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Abstract

Since the discovery of giant magnetoresistance (GMR) in the late 1980s, which marked the
emergence of spintronic technology, the integration of conventional semiconductor-based electronics
with spintronics has always been of great interest due to important technological advantages. Dilute
magnetic semiconductors (DMSs) have been developed as a viable solution for realizing this idea.
The recent generation of DMSs are dilute magnetic semiconducting oxides (DMSOs) that promise
real-life device applications due to their high Curie temperatures well above room temperature.
Among all DMSQOs, HfO; has received increased attention because of its technologically important
properties such as high dielectric constant (k~25), wide bandgap (~5.7 V), high refractive index
(n=2.9), and excellent thermal and chemical stabilities. More importantly, HfO; is the most CMOS-
technology compatible metal oxide, and its ferromagnetic properties therefore promise easy
integration of CMOS technology with spintronics. As the structural defects, particularly oxygen
vacancies, are believed to play an important role in inducing ferromagnetism in DMSOs,
nanostructures of HfO,, especially one-dimensional (1D) nanostructures with high specific surface
areas, are expected to exhibit enhanced ferromagnetic properties. Moreover, single-crystalline 1D
nanostructures with their high crystal quality provide an excellent material system for studying the
correlation between oxygen vacancy defects and ferromagnetism due to the minimal effects of other
structural defects. However, the synthesis of single-crystalline HfO, 1D nanostructures have hitherto
been unsuccessful because of the extremely low vapor pressures and high melting points of Hf (2233
°C) and HfO, (2800 °C), and also of the suppression of vapor-liquid-solid (VLS) growth arising from

pulsed laser ablation of oxide targets.

In the present work, we have synthesized undoped and doped HfO, nanostructures with different
morphologies to investigate their novel magnetic properties. By precisely controlling the growth
parameters in a catalyst-assisted pulsed laser deposition (PLD) system and by using different growth
templates including chemically oxidized Si (Ox-Si), Ox-Si predeposited with gold nanoislands
(GNI1/Ox-Si) and with tin alloyed gold nanoislands (Sn-GNI/Ox-Si), we have been able to grow HfO;
nano square pyramids and nano triangular pyramids on Ox-Si and GNI/Ox-Si, and nano-tetrahedrons,
undoped 1D nanostructures [nanowires (NWSs), nanospikes, hano-columns], Ti-doped and Fe-doped
nanospikes, and Fe-doped distorted nanocubes on Sn-GNI/Ox-Si. The 1D nanostructures synthesized
in this work are the first single-crystalline 1D HfO, nanostructures ever reported. In the first phase of
the present work, we characterize the morphology, crystal structure and growth direction of the

undoped HfO, nanostructures using scanning electron microscopy, glancing incidence X-ray



diffraction, and high resolution transmission electron microscopy, along with structural simulation by
calculated atomic models. Our investigations reveal that Sn plays a crucial role in promoting the VLS
growth of 1D nanostructures by alloying with GNIs to form Sn-GNI to increase both the VLS growth
nucleation and growth rates. Furthermore, X-ray photoelectron spectroscopy shows that HfO, NWs
are more oxygen-deficient than the HfO, nano square pyramids. Their room temperature
ferromagnetic behavior compared to the weak paramagnetic behavior of HfO, nano square pyramids
therefore confirms a strong correlation between high temperature ferromagnetism and the amount of
oxygen vacancies in the lattice. Employing a modified bound magnetic polaron-hybridized band
ferromagnetism model, we explain the role of oxygen vacancies in inducing high temperature

ferromagnetism in HfO, NWs.

