials, have recently
attracted research interests due to the coexistence of magnetic and plasmonic properties.* To
accomplish the simultaneous control of both functionalities, appropriate design of the material
construction is necessary. This study attempts to explore the magneto-optical properties of
plasmonic semiconductor nanocrystals (NCs), specifically the behavior of the excitonic transition
and its correlation with the magnetoplasmonic properties of NCs. Furthermore, considering the
potential application for spintronic devices, one-dimensional nanowires (NWSs) is one of the best
platforms,as they have been widely exploited in optoelectronic and magnetoelectronic devices.

Thus, the growth of plasmonic semiconductor nanowires is worthwhile to investigate.

The influence of localized surface plasmon resonance (LSPR) on magneto-optical
properties are investigated in doped zinc oxide (ZnO) semiconductor NCs. ZnO, as a sort of n-type
transparent conductive oxide (TCO), is an earth-abundant semiconductor with a direct band gap
of 3.37 eV. In this study, indium-doped ZnO (1Z0) and aluminum-doped ZnO (AZO) NCs have
been successfully synthesized across various doping concentrations and all samples exhibit LSPR
in the near-to-mid infrared region. For 1ZO NCs, the most intense plasmon absorption band is
achieved for the sample with a starting In doping concentration at 10 %. A reduction of plasmon
peak intensity occurs with a further increase of starting dopants concentration. However, for AZO
NCs, the plasmon band continues to increase up to 30 % starting Al/Zn atomic ratio due to poor
doping efficiency. The apparent blue shift of the band gap for both 1ZO and AZO NCs have been
observed due to the Burstein-Moss effect. In the magnetic circular dichroism (MCD) spectra, the

splitting of the excitonic transition under the external magnetic field indicates the complete



polarization of free carriers, which could be attributed to the phonon-mediated plasmon-exciton
coupling. More importantly, the carrier polarization induced by plasmon-exciton coupling could
be maintained at room temperature and low magnetic field (less than 1 T) showing great potential

for its applications into new spintronic and optoelectronic devices.

In addition, the optimal growth conditions of gallium phosphide (GaP) NWs by the
chemical vapor deposition (CVD) method are discussed as the initial step towards the synthesis of
plasmonic I11-V NWs. The growth of GaP NWs is generally accompanied by the unintentional
formation of thick oxide coating, which may compromise the optical and electrical properties of
NWs. Controlling and eliminating the as-formed outer layer during thermal evaporation growth of
GaP NWs represents a barrier to the simple and scalable preparation of this technologically
important material. The second part of this study systematically investigated the role of different
parameters (temperature, hydrogen flow rate, and starting P/Ga ratio) in the synthesis of GaP
nanowires, and mapped out the conditions for the growth of oxide-layer-free nanowires. Increasing
all three parameters leads to diminished oxide layer thickness and improved nanowire morphology.
Long and straight nanowires with near perfect stoichiometry and the complete absence of oxide

outer layer are obtained for 1050 <C, 100 sccm hydrogen flow rate, and P/Ga flux ratio of 2.
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Chapter 1 Introduction

1.1 Basic Introduction to Doped Semiconductor Nanomaterials

Nanostructured materials have a large surface to volume ratio and possibly exhibit the
guantum confinement effect. These nanomaterials have drawn particular attention since they
exhibit distinctly different properties from bulk materials such as surface and interface interactions,
size-dependent physical properties, and quantum effect.® Because of these unique features,
nanoparticles provide opportunities for various applications in practical devices. Nowadays, great
research interest has been focused on semiconductor nanomaterials, for instance, nanocrystals

(NCs) and nanowires (NWSs), in applications such as biosensors, solar cells, and nanoelectronics.®

A semiconductor is a kind of material whose electrical conductivity is between an insulator
and a conductor. Different semiconductor materials possess various conductivities, and they have
a small band gap which is generated between the valence band, which is occupied with electrons,
and the conduction band, which is empty.” The large band gap in an insulator makes it impossible
to transfer electrons. Nevertheless, tiny band gap or even no band gap because of the overlap of
the valence band and conduction band of a conductor guarantee it has very low resistance. In both
cases, resistance is difficult to modify. However, with external biases or dopants, a change up to

10 orders of magnitude could occur for the conductivity of semiconductors.®

A natural semiconductor without doping is an intrinsic semiconductor whose charge carriers
are resolved from their crystallographic structure; in contrast, a semiconductor whose properties
result from the impurities doped into a host lattice is a kind of extrinsic semiconductor.® There are

generally two types of doped semiconductors, classified as either n-type or p-type according to the



type of free carriers. An n-type semiconductor has its dopants providing extra electrons and their
energy levels are close to the conduction band. However, in p-type semiconductors, there are fewer
valence electrons in the dopants compared to the host materials. Dopant energy levels in p-type
semiconductors are close to the valence band and give extra holes. Compared to bulk
semiconductor materials, doped semiconductor nanoparticles possess unique properties. For
instance, without thermal activation, dopants in nanoparticles can auto-ionize since the
confinement energy overcomes the Coulomb interaction and hence takes up a confined electronic

state automatically.’

Dopant ions in host semiconductor nanoparticles can go through either interstitial or
substitutional doping, which occurs during the growth of host crystals or by partial ion exchange
afterward. Typically, since dopants have different radii and valence states, strains will be
introduced into the host materials which need further treatment to solve the mismatch. However,
dopants may be removed due to the size mismatch, hence it is quite easy to accomplish doping for

ions with a similar radius to the host nanoparticles.°

The doping mechanism of semiconductor nanomaterials has undergone several explanations.
The Turnbull model suggested that doping of nanomaterials is dominated by statistics and there is
no difference with bulk materials.!* However, this model cannot describe the difference between
bulk materials and nanoparticles in terms of different dopant solubilities. The self-purification
model based on a thermodynamic growth implies that doping in nanoparticles is much more
difficult than that into bulk materials due to high energy requirements along with expelled dopants
to the surface of the nanoparticle.’® Nevertheless, this model demands a thermodynamic
equilibrium environment and the necessity of atomic exchanges which require a rapid diffusion of

the dopant atoms through the host nanoparticle. Under this circumstance, an extraordinarily high



growth temperature is needed and this mechanism is more suitable for solid or gas phase synthesis.
The mechanism of doped semiconductor nanoparticle growth in the liquid phase can be
constructed through a kinetic control, named the trapped dopant model.'? The activation barriers
are key factors indicating that after adsorbing on the surface of the host nanoparticles, dopants will
be further trapped. Doping efficiency, in this case, essentially depends on the shape of the

nanoparticles, the crystal structure, and the existence of appropriate surfactants.

(b)

Figure 1.1 lllustrations of the band structure for (a) pure nanoparticles, (b) n-type semiconductor
nanoparticles, the intrinsic band gap is smaller than undoped samples, because of the filling of the
conduction band, the optical band gap increases. (c) p-type semiconductor nanoparticles, both the

intrinsic band gap and the optical band gap will increase with the increasing holes.

When doping with aliovalent ions, a shift occurs in the apparent optical band gap of

semiconductor nanomaterials, known as the Burstein-Moss effect.!® This variation of the band gap



depends on free carrier concentration. Figure 1.1 illustrates the effect of different dopants on the
intrinsic band gap and the optical band gap of semiconductor nanoparticles. For n-type
semiconductor nanoparticles around degenerate doping, extra electrons from the dopants occupy
the bottom of the conduction band, result in the change of the lattice parameters which slightly
decrease the intrinsic band gap. However, the additional energy from the highest occupied state to
the bottom of the conduction band accounts for the increase in the optical band gap, while for p-
type semiconductor nanoparticles, both intrinsic and optical band gaps will increase due to the
formation of holes in the valence band which decreases the highest occupied states. Other than the
Burstein-Moss effect, the band gap of semiconductor nanomaterials can also be impacted by
several factors such as quantum size confinement, band shallow acceptor transition, and impurity

band formation.'#1°

1.2 Localized Surface Plasmon Resonance (LSPR)

A plasmon is a quantum of plasma oscillation which can also be represented as a collective
oscillation of the free electrons.’® When the resonant oscillations of electrons stimulated by
incident light proceed on the surface of a material or the interface between a dielectric and a
conductor, it forms the surface plasmon resonance (SPR).1” As the surface plasmon is restricted in
a nanoparticle whose frequency is comparable with the wavelength of light, the free electrons
inside the particle could take part in the oscillation which introduces the localized surface plasmon
resonance (LSPR).!® Propagating electromagnetic excitations in planar interfaces, such as

extended metal films, forms the surface plasmon polariton (SPP).!8

As illustrated in Figure 1.2, the plasmon oscillation stimulated by the oscillation of the

incoming electromagnetic wave, which results in a displacement of the carriers and thus the



positive nuclei act as the restoring force and net charges exist around the surface of the nanoparticle.
For LSPR, the electric field on the surface of the particle is highly enhanced, while a swift drop
will occur with the increased distance from the surface. Plasmonic NCs have drawn immense
research interests in recent years due to their wide range of possible applications in different fields.
For example, the high optical sensitivity of plasmonic NCs to the surrounding environment makes
them useful in chemical probes;° the ability to absorb in the infrared portion of the solar spectrum
is suitable for solar cells;?® and the reasonable penetration depth of the infrared light makes

plasmonics possible to be applied in biological tissues.?!

Electric field

v

Electron cloud

Figure 1.2 Plasmon oscillation of a spherical nanoparticle. The oscillations of electrons are

initiated by the incoming electromagnetic wave.

LSPR was first discovered in traditional noble metal nanostructures such as silver and gold
NCs. They have large carrier densities of about 1022 cm™ and exhibit LSPR mostly in the visible
and near-infrared regions. Their LSPRs are naturally in the static state based on their intrinsic size,
shape, and composition.?? After synthesis, the LSPR spectrum cannot be further modified. Several
drawbacks exist in these materials,for example, there are high optical losses among electronic

transitions, and they have an excessively high cost preventing them from the application into most



optical devices. Therefore, new types of materials which are capable of exhibiting the LSPR are

essential to apply to different fields.

The discovery of LSPR in copper sulfide (CuxxS)*® makes copper deficient copper
chalcogenides promising self-doped materials. They are considered as p-type doped
semiconductor NCs with holes created in the valence band by removing copper atoms. Another
type of popular materials is doped transparent conductive oxides (TCQOs) since they possess high
electrical conductivity and high transmission in the visible spectrum. The charge carrier of doped
TCOs can be varied from 10% to 102 cm, and the LSPR mainly locates in the near-infrared (NIR)
and middle-infrared (MIR) region.?? Doped TCOs have been extensively studied in a large amount
of materials such as indium doped tin oxide (ITO), aluminum doped zinc oxide (AZO), antimony
doped tin oxide (ATO), and antimony doped indium oxide (Al0).242° The LSPR of these materials
can be modified by electrochemical means or further redox doping processes, making it possible

to realize the on/off switch of LSPR and hence motivates a wide range of practical applications.??

The LSPR properties in semiconductor NCs can be adjusted based on the variation of the
particle shape, size, dopants segregation, and defect concentration.?” Of these effects, the main
factor directly influencing the LSPR frequency is the free carrier concentration. According to the
Drude- Lorentz theory, the absorption coefficient (o) for LSPR has a direct linear relationship with

the charge carrier concentration (n), as illustrated in equation 1.128;

ne?

eq. 1.1

(04 - = -
free—electrons m*eoNcTw?

where e is the unit of elementary charge, m” is the effective mass of charge carriers, &, is the
permittivity of free space, N is the refractive index of the undoped semiconductor, t is the mean

time between two electron scattering events, and ¢ and w are the speed and frequency of light,



respectively. Meanwhile, in bulk materials, the plasma frequency ®p, wWhich describes the

resonance frequency of free carriers, is shown in equation 1.2 %:

nez

Wy = eq.1.2

gom*

This equation clearly reveals that the concentration of charge carriers is straightforwardly related
to the plasma frequency. In semiconductor NCs, the localized resonance wsp, Which is modified
from the bulk frequency, can be described as the following equation?®:

2
Wp
1+2&m

Wgp = — V2 eq. 1.3

where em is the dielectric constant of the surrounding medium and y, is the bulk scattering
frequency related to carrier dampening. These equations are derived from a simplified Drude
model which ignores the geometrical considerations and are most suitable for spherical particles.
It should be noticed that equation 1.3 demonstrates the impact of surrounding medium on the LSPR.
When increasing the surrounding medium dielectric constant m, the coulombic restoring force on
the electron cloud will decrease, hence decrease the intensity of localized resonance.® The high
sensitivity of the plasmon resonance to the surrounding medium en is due to the near-field effect.3
The near-field effect is activated by the displacement of the charges in NCs, which generates an
oscillating field upon the LSPR and extends into the surrounding NCs. The external electric field
will improve the near-field effect to orders of magnitude. However, this effect drops off
exponentially when far away from the surface of the NCs. The damping factor y related to y,, in
equation 1.3 is a sum of broadening factors that influence the collective oscillations of the carriers,

which can be written as equation 1.4:

Y = Ye-e + ye—phonon + ye—defect + Ve—surface €q. 14
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The equation shows that the carrier damping is introduced by the scattering of electrons, phonons,
lattice defects, and surface impurities.>? The damping factor, y is related to the quality factor of an
LSPR and affects the width of the plasmon resonance. The quality factor is the ratio of the plasmon
peak energy to the full width at half maximum (FWHM) of the resonance peak. A higher quality
factor implies a stronger plasmonic resonance, while a higher damping factor suggests a broader
LSPR peak. With a high doping concentration, the size of NCs will be surpassed by effective path
length of the electrons and the surface scattering can not be neglected which increase the damping
factor y. In this circumstance, according to equation 1.3, the LSPR frequency will decrease. This
influence explains that in most cases, the doping concentration of semiconductor NCs can only be

achieved at a low degree.

1.3 Multifunctional Nanomaterials and Zinc Oxide Nanocrystals

Aside from plasmonic properties, more attention has been concentrated on the integration
of different functionalities into a single nanostructure system. Among these multifunctional
materials, magneto-plasmonics have drawn particular attention because of the unique property of
controlling optical properties with external magnetic fields.>® The main focuses in the field of
magneto-plasmonics include the effect of the magnetic fields on the SPR, the enhancement of the
magneto-optical effects in plasmonic nanostructures, and also the generation of spintronic
materials with the help of plasmons.>?* Based on these properties, applications such as light

transmission and reflection modulators and biochemical sensors can be realized.

As illustrated in Figure 1.3, the first observation of optical properties modified by the
magnetic field is the Faraday effect and the surface magneto-optical Kerr effect.®* When the

linearly polarized incident light comes to the magnetic medium, the polarization state of the



transmitted (Faraday) or reflected (Kerr) light will rotate due to the different propagation speeds
of left and right circularly polarized lights. Faraday-effect occurs when the magnetic field is
applied in the propagation direction, while the Kerr effect may appear as polar, longitudinal, or
transversal configuration when the magnetic field is perpendicular to the reflection surface and
parallel to the incident plane, parallel to both reflection surface and incident plane, or parallel to
the reflection surface and perpendicular to the incident plane, respectively. Typically, the polar
Kerr effect results in a large rotation of the polarization of the reflected light and only a slight

rotation occurs in the transversal Kerr effect.®?

Kerr effect

Faraday effect

Figure 1.3 Schematic of the Faraday effect and the Kerr effect. For Faraday effect, the polarization
of the transmitted light will rotate with an angle 6r, and for Kerr effect, the polarization of the

reflected light will rotate with an angle k.

The earlier study on modification of the plasmonic properties in the magnetic field was

focused on heavily doped semiconductors with surface plasmons in the far infrared region.®® The



localization and propagation of surface plasmons can be adjusted by the external magnetic field
because of the orientation between magnetic field and surface plasmon wave factor. On the other
hand, plasmonic properties can affect the magneto-optical nanostructure by the induced phase
modification of transmitted or reflected light, and this can be applied to the memory storage
technology in which the plasmonic resonances play an important role by means of reducing the
device size.®* In addition, because of the strong near-field dipole-dipole magnetic coupling
between closely spaced nanoparticles, the spintronic-plasmonic interactions are realizable in
subwavelength size metallic materials with high electromagnetic transparency. Since the
electromagnetic propagation can be modified in the dipole field of induced surface charges, the
electrical, magnetic, and optical properties of the magneto-plasmonic materials are highly sensitive

to each other. ¥’

To achieve the modification of plasmonic properties, a large magnetic field is needed, as
well as a small optical loss. Hence, the heterostructure of ferromagnetic materials and noble metals
are often applied to this field, either via a core-shell or a heterojunction configuration.3° However,
there still lacks the study of the LSPR properties of doped TCOs under an external magnetic field.
Meanwhile, the free coupling between LSPR and excitons, which has been used to enhance the
excitonic absorption and emission, has attracted many research interests.>**° With the help of
magnetic circular dichroism (MCD) spectroscopy, the magnetoplasmonic properties can be
measured on simple colloidal noble metal NCs, where the LSPR of these NCs can be modified
under an external magnetic field of 1 T.*! The detection can be achieved because when the LSPR
is optically excited, the movement of conduction electrons in the magnetic field gives rise to an

increase in the magnetic force.*>#! The capability to detect electron polarization in NCs due to
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LSPR in MCD spectroscopy makes it possible to study the relationship between the plasmon and

exciton.

MCD spectroscopy shows the different absorption of left (p~) and right (p*) circularly
polarized light as the degree of ellipticity with the external magnetic field parallel to the light
propagation direction. Magnetism of both solution and solid-state samples can be detected using
the MCD spectroscopy. High resolution and fine structure can be obtained by the MCD spectra,
as well as the detailed electronic structure. It is multidimensional and could study the ground and

excited state Zeeman splitting simultaneously.The intensity of MCD (AA) can be described as:

7= yusBlA: (- L2) + (Bo +12) F(B)] eq. 1.5

E_

Where E= hv, y is coefficient factor, g is the Bohr magneton, B is the applied magnetic field. Ay,

Bo, and Co are the MCD A-, B-, C- term, respectively, f(E) is the absorption spectrum band shape,

and 6’;—? is the first derivative of f(E). The molecule should have degenerated excited states

because of the Zeeman effect in A-term MCD, and due to the small amount of Zeeman splitting
which in the range of several wavenumbers, opposite sign of the left and right circularly polarized
result in a derivative band shape. According to equation 1.5, when change the temperature, there
are no effect on the A-term MCD, hence it is temperature independent. In the B-term MCD, an
intermediate state existing either close to the ground or the exited state lead to an absorption band
shape. While in the C-term MCD, Zeeman splitting result in a degenerate ground state and this
term only exhibited by paramagnetic materials. Again an absorption band shape exists in the C-
term MCD since under low temperature, kT is comparable to the magnitude of Zeeman splitting

in a strong magnetic field.*?
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For nanoparticles that have plasmonic properties, when an external electric field and a

magnetic field are applied, the Lorentz forces on free carriers can be expressed as*:
F=Fe+ Fs=qE + q(v>B) eq. 1.6

where q is the charge of a carrier, E and B are electric and magnetic fields, respectively. The
circularly polarized light induces the electric forces Fe. When the carriers have a velocity in the
magnetic field, the magnetic forces Fg can be generated. These two forces are either in the same
or opposite direction for left and right circularly polarized light which result in different

frequencies, which can be written as*3:

w=w, + eq. 1.7

2m*
The MCD signal shows the difference between the two absorptions, hence the intensity should be
proportional to fn—B*, indicating a linear relationship between the plasmonic properties and external

magnetic field in MCD spectra.

ZnO is an n-type 1I-VI semiconductor crystallizing in a wurtzite hexagonal structure.
Compared to other TCO materials, ZnO is widely studied because it is an earth abundant material
which has low cost and less toxicity, as well as physical and chemical stability. In addition, ZnO
is a promising material due to the direct wide band gap of 3.37 eV at room temperature, high
refractive index of 1.99, and large exciton binding energy around 60 meV.*® The application of
ZnO includes optoelectronic devices, transistors, luminescence materials, and sensors.***6 When
doped with aliovalent group 111 element (Al, Ga, and In) cations, ZnO based materials will have
an increased charge carrier density and exhibit good LSPR behavior. In particular, the indium-
doped ZnO (1Z0) and aluminum-doped ZnO (AZO) are very attractive materials since they have

shown commendable LSPR properties, 244749
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Several colloidal synthetic methodologies have been developed to obtain doped TCO
nanoparticles. A sol-gel method can be applied to synthesize the metal oxide that uses the colloidal
suspension (sol) with monomers as the precursor and then transfers into an integrated network
(gel). Hot-injection synthesis allows dropwise injection of the dopant precursors into the hot
reaction mixture during the synthesis period. Nevertheless, because of the inherent non-scalability,
this method is not sufficient in the industry. A heat-up or non-injection method can also be applied
for the preparation of doped ZnO NCs which mixes all the reactants together before heating. With
careful control of the reaction kinetics, this method enables a large doping concentration with low

reaction temperature and has been adopted in this study.>°

1.4 Gallium Phosphide and 111-V Semiconductor Nanowires

Besides nanoparticles, one-dimensional (1D) semiconductor nanostructures are also
promising multifunctional materials. Beginning from carbon nanotubes, 1D semiconductor
nanostructures have attracted intense research focus due to their unique properties on
manufacturing nanoscale electronics and mesoscopic devices. 1D nanostructures are crucial to the
integration and function of devices since they are anticipated to be the smallest dimension

structures for optical excitations and efficient transport of electrons.