In an attempt to fabricate HfO, nanostructures with higher magnetic saturation, Ti-doped and Fe-
doped HfO; nanostructures are also synthesized in this work. Morphological investigations reveal that
Ti doping has a minor effect on the VLS growth mechanism producing Hf1.xTixO, 1D nanostructures
(nanospikes) at different Ti atomic concentrations (x=0.01, 0.10, 0.25 and 0.50). On the other hand,
doping with a magnetic material such as Fe is found to restrict VLS growth significantly, yielding
nanospikes for 1 at. % Fe doping (Hfo.90F€0.0:02 nanospikes), but distorted nanocubes with stacked
crystal flakes for 5 at. % (Hfo 9sF€0.050-), 10 at. % (Hfo.90F€0.1002) and 20 at. % (Hfo.s0F€0.2002) Fe
doping. Moreover, Ti doping up to 10 at. % is found to slightly increase the magnetic saturations of
the HfO, nanostructures, while further doping (25 at. % and 50 at. %) reduces the magnetic saturation
back to the same order of magnitude as that of the undoped HfO, NWSs, which is attributed to the
presence of the HfTiO4 phase with a possible higher oxygen vacancy formation energy. In contrast,
Fe doping has significantly increased magnetic saturations (e.g., up to two orders of magnitude higher
than that of undoped HfO; nanostructures for 10 at. % doping) through F-center exchange interaction
in the lattice. Further doping (20 at. %), however, is found to produce extrinsic properties due to

possible atomic-scale magnetic ion clustering.

The present work offers valuable insights to the synthesis of other oxide nanostructures, especially
1D nanostructures of complex oxides. Indeed, the use of appropriate metal-alloy catalysts could
provide the key to the PLD growth of other hitherto unobtainable 1D nanostructures of other metal
oxides. Their magnetization measurements could further advance our understanding of defect-induced
ferromagnetism in DMSO materials. The single-crystalline HfO, nanostructures introduced here
could be an important stepping stone toward the integration of CMOS and spintronics technologies,

given their high Curie temperatures and high material compatibility.
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Chapter 1

Introduction

The present work focuses on the fabrication and magnetic properties of doped and undoped HfO,
nanostructures as novel materials for spin-based applications. This chapter begins with a brief
introduction to the history and basic concepts of spintronics and the significance of integration of this
technology with conventional charge-based electronics. This will be followed by an overview of
dilute magnetic semiconductors (DMSs), particularly dilute magnetic semiconducting oxides
(DMSOs), as a promising class of materials for realizing the integration of spin-based and charge-
based technologies. The main ferromagnetic mechanism in DMS and DMSO materials will also be
discussed in this section. This chapter then continues with a short review of the properties and
synthesis of HfO, nanostructures, particularly one-dimensional (1D) HfO, nanostructures, as novel
DMSO nanomaterials. Next, a description of the pulsed laser deposition (PLD) method and
superconducting quantum interference device (SQUID) magnetometry, along with the experimental
details on PLD-assisted vapor-liquid-solid (VLS) growth of HfO, nanostructures and their magnetic
characterization, will be provided. Finally, this chapter will conclude with the scope and structure of
the thesis.

1.1 An Introduction to the Fundamentals of Spintronics

Charge and spin are two fundamental and intrinsic characteristics of the electron. Before the
discovery of the giant magnetoresistance (GMR) effect in 1988 by the Nobel laureates Albert Fert and
Peter Griinberg,'? only the electron charge had been exploited in the design and development of
electronic devices while the electron spin has always been overlooked. However, the discovery of
GMR effect rapidly changed this picture, triggering intense research that led to the emergence of a
new field in science and technology known today as spin-based electronics or spintronics. In
spintronics, electron transport is controlled through the manipulation of electron spins.® For example,
GMR arises from the magnetization effect of ferromagnetic layers on the electrical resistivity across a
multilayer structure consisting of alternating ferromagnetic and nonmagnetic metals. Figure 1-1a,b
depict the first observations of the GMR effect in a Fe/Cr multilayer and a Fe/Cr/Fe trilayer
architectures.* In particular, neighboring ferromagnetic layers with antiparallel magnetization produce
maximum resistivity (Rap), while ferromagnetic layers with parallel magnetization produce minimum
resistivity (Rp). The magnetoresistance (MR) can therefore be written as MR=100x[(Rap-Rp)/R;].° The

concept of GMR effect can be explained by the two-current model proposed for the first time by Mott



in his work on the electrical conductivity of transition metals.® According to this model, spin-up and
spin-down electrons can carry the electrical current in two independent channels. The resistivity in a
ferromagnet arises from the scattering of electrons in the 4s bands (which are responsible for the
electrical conduction) with the electrons in the 3d bands.> When the spins of the electrons are parallel
to the magnetization of the ferromagnet (majority spin), the density of states (DOS) for the 3d bands
at the Fermi energy (Er) is small (Figure 1-1c). On the other hand, for the electrons with antiparallel
spins to the magnetization of the ferromagnet (minority spin), the DOS of 3d bands becomes large.
Since the probability of scattering is proportional to the DOS at the Fermi energy, the current channel
with electrons of antiparallel spins to the ferromagnet magnetization exhibit higher resistivity due to
the more scattering (Figure 1-1c). Therefore, in a sandwich structure of
ferromagnet/nonmagnet/ferromagnet with parallel magnetic configuration of the ferromagnets, one of
the electrical current channels could easily pass through both ferromagnetic layers creating a short
circuit and low resistance. However, in the antiparallel magnetic configuration of the ferromagnetic
layers, both spin-up and spin-down current channels experience some scattering in either of the
ferromagnetic layers, which leads to higher overall resistivity (Figure 1-1d). The current in GMR can
be measured either parallel to the interfaces [current in the plane (CIP)] or perpendicular to the
interfaces [current perpendicular to the plane (CPP)] (Figure 1-2). The GMR effect was originally
observed in a CIP measurement configuration, but the CPP measurement shows a stronger GMR
effect.’

The discovery of GMR has revolutionized the data storage and recording technology. Hard-disk
drives (HDDs) with GMR-based read heads are the most prominent devices fabricated based on GMR
effect. The new read head technology originally introduced by IBM in 1997 could increase the
recording density more than two orders of magnitude within 10 years leading to fabrication of HDDs
with smaller sizes and much higher capacities (up to 1 terabyte).® Today, the capacity of available
HDDs in the marketplace has already reached 20 TB and it is expected to grow up to 70-80 TB in
near future.® Although the global market for HDDs has started to shrink since 2010,° due to the fast
development of competing technologies such as solid state drives (SSDs), HDDs are still in high
demand particularly for cloud and nearline storage.'%! Despite the disruptive impact of COVID-19
pandemic on the HDD supply market over the last two years, the global shipment of HHDs in 2021 is
still projected to be over 200 million units,'? with an expected petabyte shipments growth of 18.5 %
per year between 2020 and 2025.%3
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Figure 1-1. First observations of GMR showing magnetoresistance plots in (a) Fe/Cr multilayer
and (b) Fe/Cr/Fe trilayer structures. R(H)/R(H=0) in (a) is the ratio of resistances in the
presence and absence of the external field H, and R(H)/R;, in (b) is the ratio of measured
resistance to the resistance value when the magnetization of ferromagnetic layers is parallel to
H. For comparison, the inset in (b) shows the anisotropic magnetoresistance (AMR) effect in a
250-A-thick Fe film. Reprinted with permission from references [1] and [2]. Copyright (1988
and 1989) by American Physical Society. (¢) Band structure of the ferromagnetic layers in the
absence (H=0) and the presence (H#£0) of the external field, where D is the density of states and
Er is the Fermi energy. (d) Schematic diagram of the two-current model. r is the resistance of
electrons with their spin parallel to the magnetization of ferromagnet and R is the resistance of

electrons with their spin antiparallel to the magnetization of ferromagnet.
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Figure 1-2. A typical GMR measurement configuration in a multilayer structure. The red
arrows show the direction of the current in either current in the plane (CIP) or current
perpendicular to the plane (CPP) configuration. The white arrows indicate the magnetization
direction in the ferromagnetic layers. Reprinted with permission from reference [7]. Copyright
(2007) by John Wiley and Sons.