Among 1D nanostructures, such as tubes, rods, wires, and belts, semiconductor nanowires
(NWs) have been extensively studied since they possess mechanical flexibility, which could be
used for flexible electronics; and high surface-to-volume ratios, which could be applied to high-
performance sensors. The diameter of NWs is in the order of nanometers while the length of NWs
often in the range of micrometers. Besides simple structures, NWSs can also exist in the construction

of heterojunctions, coaxial, hollow, and p-n junctions.®! Compared to thin films, NWs can usually
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be synthesized with a faster growth rate at lower growth temperatures. Moreover, NWs can grow
on arbitrary substrates and can sustain more strain than thin films. Normally, crystallization is the
key step of 1D nanostructure growth and the growth of NWs should be thermodynamically

favorable to achieve the lowest Gibbs free energy possible.>?

I11-V semiconductor NWs have drawn research interests for their capability of lattice
engineering and flexibility of band gap modification.* Among various 1D materials synthesized
and investigated over the past two decades, I11-V semiconductor NWs have shown particular
versatility for applications in optoelectronics, including solar cells, light emitting diodes, lasers,
photodetectors, and spintronic devices.>3%® 111-V bulk materials often exhibit a cubic zinc blende
(ZB) crystal structure since the ZB structure is thermodynamically stable. Nevertheless, 111-V NWs
are capable of possessing both ZB structure and hexagonal wurtzite (WZ) structure as illustrated
in Figure 1.4. Moreover, it is possible to alternate the crystal structures of 111-VV NWs by controlling

the growth conditions, such as 111/V ratio, growth temperature and doping concentration.®’

(b) Q

_—

p O Group V Elements

° Group lll Elements

Figure 1.4 Illustration of (a) zinc blende crystal structure and (b) wurtzite crystal structure, where

the large blue spots represent group 111 elements and small yellow spots group V elements.
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ZB and WZ structures have different stack sequence along the growth direction. Typically,
ZB structure stacks as ABCABC ... and WZ structure stacks as ABAB.... Faulty stacking can
happen during the growth process. Twin planes occur in the ZB structure as ABACACA..., and
the C plane can be tilted by some degree. While misplacing a single layer may appear in the WZ
structure as ABACAC..., which construct a ZB segment.>> When growing NWs, the total free
energy largely depends on the energy of solid and liquid interface, making it possible to grow
along one direction. For ZB structure, the <111> direction has the minimum interface energy, and

for WZ structure, the <001> direction commonly appears.>8>°

As one of the I11-V semiconductors, the interest in GaP NWs stems from its relatively
indirect band gap (2.26 eV) in the ZB structure.®® GaP NWs have the possibility of emitting
different colors and the ability to introduce both electrons and holes as majority charge carriers.%!-
%3 These properties make GaP NWs promising materials for the prospective applications in
optoelectronic and nanoelectronic devices. Additionally, GaP-based ternary and quaternary
semiconductors are promising materials for multi-junction solar cell applications.®* In the field of
photovoltaic, GaP NWs have low-temperature deposition and are relatively low price; moreover,
they are capable of growing on different substrates, which makes them valuable in various

commercial applications.®®

1.5 Growth Mechanism of Nanowires

Nanostructure semiconductors can be approached through top-down or bottom-up method.%
Traditionally, the top-up method through lithographic techniques for bulk materials, the desired

nanostructure could be obtained. Nevertheless, with a decrease in the length scale, the quality and
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the uniformity of the structures are difficult to manipulate. On the contrary, the low-cost bottom-
up method mostly relies on the self-assembling of atoms and it can reach small size scale precisely.
Several strategies have been proposed under this approach. For instance, the 1D structure can be
obtained by the self-assembly from OD nanomaterials; seed symmetry of 1D growth can be
adjusted by the liquid-solid interface; multiple templates can guide the 1D morphologies, and
intrinsically anisotropic crystallographic structure can be used during the growth.®” Among these
mechanisms, the majority of gas phase preparations involve the vapor-liquid-solid (VLS) process,

enabled by a pre-deposited metal nanocluster catalyst or self-assisted growth.

Metal Catalyst Liquid Alloy

Substrate

Alloying Nucleation Nanowire Growth

Figure 1.5 Illustration of the growth of nanowires via VLS mechanism. A liquid alloy will form
after heating the metal catalyst above the eutectic temperature. When the liquid alloy

supersaturates, the NWs will grow in the axial direction after nucleation.

First proposed in the 1960s by Wagner et al, the VLS mechanism was applied to explain the
growth in silicon whiskers.®® Since then, the VLS mechanism has been extended into 1D NW

growth. The basic idea for the metal catalyst assisted VLS process is to add gaseous reactants into

16



a liquid phase metal catalyst to form a liquid alloy at the growth temperature. Taking the liquid
alloy as a template, through nucleation at the solid-liquid interface, NWs will be developed by
adsorption of the reactant vapor and its axial growth can be confined.®® (Figure 1.5) Since the
lowest energy barriers for nucleation occur at the three-phase boundary, the crystal will grow along
one direction to form NWs rather than a 2D growth which leads to a planar structure.”® Generally,
the length of the NWs is managed by the growth time. During the growing process, NWs can grow
with an unchanged diameter since it is mainly controlled by the size of the liquid alloy. However,

some of the NWs also have radial growth, which forms a tapered structure for the whole wire.

Several experimental results indicate that the catalyst particle size can affect the axial growth
rate of NWs.”23 The growth rate may increase or decrease with the increase of catalyst diameter,
depending on the driving force during NW growth. Normally, the thermodynamic driving force of
NW growth is the supersaturation, which is the chemical potential difference between the catalyst

crystal phase and the reactant vapor pressure (equation 1.8):

Apye =y — e eq.1.8
Supersaturation can also be obtained by equation 1.97:

Ay = kBTln(i) eq. 1.9

Where p is the vapor phase adatom pressure and po is the equilibrium vapor pressure in the catalyst
particle. As the temperature increases, p will increase. NWs can be extended when Ay, is positive
and when Ay, goes down to zero, the whole system will maintain in equilibrium and the growth

of NWs will stop.
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Choosing a suitable metal as the catalyst to cooperate with the reactants is an important step
in this process since the catalyst should be inert to the chemical reaction, the solubility of the
catalyst in the liquid phase should be high enough, and it also needs a low vapor pressure. The
appropriate metal catalyst could be selected according to the equilibrium phase diagram.’® Shown
in Figure 1.6, in a pseudobinary phase diagram, when the catalyst and the reactants reach the
eutectic point, NWs will growth. Hence it is important to choose a suitable catalyst whose melting
point is within a reasonable range of temperature to enable the growth of NWs. Normally,

transition metals or noble metals are qualified for 111-V materials.

Liquid
alloying ﬁ Liquidus

nucleation

Liquidus
B+liquid
A+liquid ]
4 Eutectic point Solidus
Mixed crystal
A (catalyst) B (reactants)

Figure 1.6 Schematic of a pseudobinary phase diagram. The orange spot represents the eutectic

point where three phases coexist.

In addition to the growth of pure NWs, the incorporation of dopants into NWSs has been
generally applied in order to enhance optical and electrical properties and introduce magnetic
properties. Doping can be achieved in NWs with high carrier concentration. Generally, dopants
are imported from the gas phase and are incorporated into the NWs either through the liquid alloy
from the axis growth or directly into the NWSs from the radial growth. Some experimental studies

have concluded that dopants are likely to bind on the surface of the NWs rather than going into the
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core of NWs. This phenomenon is energetically favored and mostly suitable for NWs with short
length.>2 A few results suggest that doping through radial growth is more efficient than that through
axial growth. However, the axial growth may be restrained by the overgrowth in the radial
direction which is undesired for some devices. Under this circumstance, in situ etching is

introduced to prevent radial growth.’

In the radial direction, since dopants have different solid diffusivity, some of them are likely
to enter NWs through diffusion from the side facets; while others may escape from the NWs
through diffusion when there is not enough dopant precursor. Similarly, in the axial direction, there
are two sorts of dopants. The first type of dopant possesses large solid segregation coefficient.
Almost all the dopants can be transferred into the NWs with little re-evaporation. P-doped Si or
Ge NWs belong to this kind of doping process. However, the second type of dopant has small solid
segregation coefficients and high solubility in the liquid alloy. Re-evaporation cannot be ignored
and only partial dopants enter the NWs through the liquid alloy. Sb-doped Ge NWs and Si-doped

GaAs are representative examples of this doping process.>?

Based on the VLS mechanism, the growth of NWs can be accomplished by molecular beam
epitaxy (MBE), laser ablation, metalorganic chemical vapor deposition (MOCVD), chemical
vapor deposition, etc.; """ among these methods, CVD is particularly promising for commercially
relevant applications because of the relatively low cost of the starting material, simplicity, safety,
and the ability to grow NWs with different morphology on various substrates.”®”® However, when
growing GaP NWs, it will generally lead to the formation of thick oxygen-rich overlayers on the
NW surface, which can be amorphous or crystalline and often consist of Ga2O3 and/or GaPQ4.""8%

82 While this unintentionally formed shell could potentially be used as insulating oxide layers for
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NW electronic devices, such as field effect transistors, the absorbed or incorporated oxygen could
also compromise the inherent electrical and optical properties of GaP NWs. The rational and
consistent control of the formation of this coating layer during NW growth has not yet been

achieved.

1.6 Motivations and Scope of the Thesis

This study aims to explore the possibility of single-phase multifunctional nanostructures, to
be specific, the plasmon-induced carrier polarization in plasmonic semiconductor nanomaterials.
Magnetoplasmonic nanomaterials are promising materials which can be used in biochemical
sensors, modulators, and quantum information processing devices.'® Nevertheless, few studies
have been focused on the magnetoplasmonic single-phase semiconductor nanomaterials due to the
difficulty of establishing compatible experiments to demonstrate the interaction between the
excitonic transition and magnetoplasmonic properties. This study attempts to investigate the

relationship of these properties of semiconductor NCs and NWs.

The first part of this work concentrates on the plasmonic and magnetoplasmonic properties
of indium-doped and aluminum doped ZnO NCs. ZnO is a kind of n-type TCO which is an earth-
abundant semiconductor with a direct wide band gap of 3.37 eV. Using group Il elements as the
doping cations, ZnO based colloidal NCs are capable of generating intense tunable LSPRs. With
the help of MCD spectroscopy, it is possible to discover the magnetoplasmonic-exciton coupling

for doped ZnO NCs.

In addition, 1D NWs are promising materials for multifunctional studies as they have been
widely exploited in optoelectronic and magnetoelectronic devices. For 111-V semiconductor NWs,
there are various applications in optoelectronics, including solar cells, spintronic devices, and
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photodetectors.>>83#  The plasmonic properties have been successfully accomplished in doped
GaN®, indicating the immense research value on I111-V NWs. The second part of this study is
associated with the control of the spontaneous formation of oxide overlayers on GaP NWs grown

by CVD. Without oxide shells, GaP NWs can then be further applied to various applications.

To study the crystal structures, morphologies, and optical properties in these nanoparticles,
multiple characterization methods are applied. Based on the performed analysis, the plasmonic and
magneto-plasmonic properties of doped ZnO NCs are discussed. The capability of controlling the
behavior of the excitonic transition with the magnetoplasmonic properties makes these NCs
promising materials in practical applications. Meanwhile, the inexpensive route of controlled
growth of GaP NWs without oxide layers using the CVD method suggests effective improvement

of the NW growth conditions.
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Chapter 2 Experimental Method

2.1 Materials

All the chemical reagents and solvents were used as received from the manufacturers
without any future purification. Gallium phosphide (GaP, 99.99% trace metal basis) and
phosphorous (P, 97%) were purchased from Sigma-Aldrich. Gallium metal (Ga, 99.99%),
aluminum  acetylacetonate  (Al(acac)s, AI(CH3COCH=COCH3)3, 99%), and indium
acetylacetonate (In(acac)s, In(CHsCOCH=COCH?3)s, 98%) were obtained from Strem Chemicals.
Zinc stearate (Zn[CH3(CH2)16COO]2, ZnSt,, 12.5-14%) was purchased from Alfa Aesar. Oleic
acid (OA, CHs(CH2)7CH=CH(CH2)7COOH, 90%), 1-octadecene (ODE, CH3(CH2)1sCH=CHo,
90%), 1-dodecanol (DDOL, CH3(CH2)110H, 98%), toluene (99.9%), hexane (98.5%) and acetone
(99.9%) were also obtained from Sigma-Aldrich used as the solvents. Hydrogen (H.) and argon

(Ar) as the high purity carrier gases (grade 5), were obtained from Praxair.
2.2 Synthesis Methods

2.2.1 Synthesis of Doped Zinc Oxide Nanocrystals

The synthesis of doped zinc oxide NCs was mainly based on a non-injection method.>
Typically, 1.89g ZnSt, and a desired amount of dopant ( In(acac)s or Al(acac)s) were added to a
three neck round bottom flask to make a series of 1Z0 or AZO up to 30 % doping concentration.
Thereafter 2.65 g OA, 16 g ODE, and 4.8 g DDOL were added to the flask successively. Under
room temperature with a reasonably stirring, the flask was degassed for 5 minutes and purged with

argon gas for 10 minutes. After repeating the degassing and purging process twice, the flask was
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kept under the argon atmosphere during the whole reaction. The solution was firstly increased to
140 °C and remained for 30 minutes to make sure all the precursors mixed and dissolved evenly.
Henceforth, the temperature of the solution increased to 250 °C at 4 °C per minute. The reaction
remained for 3 hours at 250 °C and then cooled down to room temperature. The precipitate was
obtained by centrifuge and continuously washed with toluene and acetone three times. Finally, two
equal parts of the precipitate were dispersed in toluene and hexane separately and the remainder

was dried with acetone and then crushed for future measurement.

The synthesis reaction is an alcoholysis dominate reaction. According to the hard-soft acid-
base theory, the group 111 dopants (AI®*, In®*) are harder than Zn?*, which makes it easier for ZnSt;
to interact with group 111 acetylacetonates. The typical reaction mechanism can be described as

equation 2.1, 2.2 and 2.3:
Zn(0O0C—R;y), + 2R, — OH - 2R, — 00C — Ry + Zn(OH), eq.2.1
In(acac); + 3R, — OH - 3 acac — R, + In(OH); eq.2.2
Zn(OH), + In(OH)3 = Zny_,In,0 + H,0 eq.2.3

where R1-COO refers to the carboxylate in ZnStz, R2-OH refers to the DDOL, and the group 111

dopants use In(acac)s as an example.

2.2.2 Synthesis of Gallium Phosphide Nanowires

The chemical vapor deposition (CVD) method was used to synthesize gallium phosphide
nanowires, based on the precursors GaP, Ga, and P. The metal catalyst, Au, was used in the
experiment, which was deposited on a clean substrate. Si substrates within 1 cm? in area, which

were washed with deionized water and ethanol, then dried in the nitrogen flow, were used as
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holders to grow nanowires. All the reactants and catalyst were put onto a mica sheet on the top of
an aluminum boat, then the boat was placed in the center of a horizontal two-inch diameter quartz
gas flow tube inside a three-temperature-zone tube furnace (zone 2). Meanwhile, another
aluminum boat, containing the growth substrate, was placed 25 cm downstream from the
precursors (zone 3). The tube was evacuated to 0.1 Torr and then purged with high purity argon
gas (100 sccm flow rate) under 200 Torr before the reaction started. The tube furnace was
subsequently heated to the desired temperature under argon gas flow. For samples synthesized
under hydrogen flow, after reaching the set temperature, hydrogen gas was purged in at the desired
rate while argon flow rate was decreased to maintain the total gas flow rate of 200 sccm. The
reaction sustained for 90 minutes, and the pressure was maintained at 200 Torr during the reaction.

Samples were allowed to naturally cool down to room temperature under argon flow.

Gas Source
Pressure
® Control

Sample Holder :
Vacuum
Pump

Three-Temperature-Zone Tube Furnace

Figure 2.1 lllustration of a CVD reactor.
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2.3 Characterization Techniques

2.3.1 Powder X-ray Diffraction (PXRD)

Powder XRD is applied to primarily identify the crystal structure of the semiconductor NCs
and NWs. When an incident monochromatic X-ray beam hits the rotating sample, scattering will
occur and undergo destructive and constructive interference which is the process of diffraction. A
crystal structure such as the shape, size and arrangement information can then be obtained from
the intensity and direction of the diffraction. Especially the size of the crystal can be obtained

through the Scherrer equation®:

kA
Bcos®

Ly = eq. 2.4

Lnii is the crystallite size in the scale of nm and k is the dimensionless shape factor approximately
equal to 0.9, A is the wavelength of the X-rays and B is the full width at half-maximum (FWHM)

of the diffraction peak, 0 is the diffraction angle in radians.

The measurement took place on an INEL XRD diffractometer, the source of X-rays is Cu
Ko radiation with the wavelength of 1.5406 A; samples are placed on an aluminum sample holder

with the generator at 30 kV and 30 mA.

2.3.2 Scanning Electron Microscopy (SEM)

The typical morphology, composition, and yield of the NWs can be detected by SEM. A
high energy electron beam is applied to scan the sample. By analyzing the secondary electrons,
the image of the sample can be obtained. SEM is extremely sensitive to materials with a rough
surface or uneven fractions, which makes it a powerful tool to study the surface morphologies of
samples. For this research, the images were performed with LEO 1530 microscope with the
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operating voltage of 10 kV, the output images are all collected using the secondary electron mode.
Energy dispersive X-ray spectroscopy (EDX) is used to roughly analyze the elemental composition
of the synthesized sample. The ability to distinguish elements is due to the characteristic X-ray

energy for each element.

2.3.3 Transmission Electron Microscopy (TEM)

TEM provides images with precise morphology and structure information. An electron beam
transmits through ultra-thin samples and collects information from the interior of the sample. By
analyzing the electron diffraction pattern, species, structure and defect information can be obtained.
In terms of TEM measurements, all related samples are usually diluted and sonicated in order to
make them well distributed on the TEM copper grid with lacey Formvar/carbon support films. The
TEM images were then obtained with a JEOL 2010F microscope operating at 200 kV. The atomic
arrangement and inter-plane crystal spacing are further identified by selected area electron

diffraction (SAED) and high-resolution TEM (HRTEM) using Gatan Digital Micrograph software.

2.3.4 Raman Spectroscopy

Raman spectroscopy is a powerful tool to characterize materials and detect vibrations modes
based on the frequency shift of scattered laser photons. The vibrational properties can be related
to the strength, length and the arrangement of the chemical bond.?” It has a strong sensitivity to the
composition of the investigated compounds and is sensitive to impurities and the presence of
disorders. Raman scattering can interact with molecular vibrations. The interaction will then lead
to a shift of the energy and give feedbacks of the vibrational modes. In Raman spectrometers,

samples are illuminated by a laser beam. The corresponding electromagnetic radiation is collected
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through a monochromator which is capable of filtering out the elastic Rayleigh scattering and send
the remaining radiation to a detector. The Raman spectroscopy was performed at room temperature
with a Renishaw 1000 spectrometer connected to a BH-2 Olympus microscope. The measurements
were performed in a confocal configuration, and the samples were excited using the Millenia-
pumped Tsunami laser (Spectra-Physics) emitting at 785 nm, the employed radiation source was
10 % of the total output power (40 mW). Before each measurement, the spectrometer will be

calibrated using a silicon foil.

2.3.5 Ultraviolet-Visible-Near-Infrared(UV-Vis-NIR) Spectroscopy

UV-Vis-NIR spectroscopy provides the measurement of electronic absorption with an
extensive range of wavelength. Moreover, the optical properties and the electronic structures of
the materials within the measurement range such as the free carrier absorption and band gap
transition can also be determined. A Varian Carey 5000 UV-Vis-NIR spectroscopy was used in
this study to obtain the absorption spectra. Solid state UV-Vis-NIR absorption spectra were
collected by drop-casting the colloidal solution on the quartz substrates to form a film so as to
avoid the solvent effect in the NIR region. Typically a spectroscopy will collect from 200 nm to

3300 nm.

2.3.6 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy can acquire optical properties of the materials in the infrared range on
account of the frequencies of vibrations. The organic molecules on the surface of NCs can be

recognized due to their different functional groups. Moreover, since doped semiconductor NCs
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possess plasmonic properties in the MIR region, FTIR spectroscopy could be applied to identify
these properties. The whole scene of the plasmonic properties of NCs could then be obtained by
the combination of FTIR and the UV-Vis-NIR spectroscopy. In this study, all the FTIR spectra
were collected through the KBr pellets in the range from 400 to 4000 cm™ on the FTIR Bruker

Tensor 37.

2.3.7 Magnetic Circular Dichroism (MCD)

In this study, MCD was measured using Jasco J-815 spectropolarimeter in a Faraday
configuration and the samples were coated on the strain-free quartz substrate inside an Oxford SM
4000 magneto-optical cryostat. The field dependent MCD were realized under 5 K from 1 T to 7

T and temperature-dependent measurement of MCD was carried out at 7 T from 5 K to 300 K.
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Chapter 3 Study of the Plasmonic and Magnetoplasmonic
Properties of Indium-doped and Aluminum-doped ZnO (1Z0 and

AZQO) Nanocrystals

3.1 Crystal Structure of 1ZO and AZO NCs by XRD

The crystal structure of as-synthesized 1ZO NCs was confirmed by the XRD patterns with
an In/Zn molar ratio up to 20 %, as shown in Figure 3.1 and Figure Al. At all doping levels, the
XRD patterns are in good agreement with the reference pattern which is bulk ZnO in a wurtzite
crystal structure. No diffraction peaks originating from secondary phases such as indium oxide
(In203) or mixed oxide (ZnIn20s), which often exist in the doped ZnO thin films, were
detected.®8° The average particle sizes, calculated from the Scherrer equation, are estimated to be

12.0 nm for pure ZnO and 9.1#1.0 nm for all the doped samples with a slight decrease when

increasing the doping concentration.
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Figure 3.1 XRD pattern for 120 with different starting In/Zn molar ratio up to 20 %. Purple lines

correspond to the XRD pattern of bulk wurtzite ZnO (JCPDS 36-1451).