Another key step in the development of spintronics was the study of tunneling magnetoresistance
(TMR) in magnetic tunnel junctions (MTJs). The structure of a MTJ is very similar to a
ferromagnet/nonmagnet/ferromagnet trilayer structure that exhibits GMR effect. Instead of a
nonmagnetic middle layer, the ferromagnetic layers in a MTJ are separated by a thin insulating layer
about 1 nm thick.! The spin polarized electrons tunnel through the barrier when the ferromagnetic
layers have parallel magnetization and they are blocked when the ferromagnetic layers have
antiparallel magnetization.**® The schematic illustration of electron tunneling in a typical MTJ is

depicted in Figure 1-3.%°
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Figure 1-3. (Upper panels) Schematic circuit models of electron tunneling through an insulating
barrier in a magnetic junction transistor with the ferromagnetic layers in (a) parallel and (b)
antiparallel spin configurations. (Lower panels) Corresponding band diagrams show the spin-
resolved densities of states for d electrons with spin splitting exchange Ae as a result of
magnetization of the ferromagnets. Dashed lines denote spin-conserved tunneling through the
barrier. Reproduced with permission from reference [15]. Copyright (2004) by American
Physical Society.

While the TMR effect was first observed in 1975% before the GMR effect, it did not attract much
attention due to the small TMR ratio (14% at 4.2 K) and poor reproducibility.®!* The TMR ratio is
defined as (Rar—Rp)/Rp, Where Rap is the resistance across the tunnel barrier with the ferromagnets
with antiparallel magnetization while Ry, is the resistance across the tunnel barrier with the
ferromagnets with parallel magnetization. Twenty years later, the first MTJs with a TMR ratio of
~20% and good reproducibility at room temperature were obtained by employing an amorphous
alumina (Al,O3) thin layer as the tunnel barrier'’!8, To date, the TMR ratios of MTJs have been
significantly improved by using crystalline MgO (001) tunnel barriers,>* reaching a record TMR of
604% at room temprature.'® Recently, a new concept of magnetic memory called magnetic random

access memory (MRAM) has been developed based on MTJs.** MRAMs are conceived to be a



promising candidate for a universal memory unit in computers as they can combine all the advantages
of the existing memory technologies. This new technology has a great potential to produce memories
with the fast read and write performance of static random access memory (SRAM), high density of
dynamic random access memory (DRAM) and nonvolatility of the flash memories altogether.** Over
the last thirty years, many spintronics phenomena with great potential for invention of novel devices
have been found. Here, we have only discussed two of the most important spintronic effects to
illustrate their potential for novel applications. The diagram shown in Figure 1-4 summarizes the

recent developments in spintronic research and devices.>?°
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Figure 1-4. List of spintronic phenomena and devices. Reprinted with permission from
reference [5]. Copyright (2014) by 10OP Publishing, Ltd.

Manipulating the electrical current using the electron spin provides an extra degree of freedom in
conventional charge-based semiconductor devices, thus increasing their capability and performance.
The integration of spintronics and mainstream charge-based electronics could, therefore, produce
devices with greater advantages such as nonvolatility, higher data processing speed and lower power
consumption.?* Moreover, the integration of these two technologies offers an excellent opportunity to

combine all elements of data processing, i.e., storage, logic and communication, on a single chip.