As illustrated in Figure 3.1 (b), with an increase in doping concentration, the diffraction
peaks for 1ZO samples tend to broaden slightly and shift to lower angles, compared to the pure
ZnO sample. According to the Scherrer equation, the broad peak accounts for a decrease in the
size of the NCs. These phenomena could arise from the increase of lattice strain in the nanoscale.®
The In®* dopant ions have a larger ionic radius than the Zn?* ions, hence when In®* ions doped into
ZnO NCs, the lattice will expand and a tensile strain will appear. The space of planes is affected

by the tensile strain in the lattice and result in changes in the crystal size and the reflection angle.
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Figure 3.2 XRD pattern for AZO with different starting Al/Zn molar ratio up to 30 %. Purple lines

correspond to the XRD pattern of bulk wurtzite ZnO (JCPDS 36-1451).

Figure 3.2 shows the crystal structure of synthesized AZO NCs by the XRD patterns. These
samples have Al/Zn molar ratio varying from 5 % to 30 %. Similar to 1ZO NCs, all the AZO
samples have the wurtzite crystal structure and are in accordance with the pattern of bulk ZnO. No
diffraction peaks originating from aluminum oxide (Al>Os3) or other impurities such as gahnite
(ZnAl204) were detected. Also, no significant peak broadening or peak shift appear in AZO
samples indicating that the actual doping concentration for all the samples is not as high as 1Z0
samples. However, the calculated average particle sizes are 14.440.4 nm for low doping AZO
samples (5 %, 10 %, and 15 %), and around 29.0 nm for highly doped samples (20 % and 30 %).
The difference between low and high doping concentrations need to be further analyzed with the

help of TEM.

3.2 Morphology of 1Z0 and AZO NCs by TEM

Figure 3.3 and Figure 3.4 show the representative TEM images of 5% and 10% 1ZO NCs,
respectively. It can be observed from the low-resolution TEM images in Figure 3.3 (a) and Figure
3.4 (a) that most of the 1ZO NCs have spherical or pseudo-spherical shapes. The high-resolution
TEM images for a single NC exhibit the lattice spacing for 1ZO samples, which affirms the
crystalline structure. For 5 % 1ZO NCs, the lattice spacing is around 2.9 A, and for 10 % 1ZO NCs,
the lattice spacing is around 2.8 A. Both samples correspond to the (100) plane of bulk wurtzite
ZnO. As represented in Figure 3.3 (d) and Figure 3.4 (d), the average particle size is 11.1+1.4 nm
for 5 % 1Z0O sample and 10.9+1.3 nm for 10 % 1ZO sample, respectively, which are in reasonable

agreement with the calculated value form the XRD patterns using the Scherrer equation.
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Figure 3.3 Representative TEM images of 1ZO NCs with the starting doping concentration of

0.05. (a) Low-resolution overview TEM images of 1ZO NCs. (b) and (c) High-

[In])/[Zn]

resolution TEM image of a single nanoparticle with measured lattice spacing. (d) The size

distribution of 1Z0O NCs.
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Figure 3.4 Representative TEM images of 1ZO NCs with the starting doping concentration of
[In}/[Zn]=0.10. (a) Low-resolution overview TEM images of 1ZO NCs, (b) and (c) high- resolution

TEM image of a single nanoparticle with measured lattice spacing and (d) the size distribution of

1ZO NCs.

The representative TEM image of 10 % AZO NCs is shown in Figure 3.5. The overview

TEM image of 10 % AZO NCs in Figure 3.5 (a) shows that the NCs obtain spherical or elongated
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shapes, and some of the particles may even have a pyramidal shape. This could happen since
undoped ZnO NCs often own both elongated and spherical shapes.®! The lattice spacing around
2.8A for 10 % 1ZO NCs is obtained from high-resolution TEM images from Figure 3.5 (b) and (c),

which consistent with the (100) plane of bulk wurtzite ZnO. Figure 3.5 (d) illustrates the particle

size distribution around 14.6+1.2 nm, which is similar to the calculated value from XRD.
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Figure 3.5 Representative TEM images of AZO NCs with the starting doping concentration of

[Al}/[Zn]=0.10. (a) Lowe-resolution overview TEM images of AZO NCs, (b) and (c) high-

resolution TEM image of a single nanoparticle with measured lattice spacing and (d) the size

distribution of AZO NCs.
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Figure 3.6 Representative TEM images of AZO NCs with the starting doping concentration of
[Al]}/[Zn]=0.20. (a) Low-resolution overview TEM images of AZO NCs, (b) and (c) high-
resolution TEM image of a single nanoparticle with measured lattice spacing and (d) the size

distribution of AZO NCs.

Figure 3.6 is the representative TEM image of 20 % AZO NCs. It should be noted that the
shape of 20 % AZO NCs obtained from Figure 3.6 (a) has a pyramid or hexagonal pyramid
morphology which is significantly different from the 10% AZO NCs. The change in morphology
may be attributed to the existence of different crystal facets in 20 % AZO NCs and the difference
in their growth velocities. The different planes formed on different surfaces can produce a
permanent and spontaneous dipole moment which diverge the surface energy, and hence generate
the pyramidal shape.®? The different facets can be confirmed by the high-resolution TEM images
in Figure 3.6 (b) and (c), which shows two different lattice spacings. The lattice spacing at 2.8 A
corresponds to the (100) plane similar to the 10 % AZO NCs, and the lattice spacing around 5.3 A
are assigned to the (001) plane. A relatively broad size distribution is obtained for the 20 % AZO
NCs, which is 31.342.5 nm. This value is in accordance with the previously calculated one by the
Scherrer equation and the change in shape of 10 % and 20 % AZO NCs explains the large

difference in size between two samples.

Table 3.1 gives the actual doping concentration for both 1ZO and AZO NCs from the relative
elemental EDX analysis. For 1ZO NCs, the actual doping concentration is very close to the starting
In/Zn value, especially the 5 % 1ZO NCs, which have a high doping efficiency. However, for the
AZO NCs, the actual doping concentration is merely less than 1 % for both samples. Different
doping efficiency may attribute to the different ionic radii for the dopants and different kinetics

during the NC growth.
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Table 3.1 Actual doping concentration of 1ZO and AZO NCs from the TEM relative EDX

NCs Starting Concentration Dopant Concentration
5% 1ZO 5.23 %
10 % 1ZO 7.88 %
10 % AZO 0.18 %
20 % AZO 0.70 %

3.3 Spectroscopic Studies

3.3.1 UV-Vis-NIR Absorption Spectra

The UV-Vis-NIR absorption spectra were obtained from solid-state samples in the range
from 200 nm to 3300 nm. Figure 3.7 and Figure A2 (a) show the UV-Vis-NIR absorption spectra
of pure ZnO and 1ZO NCs with different doping concentrations up to 20 %. To make an effective
comparison of plasmonic peaks for different doping concentrations, all the spectra were
normalized based on the shoulder of the band gap absorption at around 300nm. The plasmon
resonance absorption occurs in the NIR region for 1ZO NCs compared to pure ZnO NCs which
shows very little absorption. It should be noted that in pure ZnO NCs, unpaired electrons exist in
the oxygen-defective lattice which contributes to the fluctuation around 3000 nm. When increasing
the doping concentration, the absorbance of the plasmon resonance of 1ZO NCs will increase,
which indicate the increase of free carrier density due to the dopants. 10 % 1ZO sample shows the
strongest absorption, which is the optimal plasmonic resonance. Starting from 12 % to 20 %, the
absorbance of 1ZO NCs decrease with increasing doping concentration, which may be attributed

to the trapping of In®* ions or the scattering of free carriers.*
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Figure 3.7 UV-Vis-NIR absorption spectra of pure ZnO and 1ZO NCs normalized at band gap

absorption. The In/Zn ratio varies from 1 % to 20 %.

Based on the band gap absorption from UV-Vis-NIR spectra, the optical band gap for the
ZnO and 1Z0O NCs can be obtained from the Tauc plot. As shown in Figure 3.8 and Figure A2 (b),
the band gap value for pure ZnO NCs is about 3.32 eV, which is in accordance with the reported
value in literature.*® The optical band gap of 1ZO NCs primarily shifts to higher energy with
increasing doping concentration up to 10 % and then reduce to lower energy. It has the same trend
for the NIR plasmon resonance absorption due to the variation of free carrier density, and this can

be attributed to the Burstein-Moss effect.
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Figure 3.8 Tauc plots of the optical band gap of pure ZnO and 1ZO NCs with various doping

concentration based on the UV-Vis-NIR spectra.

The band gap normalized UV-Vis-NIR absorption for AZO NCs from 5 % to 30 % is shown
in Figure 3.9 (a). In the NIR, the plasmon resonance absorption of 5 % and 10 % are very weak
due to the poor doping efficiency. An enhancement of the plasmonic peak occurs at around 3000
nm with increasing doping concentration. However, the absorption of AZO NCs is lower than that
of 1Z0O NCs, since the plasmon resonance for AZO mostly exists in the infrared region. Scattering
starts to occur at 30 % AZO NCs in the UV-Vis region, hence no higher doping concentration is

introduced in this study.

The optical band gap of AZO NCs for different doping concentration calculated from the

UV-Vis-NIR spectra is shown in Figure 3.9 (b). From the Tauc plot, the band gap shifts to higher
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energy with increasing doping concentration, which is in accordance with the increase of free

carrier density due to the Burstein-Moss effect.
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Figure 3.9 (a) UV-Vis-NIR absorption spectra of AZO NCs normalized at band gap absorption.
The Al/Zn ratio various from 5 % to 30 %. (b) Tauc plot of the optical band gap of AZO NCs with

various doping concentration based on the UV-Vis-NIR spectra.

3.3.2 FTIR Absorption Spectra

FTIR is another absorption technique which can characterize the plasmonic character for
doped TCO NCs on account of the free electron oscillation. All the FTIR spectra were normalized
using an empty KBr pellet. As illustrated in Figure 3.10, the representative normalized FTIR
spectra for both pure ZnO and 1ZO NCs have two sharp bands at 2924 cm™ and 2824 cm which
can be assigned to the CH, asymmetric and symmetric stretch of the solvent (OA) used in the
synthesis step, respectively. Meanwhile, the two sharp peaks at 1566 cm™ and 1467 cm™ are the
COO-band stretch formed during the reaction of host ions and dopants with DDOL, these two

peaks also confirm the excellent solvent dispersibility.