Fabrication of electronic devices with more compact design could therefore be achieved using such
type of multifunctional chips.?? Designing a new material with both semiconducting and
ferromagnetic properties is an important step toward realizing the integration of spintronics with
mainstream charge-based electronics. For example, one of the main advantages of using a
ferromagnetic semiconductor is the easier injection of spin-polarized current from a ferromagnetic
semiconductor to a nonmagnetic semiconductor, when compared to the spin injection from a metallic
ferromagnet to a nonmagnetic semiconductor, due to the absence of Schottky barriers.”*> Indeed,
some ferromagnetic semiconductors such as europium chalcogenide? and ferrimagnetic or
ferromagnetic spinels®*% have already been identified. However, these materials usually have a low
Curie temperature (T;) and they require difficult growth processes, and they are incompatible with
substrates typically used in semiconductor-based electronics such as Si and GaAs. In this search for
alternative ferromagnetic semiconductors, a new class of materials called the dilute magnetic
semiconductors (DMSs) has been developed. The next section provides an introduction to the DMSs

and the physics behind their magnetic properties.
1.2 Dilute Magnetic Semiconductors (DMSs)

1.2.1 History and Background

Dilute magnetic semiconductors are a recent class of advanced materials that are produced by dilute
doping of a semiconductor with magnetic ions to generate magnetic ordering and spin functionality in
the host material while preserving its semiconducting properties.26 The first generation of DMSs was
developed in the 1980s and they were mainly based on 11-VI compound semiconductors such as CdTe
and ZnSe.27,28 The preparation of 11-VI compounds with a large amount of magnetic dopants is
relatively easy both in bulk form and epitaxial layers. This advantage originates from the fact that the
valence of the cations in these compounds is identical to that of common magnetic dopants such as
Mn, which leads to the formation of substitutional ternary alloys such as Zn1-xMnxSe (0<x<0.57)
and Cd1-xMnxTe (0<x<0.77).27,28 However, the predominant antiferromagnetic exchange
interaction between the magnetic ions in the 11-VI DMSs results in spin-glass behavior and weak
ferromagnetic response. Moreover, the n-type and p-type doping of these materials are found to be
difficult, and their Curie temperature is too low (with Tc<4 K) making them unfavorable for practical
applications.28,29 In the 1990s, the next generation of DMSs based on 111-V semiconductors was
introduced. The trivalent cations of the host lattice in the 11I-VV DMSs are substituted by divalent

magnetic ions (Mn+2) giving rise to a very low equilibrium solubility limit. However, as the result of



new development in crystal growth methods such as molecular beam epitaxy (MBE), it became
possible to fabricate 111-V semiconductors with magnetic ion content far beyond the equilibrium
solubility limit.28 The first 111-V DMS was (In,Mn)As30-32 that exhibited great magnetotransport
properties, despite their very low Curie temperature (Tc<10 K). A breakthrough in this field was
made with the growth of an innovative 111-V DMS based on GaAs [(Ga,Mn)As], which exhibited a
Curie temperature as high as 60 K33 and later up to 110 K with further improvement.28 To date, the
(Ga,Mn)As DMSs have attracted the most attention among all DMS materials due to the prevalent
application of GaAs in many electronic and optoelectronic devices such as high-speed transistors,
light emitting diodes, and laser diodes.28,34-36 Owing to the continued improvements in post-
growth annealing techniques, the Tc of (Ga,Mn)As has been steadily increased to 140 K,37 160 K,34
173 K,38 191 K39 and 200 K.40 Although the Tc record of 200 K has been an important
achievement, it is still far below room temperature, making these DMS materials inappropriate for

practical applications in actual devices.