For pure ZnO NCs, only a weak plasmon resonance exists due to partly delocalized free
electrons in the oxygen-deficient lattice and the overall spectrum appears flat.*® Nevertheless,
similar to the UV-Vis-NIR spectra, with an increase of doping concentration for 1ZO NCs up to
10 %, the absorbance of a broad plasmon resonance peak increased monotonically. However,
above 12 % the absorbance started to decrease with the increase of starting doping concentration.
It can be observed that for IZO NCs, the maximum of the plasmonic peak is around 4000 cm™.
The plasmon resonance peak in both the UV-Vis-NIR spectra and the FTIR spectra are incomplete.
Hence it is necessary to combine these two spectra together to obtain a full band of plasmon

resonance absorption.
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Figure 3.10 Normalized FTIR absorption spectra of pure ZnO and 1ZO NCs with different starting

doping concentrations of In/Zn up to 20 %.

Figure 3.11 shows the normalized FTIR for AZO NCs at different starting doping
concentration. In accordance with the 1ZO NCs, there are two sharp bands corresponding to the
CH> stretch and two sharp bands from the COO- stretch. At low doping concentration (5 % and
10 %), it is indistinguishable to recognize the plasmonic resonance from the background.
Nevertheless, at high doping concentrations (20 % and 30 %), an obvious broadband appears
around 1000 cm™*, which can be attributed to the plasmon resonance. It can be also observed that
the plasmonic peak position for AZO NCs is significantly different with that of 1ZO NCs due to

different charge carrier concentrations.
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Figure 3.11 Normalized FTIR absorption spectra of AZO NCs with different starting doping

concentrations of Al/Zn up to 30 %.

3.3.3 Combination of the Optical Absorption Spectra

The plasmonic peaks obtained from both the UV-Vis-NIR spectra and the FTIR spectra are
incomplete, which makes it difficult to analyze the plasmonic properties, especially for the 1ZO
NCs. Fortunately, because of the overlapping part of these two spectra in the region of absorption
from 2500 nm to 3200 nm, it is possible to combine them to create a wide range optical spectrum
from UV to the MIR region. The spectra for pure ZnO and 1ZO NCs are obtained from the spectra
in Figure 3.7, Figure A2 (a) Figure 3.10, and Figure A2 (c). While the spectra for AZO NCs are
the combination of Figure 3.9 (a) and Figure 3.11. To obtain reasonable spectra for the whole

optical scope, the FTIR spectra are normalized based on the UV-Vis-NIR spectra. Completed
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plasmon resonance absorbance can be acquired from the treated spectra for both 1ZO and AZO

NCs.
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Figure 3.12 Normalized absorption spectra of pure ZnO and 1ZO NCs with different starting
doping concentrations of In/Zn up to 20 %. The spectral range is from UV to the MIR by

combining the UV-Vis-NIR spectra and the FTIR spectra.

As illustrated in Figure 3.12 and Figure A2 (d), pure ZnO NCs without dopants have a very
weak plasmonic feature in the experimentally accessible optical region. A strong and broad
plasmon resonance band can be observed for IZO NCs in various doping concentrations, indicating
the plasmonic properties arising from the In®*" dopants. The optimized strongest plasmon
absorption appears in the 10 % 1ZO NCs which is in agreement with the previous analysis.

However, since the plasmonic peak around 3000 nm is located in the joining region of two different
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spectra, it is difficult to observe the peak shift for different doping concentrations. For the 10 %
IZO NCs, the free carrier density can be calculated using the Drude equation, which is 1.5 x<10%

cm3. This value approaches the value obtained from the literature. °>%
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Figure 3.13 Normalized absorption spectra of AZO NCs with different starting doping
concentrations of Al/Zn up to 30 %. The spectral range is from UV to the MIR by combining the

UV-Vis-NIR spectra and the FTIR spectra.

Figure 3.13 demonstrates the entire normalized optical spectra of AZO NCs with starting
doping concentration from 5 % to 30 %. Similar to the previous results, the plasmon resonance
band intensity increases with increasing the doping concentration. Because of the low doping
efficiency, it is difficult to observe the plasmon resonance band from the 5 % and 10 % AZO NCs,

while 15 % AZO NCs begins to show a broadband in the optical region. Clear and strong plasmonic
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bands appear in the spectra for 20 % and 30 % AZO NCs. An obvious blue shift could be observed
as increasing the doping concentration, which confirms the increasing of free carrier density by
increasing AI** dopants. The carrier density calculated using the Drude equation is 1.6 <10'° cm™
and 1.9 x<10*° cm™ for 20 % and 30 % AZO NCs, respectively, which is in a reasonable range for

doped TCOs.

3.4 Magneto-Optical Properties from MCD Spectra

MCD spectra of LSPR due to the cyclotron motion of free electrons upon the excitation of
left and right circularly polarized light under external magnetic field have been observed for
different plasmonic materials.*** The key features of reported spectra are the linear magnetic
field-dependent and temperature-independent MCD intensity which could be explained by the
classical description of the cyclotron magnetoplasmonic modes.*® In this study, the MCD
spectroscopy was performed in Faraday configuration to examine the excitonic properties of

plasmonic 1ZO and AZO NCs.

Figure 3.14 (a) and (b) show the absorption spectrum collected at 5K and MCD spectra
collected under various magnetic field around the band gap region of 10 % 1ZO NCs whose actual
doping concentration is 7.9 %. The MCD spectra show a strong negative band which coincides
with the band edge absorption of the 1ZO NCs indicating the complete polarization of free carriers.
In addition, the intensity of MCD band maximum at 3.36 eV has a linear relationship with the
magnetic field as shown in Figure 3.14 (c). Furthermore, Figure 3.14 (d) suggests the MCD band

intensity remains unchanged as temperature increases from 5 to 300 K. As reported in the previous
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work from our group®, the splitting of the excitonic transition has the same behavior as the MCD
features of LSPR in the plasmonic 1I-VI ZnO NCs confirming the generality of the coupling

between the exciton and plasmon in different plasmonic materials.
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Figure 3.14 (a) Absorption spectra and (b) MCD spectra of 10 % 1ZO NCs collected at 5 K. MCD
spectra collected at different external magnetic field strengths are indicated in the graph. (c)
Magnetic field dependence of MCD intensity at 3.36 eV for ZnO NCs in (b) as a function of
external magnetic fields. Blue solid trace is the linear fitting of the data points. (d) MCD spectra

of pure ZnO NCs in (a) collected at 7 T for various temperatures (5 K — 300 K).
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The negative singular sign of the MCD signal is a direct evidence of plasmon-induced
carrier polarization. Meanwhile, the control experiments for pure ZnO involving localized
conduction band electrons from previous work show no signal at room temperature.*® Also, they
follow Curie-type behavior characteristic for unpaired electrons. As the excitonic transition is off
resonance with the LSPR of ZnO NCs, it is difficult to rationalize the explanation based on the
direct coupling between plasmon and exciton. The mechanism of the plasmon-exciton coupling is
more likely to involve a phonon-mediated process since both plasmon-phonon coupling and
plasmon-exciton coupling are widely observed and well understood for different semiconductor
materials.®®® More importantly, phonon could also transfer the angular momentum allowing for
both generations of magnetoplasmonic modes and the splitting of the semiconductor band states.
The experimental results of this study show more evidence towards the idea of phonon-mediated
plasmon-exciton coupling. As shown in Figure A3 and A4, the MCD band maximum shifted to a
lower energy with the increasing temperature which is consistent with the shift of absorption
spectrum collected at the same time. The shift of excitonic transition of semiconductors with the
change of temperature can be attributed to the temperature-dependent electron-phonon interactions
which have been known for a very long time and observed with different semiconductors.*® More
interestingly, as the MCD band maximum shifts to lower energy, the intensity of band maximum
slightly increases with increasing temperature. One of the possible reasons for this observation
could be the slight increase of the angular momentum transfer rate in phonon-exciton interaction
with increasing temperature.® Given that the relatively strong phonon-exciton interaction in NCs,
the slight increase of angular momentum transfer rate could lead to the enhancement of the
plasmon-exciton coupling strength which results in the increase in the MCD band intensity. In

addition, as shown in Figure 3.17, the MCD intensity behaves similarly to the rate of angular
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momentum transfer.% It is noticeable that this effect is not as pronounced in 10 % 1ZO NCs, which
could be correlated to the weakening of the phonon-exciton interaction due to the large degree of
local lattice distortion as evidenced by the negligible shift of the excitonic absorption as well as

the MCD band.
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Figure 3.15 (a) Absorption spectra and (b) MCD spectra of 20 % AZO NCs collected at 5 K.
MCD spectra collected at different external magnetic field strengths are indicated in the graph. (c)
Magnetic field dependence of MCD intensity at 3.43 eV for ZnO NCs in (b) as a function of
external magnetic fields. Blue solid trace is the linear fitting of the data points. (d) MCD spectra

of pure ZnO NCs in (a) collected at 7 T for various temperatures (5 K — 300 K).
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For 20 % AZO NCs (actual doping concentration: 0.7 %) MCD spectra, the negative MCD
band was also observed with the band maximum intensity changing linearly to the applied
magnetic field as indicated in Figure 3.15 (b) and (c). This could also be associated with the
cyclotron magnetoplasmonic oscillations as a collective property of free electrons. However, as
shown in Figure 3.17, the MCD band maximum has a slight decrease as the temperature increases
which is contrary to the temperature-dependence of MCD band intensity observed for 1IZO NCs.
The decrease of MCD band intensity at high temperature (greater than 100K) could possibly be

related to the weakening of the plasmon-phonon coupling strength.

Surprisingly, similar features were observed in the MCD results of pure ZnO NCs
synthesized under the identical experimental conditions. The non-zero MCD band intensity at
300K resembles the collective effect of the delocalized free electrons in the oxygen-defective ZnO
lattice. The generation of a sufficient number of delocalized free electrons in intrinsic oxygen
defective ZNnONCs was also reported in the literature.*® As for the temperature-dependence of the
MCD band, compared to that of the AZO NCs, the intensity quickly decreases as temperature
increases from 5 to 100 K, which could be related to the Curie-type paramagnetism induced by the
localized nature of electrons associated with oxygen vacancy sites. Further decline of the MCD
band intensity from 100 to 300 K, is likely to be related to the reduced plasmon-phonon coupling

due to the weak oscillator strength of the plasmon oscillations, similarly to AZO NCs.
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Figure 3.16 (a) Absorption spectra and (b) MCD spectra of pure ZnO NCs collected at 5 K. MCD
spectra collected at different external magnetic field strengths are indicated in the graph. (c)
Magnetic field dependence of MCD intensity at 3.38 eV for ZnO NCs in (b) as a function of
external magnetic fields. Blue solid trace is the linear fitting of the data points. (d) MCD spectra

of pure ZnO NCs in (a) collected at 7 T for various temperatures (5 K — 300 K).
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Figure 3.17 Temperature dependence of MCD relative intensity recorded at the maximum
intensity of each temperature for pure ZnO, 1Z0 (1 %, 5 %, 10 %), and AZO (20 %) NCs. The

maximum intensities at 5 K for all the NCs are set as 1.