In the search of DMSs with a Curie temperature above room temperature and high compatibility
with the complementary metal oxide semiconductor (CMOS) technology, wide bandgap metal oxides
have become the center of attention since the early 2000s. Pioneering work on this type of DMSs
include the observations of room temperature ferromagnetism in Mn-doped ZnO* and Co-doped
TiO,,*#*® which have triggered a new round of intense research in this field. A new class of DMSs
generally categorized as dilute magnetic semiconducting oxides (DMSQOs) has since been
developed.?® DMSOs have several important advantages over DMSs. The most important advantage
of DMSOs is their high Curie temperature that could be well above room temperature (e.g., up to
850-930 K for Cr-doped indium oxide thin film**), making them promising candidates for realizable
spintronic device applications. Moreover, the fundamental differences of oxide semiconductors from
compound semiconductors, such as bonding characteristic, diversity and oxygen non-stoichiometry,
could potentially provide more flexibility in controlling their properties.?® However, achieving a
uniform distribution of magnetic ions without any ion clustering or agglomeration throughout the host
lattice in DMSOs is very difficult. Such uncertainty in the homogeneous doping of DMSOs has
prevented any consensus on the origin of ferromagnetism in these materials.?645 Nonetheless, the
magnetic ion distribution issue appears to be closely linked to the material growth conditions,? and
it could be potentially resolved by using an appropriate growth technique. In the next section, we will
briefly review some of the main magnetic interactions and ferromagnetic mechanisms that are

commonly used to explain the origin of ferromagnetism in DMSs and DMSOs.



1.2.2 The Origin of Ferromagnetism in DMSs and DMSOs.

1.2.2.1 Direct exchange interaction

Exchange interaction is purely quantum mechanical in nature and it is the result of interaction
between the wavefunctions of two identical particles such as electrons. If two electrons interact
through exchange interaction directly and without any intermediary, the interaction is called direct
exchange interaction. This interaction between two localized electrons can be described by the
Heisenberg Hamiltonian as:#4®

ﬁ:—z 1iS:.S; Eq. 1-1
7

where S and S; are spin operators of the electrons and Jj; is the exchange coefficientt between the i
and j™ spins. Depending on the sign of J;;, the exchange interaction of the electrons can result in either
parallel (or ferromagnetic, J;;>0) or antiparallel (or antiferromagnetic J;;<0) alignment of their spins. If
the electrons belong to the same atom, Jj; is typically positive leading to parallel alignment of spins as
reflected in Hund’s first rule. However, if the interacting electrons are located at different neighboring
atoms, the J;; value is generally negative, giving rise to the antiferromagnetic alignment of the spins.
The latter case typically occurs in a bonding molecular orbital when the atoms bond together.?°4
Although direct exchange is an important interaction between two individual electrons, it does not
play a prominent role in determining the magnetic behavior of ionic solids such as DMSs and
DMSOs. Direct exchange interaction is a short-range interaction that arises when the orbitals of the
neighboring ions overlap effectively. However, the separation between the magnetic ions in ionic
solids is typically far beyond the effective range of direct exchange interaction. In solids, indirect
exchange interactions that are mediated by a secondary factor would therefore be the more effective

mechanism.*6

1.2.2.2 Superexchange interaction

Superexchange interaction can be defined as the exchange interaction between the magnetic ions
mediated by a nonmagnetic ion (e.g., oxygen in metal oxides). Hence, it is a type of indirect exchange
interaction with a larger effective range than the direct exchange interaction. An antiferromagnetic
superexchange, which is the most common exchange interaction in ionic solids and metal oxides, can
be understood with reference to two transition metal ions separated by an oxygen ion shown in Figure

1-5. There is a kinetic energy advantage for the system if the two electrons in the p orbital of the



oxygen ion become delocalized by hopping to the empty states of the d orbitals in the neighboring
transition metal ions. Two possible electron transitions are depicted in Figure 1-5a and b. As it is not
energetically favorable for the system that the O 2p electrons flip their spins while hoping to the
transition metal d orbitals, a certain alignment of the electron spins in the neighboring transition metal
ion on one side would induce an antiferromagnetic alignment of electron spin in the transition metal
ion on the other side.*® Similar to the direct exchange interaction, superexchange interaction can be
described by a Heisenberg Hamiltonian (Eq. 1-1).% The sign of J; in the superexchange interaction is
usually negative and thus antiferromagnetic. However, it could also be ferromagnetic depending on
the electron configuration of the d orbitals or the metal-oxygen-metal (M—O-M) bond angle.?® These
dependencies are discussed by Goodenough,*"*8 Kanamori*® and Anderson,* today known as the