3.5 Conclusion

In conclusion, the indium and aluminum doped zinc oxide NCs with various doping
concentrations have been successfully synthesized. The wurtzite crystal structure has been
confirmed by XRD with no secondary phases detected for all samples. A uniform shape and high
doping efficiency for IZO NCs have been demonstrated with TEM images and relative elemental
EDX analysis. However, TEM images for AZO NCs show diverse shapes at different doping

concentrations due to the existence of different growth facets at higher doping concentration which
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contribute to the size deviations of NCs. The actual doping concentrations for AZO NCs are

generally lower as 20 % AZO has an actual doping concentration less than 1 %.

UV-Vis-NIR spectra and FTIR spectra both confirm the existence of the plasmonic property
of 1Z0 and AZO NCs. With a proper combination of these two spectra, the integrated plasmon
band was obtained. The peak positions are around 3000 nm for 1ZO NCs and around 8000 nm for
AZO NCs. The highest plasmon band absorption has been obtained from the 10 % 1ZO NCs.
Further increase in the In/Zn ratio reduces the plasmon band absorption due to the trap of In®* ions.
While in AZO NCs, the band absorption continues to increase due to the poor doping efficiency.
The blue shift of the band gap for AZO NCs can be explained by the Burstein-Moss effect. The
MCD spectra demonstrate for the first time exciton-magnetoplasmonic coupling in 11-VI NCs,
which gives rise to the band state splitting and carrier polarization. In this thesis, it tentatively
proposed the role of phonon mediation in this plasmon-induced carrier polarization. A deeper
understanding of this intriguing phenomenon requires additional experimental work and

theoretical modeling.
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Chapter 4 Control of the Spontaneous Formation of Oxide

Overlayers on GaP Nanowires

4.1 Crystal Structure and Morphology of GaP NWs under Normal Growth Condition

The initial synthesis was performed in the excess of Ga, with Ga:GaP flux ratio of 1:1, at
1000°C as described in section 2.2.2. The crystal structure of the NWs was performed by powder
XRD as illustrated in Figure 4.1. It can be observed that the NWs exist in the zinc blende GaP ( red
lines) crystal structure. The diffraction peaks at 28°, 33°, 47°, 56°, and 59°, correspond to the (111),
(200), (220), (311), and (222) lattice plane, respectively. While other remaining peaks indicate the
characteristic for f-Ga>O3 (blue lines) structure. Given the amorphous nature of the NW shell, the
B-Gax03 reflections suggest that the particles co-deposited on the growth substrate consist of

crystalline Ga20:s.
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Figure 4.1 XRD pattern of NWs on the growth substrate synthesized at 1000 °C in argon flow
with excess Ga (flux ratio Ga:GaP = 1:1). Red lines and blue lines correspond to the XRD pattern

of bulk zinc blende GaP (JCPDS 12-0191) and B-Ga>03 (JCPDS 020-0462), respectively.

Figure 4.2 (a) shows the overall SEM image of the NWs. It can be observed that the
resulting product consists of a mixture of very long and curved NWs and large particles evenly
distributed throughout the growth substrate. The average NW length is well over 5 pm. Figure 4.2
(b) shows a TEM image of a typical NW from this sample. The NW has an uneven surface with
occasionally large protuberances along the growth direction. Selected area electron diffraction
(SAED) pattern (inset in Fig. 4.2 (b)) indicates that the NW grows along <111> direction, which
has been confirmed for other NWs in the sample. Figure 4.2 (c) shows a high-resolution TEM
image of the same NW. The lattice spacing of 3.14 A confirms the <111> growth direction, which
is in accordance with the most intense peak in XRD result and is consistent with that of ZB crystal
structure. Importantly, the NW has a thick outer layer which appears to be largely amorphous. The
thickness of this layer ranges from 5 to over 20 nm, which can also be observed in Figure 4.2 (b)
as the difference in contrast between the NW core and the outer shell layer along the NW.
Elemental EDX analysis of the NW shows a significant amount of oxygen (Figure 4.2 (d)), which
is consistent with the previously reported conclusions that the shell is made of native oxide.’”
Taken together, the results in Figure 4.1 and Figure 4.2 demonstrate the propensity of oxide
formation in the process of GaP NW growth by CVD based on thermal evaporation of bulk

semiconductor.
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Figure 4.2 (a) SEM image of GaP NWs synthesized at 1000 <TC in argon flow with excess Ga (flux
ratio Ga:GaP=1:1). (b) Typical TEM image and corresponding SAED pattern (inset) of a single
NW in (a). The arrow indicates the NW growth direction. (c) Lattice-resolved TEM image of the
NW in (b). The average lattice spacing indicated in the image is consistent with <111> growth

direction. (d) EDX spectrum of the NW in (b).
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4.2 Influence of Hydrogen Flow on the NW Growth

In analogy to the growth of GaN NWs 67 it can be hypothesized that the synthesis of GaP
NWs in reducing conditions could minimize the effect of residual oxygen and the probability of
oxide shell formation. Figure 4.3 a-c shows SEM images of the samples grown at 1050 T with
Ga:GaP flux ratio of 1, but with different hydrogen flow. The sample grown in the absence of
hydrogen (Figure 4.3(a)) appears nearly identical to that shown in Figure 4.2 (a), as expected. A
relatively moderate hydrogen flow (50 sccm) leads to a significant decrease in the amount of co-
deposited particles, although the NWs still have uneven surfaces or neckless-like structure with
periodically spaced bumps along the NW (Figure 4.3 (b) and Figure B1 in Appendix B)""#°. These
bumps are found to be amorphous and oxygen-rich, indicating that native oxide overlayers are still
formed during NW growth. Further increase in the hydrogen flow rate (Figure 4.3 (c)) results in
long and straight NWs with uniform thickness and smooth surfaces, as well as the nearly complete
elimination of co-deposited crystalline Ga2Os domains on the growth substrate. The SEM images
in Figure 4.3 a-c illustrate the evolution of NW morphology in the flow of hydrogen as a reducing
agent. The NW composition (Ga/P atomic ratio and the amount of oxygen) determined by EDX
measurements of individual NWs from the samples synthesized with different H, flow rates are
summarized in Figure 4.3 (d). While the Ga/P atomic ratio gradually decreases with increasing H:
flow rate, the amount of oxygen initially increases followed by a sharp decrease. The initial
increase in the amount of oxygen is likely due to the neckless-like morphology of NWs at moderate

H> flow, where the bumps contain a large concentration of oxygen, despite the overall decrease in
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the amount of co-deposited Ga>Oz. Elimination of these bumps and the subsequent formation of
straight and long NWs with smooth surfaces leads to a decrease in the amount of oxygen below

10 atom %, with the Ga:P ratio of ca. 1.2.

Figure 4.3 (a-c) SEM images of GaP NWs prepared at 1050 <C with flux ratio Ga:GaP=1:1 and
different hydrogen flow rates: (a) 0 sccm, (b) 50 sccm, and (c) 100 sccm. (d) Dependence of Ga/P

atomic ratio (red squares) and oxygen content (blue squares) in NWs on the hydrogen flow rate.
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4.3 Influence of Synthesis Temperature on the NW Growth

The quantitative analysis of NWs in Figure 4.2 (a) and Figure 4.3 (a), synthesized at different
temperatures but otherwise under identical conditions, indicates a lower concentration of oxygen
as higher temperature. It suggests that increase in temperature could also be a positive factor in
eliminating the formation of oxide shell. SEM images of GaP NWs synthesized with the precursor
flux ratio Ga: GaP=1 and 100 sccm hydrogen flow at 950 <C, 1000 <C, 1050 <C are shown in
Figure 4.4 (a), (b), and (c), respectively. Nanowires grown at 950 <C show significant kinking
together with a high phosphorus deficiency and oxygen content of over 40 % (Figure 4.4 (d)). The
kinking is diminished for the sample synthesized at 1000 <C, although NWs retain a large amount
of oxygen and appear to undergo thick and uneven oxide overgrowth (Figure B2 in Appendix B).
One possible reason for the thick wires could be the increasing growth of core-shell structures with
Ga03 coated on the surface of the GaP NWs.& Importantly, the Ga:P ratio is found to approach
unity. Further increase in temperature to 1050 <C vyields straight and long GaP NWs with smooth
surfaces, nearly ideal stoichiometry, and oxygen content below 10 % (Figure 4.4 (d)). These results
clearly indicate that increasing temperature helps reduce the formation of oxide overlayers in GaP
NWs. However, The temperature upper-limit of the CVD equipment in the laboratory is 1050 °C.

Hence this temperature is applied to the following experiments.
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Figure 4.4 (a-c) SEM images of GaP NWs prepared with the flux ratio Ga:GaP=1:1, 100 sccm
hydrogen flow rate and different temperatures: (a) 950 <C, (b) 1000 <C, and (c) 1050 <C. (d)
Dependence of Ga/P atomic ratio (red squares) and oxygen content (blue squares) in NWs on the

growth temperature.
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4.4 Influence of Phosphorus Amount on the NW Growth

The different Ga:P ratio in the precursor mixture is also performed as a series of growth
experiments. Figure 4.5 shows the results for NWs synthesized with the optimal parameters
obtained above (synthesis temperature of 1050 <C, the H. flow rate of 100 sccm, and the total
pressure of 200 Torr) but different amounts of phosphorus in the reaction mixture. While the initial
amount of phosphorus does not have a notable effect on the NW growth (Figure 4.5 (a-c)) or
stoichiometry (Figure 4.5 (d), red squares), an increase in the amount of phosphorus (flux ratio
from P:Ga=0.5 to P:Ga=2) reduces oxygen content in NWs from about 10 % to below 1 % (Fig.
4d, blue squares). The NWs in Figure 4.5 (c) represent, to our knowledge, the first example of
oxide-shell-free stoichiometric GaP NWs synthesized by a simple CVD method. It should be noted
that GaP NW growth by CVD in previously reported studies was performed in either
stoichiometric amounts of Ga and P or in excess of Ga. However, the extra amount of Ga may
lead to an increase in oxygen layer and form unwanted shells. The results from above experiments
indicate that excess of phosphorus represents a viable approach to obtaining high-quality GaP NWs

that do not contain oxide overlayers.
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Figure 4.5 (a-c) SEM images of GaP NWs prepared at 1050 <C with 100 sccm hydrogen flow rate
and P:Ga flux ratios of (a) 1:2, (b) 1:1, and (c) 2:1. (d) Dependence of Ga/P atomic ratio (red

squares) and oxygen content (blue squares) in NWs on P: Ga flux ratio.
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4.5 Crystal Structure and Morphology of GaP NWs under the Best Growth Condition

To confirm the structure, composition, and crystallinity of individual NWs in Figure 4.5 (c),
several measurements are observed under the growth condition of 1050 °C, with 100 sccm
hydrogen flow and the flux ratio P:Ga of 2. Figure 4.6 shows the XRD pattern of these NWs which
confirms the zinc blende crystal structure and the absence of secondary crystal phases on the NW

surfaces or growth substrate compared with Figure 4.1.
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Figure 4.6 XRD pattern of GaP NWs corresponding to the SEM image in Figure 4.5 (c). Red lines

correspond to the XRD pattern of bulk zinc blende GaP (JCPDS 12-0191).
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lllustrated in Figure 4.7 (), the high-resolution TEM image based on the NWs in Figure 4.5
(c) also confirms that the oxide layer is completed removed and indicates high crystallinity along
the entire NW. The NW is characterized by twinning along the growth axis (Figure B3 in Appendix
B), as observed previously in zinc blende GaP NWs.”™""82 |t grows along <111> direction as
shown in Figure 4.7 (c), similar to NWs in Figure 4.2 (c) prepared in the absence of hydrogen flow

and excess of phosphorus.