Goodenough-Kanamori-Anderson (G-K-A) rules.
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Figure 1-5. Schematic diagrams of an oxygen mediated superexchange interaction in a metal
oxide for two possible electron delocalization schemes involving (a) one electron from O 2p
orbital and one electron from d orbital of a neighboring transition metal (TM) ion becoming
delocalized and hopping between p and d orbitals , and (b) both electrons of O 2p becoming
delocalized and hopping between p and d orbitals. To prevent spin flipping while hopping,
certain alignment of spins in the TM ion on one side induces an antiparallel alignment of spins
in the TM ion on the other side.
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1.2.2.3 Double exchange interaction

Double exchange interaction occurs in the systems with multivalent transition metal ions, i.e., those
ions that can exist in different oxidation states such as Mn with the oxidation states of 3+ (Mn**) and
4+ (Mn*").% This type of interaction was first proposed to explain ferromagnetism in La;xA«MnOs;
(0<x<1) oxides with a perovskite structure where A represents Ca, Sr, or Ba.>! In these materials, the
electrons in ey orbitals of Mn®*(3d*) ions tend to hop into the empty states of ey orbitals of Mn**(3d°)
ions to reduce the kinetic energy and therefore the total energy of the system. Since the electrons
preserve their spin alignment while hopping, it is energetically favorable that the three electrons
occupying the tq orbitals in the receiving ion (Mn**) have the same spin as the hopping electron
(Hund’s first rule). This situation requires that both donating and receiving Mn ions have the same
spin alignment (ferromagnetism). Therefore, double exchange interaction is a ferromagnetic
interaction which generates metallic conduction in oxides, and it is also an indirect interaction
because the hopping process is mediated by the oxygen ion located between the two magnetic metal

ions.2%46

1.2.2.4 Carrier-mediated exchange

In some DMSs, the exchange interaction between magnetic ions can be mediated by charge carriers
(electrons or holes). In this mechanism, a magnetic ion with a localized magnetic moment spin-
polarizes the conduction electrons or holes, which in turn can couple to a neighboring magnetic ion
located at the distance r from the first ion. Since the exchange interaction between the magnetic
moments is mediated by the charge carriers, this corresponds to a type of indirect exchange
interaction.*® An earlier version of this interaction known as Zener carrier exchange interaction was
first proposed by Zener to describe ferromagnetism in transition metals.>> However, this model did
not consider the oscillatory nature of spin polarization around a localized magnetic moment, which
can induce not only ferromagnetic interaction but also antiferromagnetic interaction depending on the
distance from that localized magnetic moment. A more accurate model was later developed by
Ruderman, Kittel, Kasuya, and Yosida, known as the RKKY interaction, which included
consideration of the oscillatory nature of the exchange interaction mediated by the carriers.> Based
on this model, the sign of the exchange interaction, Jrkxy, 0Scillates with the distance (r) from a

localized moment and can be described as:?

%) 4

2nm k
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where m” is the effective mass and ke is the Fermi wavevector of the electron gas, and h is the

Planck’s constant. The oscillatory function defined as F(x)=(xcosx-sinx)/x* is shown in Figure 1-6.
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Figure 1-6. The oscillatory function in RKKY interaction, where X is proportional to Ker.

Reproduced with permission from reference [29]. Copyright (2005) by I0OP Publishing, Ltd.