Figure 4.7 (a) High-resolution TEM image of NW from Figure 4.5 (c), showing an average lattice
spacing corresponding to <111> plane. (b) TEM image and the corresponding SAED of the NW

in (a) indicating <111> growth direction.
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The typical EDX elemental line scan corresponds to Figure 4.7 are also observed to identify
the elemental position of the NWs. As illustrated in Figure 4.8 (a) the perpendicular direction and
in Figure 4.8 (b) along the NW growth direction, the Ga and P line scans have essentially the same
form, as expected for the fully stoichiometric GaP NWs which is the ratio of Ga:P at 1:1. In contrast,
the signal for oxygen is negligible across the NW, which in accordance with the previous SEM

results.

Figure 4.8 EDX elemental line scan profiles of the typical GaP NW in Figure 4.7 (a) perpendicular

and (b) along the NW growth direction. The blue trace represents Ga, green trace represents P, and

the red trace represents O.
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4.6 Raman Spectroscopy of Bulk GaP and GaP NWs

The effect of the oxide coating on the NW structure and properties and the importance of
controlling its formation was demonstrated by a series of Raman spectroscopy measurements.
Figure 4.9 compares the Raman spectra of bulk GaP, oxide-coated NWs in Figure 4.1, and GaP
NWs in Figure 4.5 (c) synthesized under optimized conditions. The spectrum of bulk GaP shows
two characteristic peaks at 367 and 403 cm™, which can be assigned to transversal optical (TO)
and longitudinal optical (LO) modes, respectively. The peaks for both TO and LO modes are
broadened and shifted by 5 and 8 cm™ respectively in the case of NWs, indicating that the Raman
spectrum is affected by one-dimensional morphology.%°-1% Importantly, the NW spectra show an
additional shoulder between TO and LO bands. This new feature is assigned to surface optical (SO)
phonons, which can be activated by the NW diameter modulation.1%1%! The SO band of GaP NWs
has been shown to be sensitive to the dielectric constant of the surrounding medium??; it broadens,
increases in intensity, and redshifts with increasing dielectric constant. To assess the influence of
the oxide coating on the dielectric properties of GaP NWs, the SO bands were deconvoluted by
fitting the Raman spectra to a linear combination of three Lorentzian functions (Figure 4.9, thin
colored lines indicated in the graph). The SO band is significantly broader and more pronounced
in oxide-coated NWs (yellow traces), consistent with an increased dielectric constant of the
amorphous oxide coating relative to air. The results in Figure 4.9 represent the first comparison
between the Raman spectra of GaP NWs with and without oxide coating, synthesized by CVD.
These results suggest the GaP NW structure and properties are strongly influenced by the oxide
overlayers and emphasize the importance of controlling the formation of such coating during NW

growth.
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Figure 4.9 Raman spectra of bulk GaP (bottom), GaP NWs synthesized under optimized
conditions for the removal of oxide overlayers (middle), and oxygen-coated NWs from Figure 4.2
(top). Raman spectra are fit to three Lorentzian functions representing TO (red line), LO (blue
line), and SO (orange line) modes, respectively. Overall fit to the experimental spectra is shown

with the green line.
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4.7 Conclusion

In summary, in this section, a systematic study of the growth of GaP NWs by the CVD
method was performed for the first time. The NW structure, morphology, and composition for the
syntheses was investigated at varying growth temperature, Ga/P precursor ratio, and hydrogen
flow. Increase in the growth temperature, hydrogen flow rate and the amount of phosphorous in
the reaction mixture was generally conducive to the preparation of long and straight NWs with
nearly ideal Ga:P stoichiometry, and without the formation of Ga>Oz and/or GaPOs overlayers,
typically observed in the CVD growth of GaP NWs. The optimal NW structure and stoichiometry
were obtained for the NWs grown at 1050 <C, with 100 sccm hydrogen flow and excess of
phosphorus (P: Ga flux ratio of 2). Importantly, hydrogen flow, which has not been considered in
the previously reported work involving CVD synthesis of GaP NWSs, proved to be very effective
in minimizing the formation of oxide overlayers. Furthermore, contrary to the previous reports
which mostly rely on excess Ga in the NW synthesis, the results of this work indicate the
importance of excess phosphorus for obtaining high-quality oxygen-free GaP NWs. The key factor
in the elimination of the oxide overlayers is the synthesis under reducing conditions, which is in
this case ensured by the introduction of hydrogen gas flow. The excess phosphorus also helps this
cause by forcing the GaP formation and outcompeting the reaction of Ga with O in the growth
process. The presence of the oxide overlayers significantly changes the dielectric constant of the
surrounding medium as well as the electronic structure of the NWs, underlying the necessity of its
rational control during NW growth. The results of this section allow for the simple and scalable
synthesis of technologically important 111-VV NW system with optimal structure and composition,

by chemically controlling the NW growth via control of the multi-parameter reaction space. The
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general approach and conditions in this section are anticipated to be used for optimizing the

structure and properties of other non-oxide-based semiconductor NWs, synthesized by CVD.
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Future Work

Doped ZnO semiconductors are prominent nanomaterials in various studies since ZnO are
earth-abundant and cost-effective. In this thesis, the plasmonic and magnetoplasmonic properties
of 1Z0 and AZO NCs have been preliminarily explored, and many conducive experiments are
worthwhile to be further studied. Remaining challenges for doped plasmonic ZnO system are the
relative low plasmonic intensity and poor doping efficiency. One possible research direction could
be focused on overcoming these problems either via optimize current synthesis steps or attempt
different synthesis methods. Besides, to enrich the positions of LSPR in the near-to-mid infrared

region, new dopant precursors such as Ga(acac)s can be introduced.

Furthermore, more experiments are also needed to elucidate the mechanism of plasmon-
induced carrier polarization observed in MCD experiments. Specifically, additional MCD spectra
should be collected on doped ZnO NCs having different doping concentration, as well as pure ZnO
NCs, prepared under different conditions such as oxidation or reducing atmosphere and having
different density of native defects. These comprehensive experimental results will be supported by
theoretical simulation of phonon modes and their temperature dependence, to test the hypothesis

of phonon-mediated band splitting in plasmonic semiconductor NCs.

GaP NWs were successfully synthesized without oxide overlayers by CVD. Based on this
result, rational improvement of the growth conditions for other types of semiconductor NWs is
worthwhile to explore using the CVD method. Furthermore, since GaP NWSs are promising
materials in various application, it is necessary to attempt different dopants into the NWs to achieve

multifunctional property in single-phase 1D semiconductor materials. One possible research route
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would be to compare the experimental efficiency and realistic feasibility for the same nanomaterial
on different dimensions, such as LSPR properties on ZnO NCs and NWs, which helps to further

understand and improve the materials for different practical requirements.
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Appendix A Doped ZnO NCs
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Figure A1 XRD pattern for 1ZO with different starting In/Zn molar ratio (3 %, 7 %, and 12 %).

Purple lines correspond to the XRD pattern of bulk wurtzite ZnO (JCPDS 36-1451).
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Figure A2 (a) UV-Vis-NIR absorption spectra 1ZO NCs normalized at band gap absorption. The
In/Zn ratio are 3 %, 7 %, 10 %, and 12 %. (b)Tauc plot of the optical band gap of 1ZO NCs with
various doping concentration (3 %, 7 %, 10 %, and 12 %) based on the UV-Vis-NIR spectra. ()
Normalized FTIR absorption spectra of IZO NCs with different staring doping concentrations of
In/Zn (3 %, 7 %, 10 %, and 12 %). (d) Normalized absorption spectra of 1ZO NCs with different
starting doping concentrations of In/Zn (3 %, 7 %, 10 %, and 12 %). The spectral range is from

UV to the MIR by combining the UV-Vis-NIR spectra and the FTIR spectra together.
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Figure A3 (a) Absorption spectra and (b) MCD spectra of 1 % 1ZO NCs collect at 5 K. MCD
spectra collected at different external magnetic field strengths are indicated in the graph. (c)
Magnetic field dependence of MCD intensity at 3.37 eV for ZnO NCs in (b) as a function of
external magnetic fields. Blue solid trace is the linear fitting of the data points. (d) MCD spectra

of pure ZnO NCs in (a) collected at 7 T for various temperatures (5 K — 300 K).
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Figure A4 MCD spectra of 5 % 1ZO NCs in (a) collected at 7 T for various temperatures (5 K —

300 K). MCD spectra collected at different temperature are indicated in the graph.
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Figure A5 MCD spectra of 10% AZO NCs in (a) collected at 7 T for various temperatures (5 K —

300 K). MCD spectra collected at different temperature are indicated in the graph.
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Figure A6 MCD spectra of 30 % AZO NCs in (a) collected at 7 T for various temperatures (5 K-

300 K). MCD spectra collected at different temperature are indicated in the graph.
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Appendix B GaP NWs Grown by CVD

Figure Bl Typical SEM imag

es of GaP NWs synthesized at 1050 <C, flux ratio Ga:GaP=1:1, and low-to-moderate hydrogen
flow (up to 50 sccm). The images in (a) and (b) show neckless-like NW structures having a
different separation between periodically spaced bumps, and different thickness of the NW core

connecting the bumps.
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Figure B2 Representative TEM images of GaP NW synthesized at 1000 <C with the precursor
flux ratio Ga:GaP=1:1 and 100 sccm hydrogen flow. The NW grows along <111> direction and

contains a relatively thick amorphous oxide coating.

Figure B3 TEM images of GaP NWs synthesized under optimal conditions for the elimination of
the oxide overlayers (1050 <C, 100 sccm hydrogen flow, and flux ratio P:Ga=2). (a) Zoom-out

single NW image, and (b) lattice-resolved image.
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