RKKY exchange interaction is mainly used to explain ferromagnetic ordering in 111-V DMS systems
such as (Ga,Mn)As. The Mn ions doped into the 111-VV DMS lattice substitute the trivalent cations
(Ga) and serve as the supplier for both local magnetic moment and the hole carrier. The electrons in
the sp-d bonding states of the Mn-As bond spin-polarize the weakly bound holes in the antibonding
states, which in turn couple with the electrons in the sp-d bonding states of the neighboring Mn-As
bond.** The sign of RKKY interaction (jrkkv) between the two Mn ions is, in effect, only
ferromagnetic because the first zero of the oscillation, beyond which the interaction is

antiferromagnetic, occurs at a distance far beyond the RKKY cut-off length (i.e. the charge carrier
mean free path) due to the dilute hole concentration.?®3555
1.2.2.5 Bound magnetic polarons (BMPSs)

In the context of magnetic semiconductors, the bound magnetic polaron model was first employed to
explain the insulator-metal transition in oxygen-deficient EuO.® Based on this model, an electron

(hole) bound to the donor (acceptor) impurity is assumed to behave like a hydrogen atom with a
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hydrogenic orbital that interacts with the neighboring magnetic ions lying within this orbital. As the
result of such interaction, bound magnetic polarons (BMPs) are created, which in turn can interact
with each other ferromagnetically. If the concentration of donor (acceptor) impurity and thus the
number of BMPs exceeds the percolation threshold, the exchange interaction between BMPs leads to
a long-range ferromagnetic ordering throughout the host lattice.>”%® Although the BMP model is also
applicable to 111-V based DMSs such as (Ga,Mn)As,* it is mainly used to explain ferromagnetism in
DMSO materials.?%% As DMSOs are typically wide-bandgap semiconductors or insulators with low
density of itinerant carriers, carrier-mediated based models, e.g., RKKY exchange interaction, are not
appropriate models to explain their ferromagnetic property,®* unlike BMP based models that appear to
provide a better explanation. Since structural defects such as oxygen vacancies can act as electron
donors, the BMP model is particularly useful for explaining ferromagnetism in oxygen-deficient
metal oxides.®?%® However, despite a reasonable account of the long-range ferromagnetic ordering in
DMSOs, the BMP model alone cannot reconcile their high Curie temperature (T¢). A more

sophisticated model is required to provide a more accurate and complete picture.

1.2.2.6 Charge-transfer ferromagnetism

All the magnetic interaction models discussed so far are based on the Heisenberg approach, i.e., the
direct or indirect exchange coupling between the localized magnetic moments. Charge-transfer
ferromagnetism model, on the other hand, is based on the band ferromagnetism approach (also known
as itinerant ferromagnetism) proposed for DMSOs doped with multivalent transition metals.%
According to the band ferromagnetism theory, in transition metals, some electrons of the same spin
state (e.g., down spin) in the conduction band and near the Fermi energy level can spin-flip and move
to the sub-band with the opposite spin state (up spin) due to the exchange interaction with the internal
molecular field. If the kinetic energy cost for the electrons transferring to the opposite spin sub-band
is outweighed by the Coulomb energy reduction, spontaneous spin-up and spin-down splitting of the
band occurs and leads to spontaneous ferromagnetism.*® The balance between the energy cost and
energy reduction in this process is determined by the Stoner criterion defined as N(Er)>1/I, where
N(Eg) is the density of states at the Fermi level and 1 is the Stoner parameter. The spontaneous spin
splitting of the band occurs when the Stoner criterion is met. In DMSOs, the maximum of the narrow
band associated with the defects does not coincide with the Fermi level. However, the multivalent
transition ions doped into the lattice serve as charge reservoirs transferring electrons to the defect
states, thus raising the Fermi level to the maximum of the density of states. As a result, the N(Eg)

becomes large and meets the Stoner criterion leading to the spontaneous spin splitting of the defect
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band and, therefore, spontaneous ferromagnetism. A schematic representation of this mechanism is
shown in Figure 1-7.%%%7 Although charge transfer ferromagnetism could successfully account for the
high Curie temperature of DMSOs, it can only be used for the systems doped with the multivalent
transition ions. We still need a model that can explain the ferromagnetic behavior of the undoped

DMSOs or those systems doped with single-valent magnetic ions.

a3

Mn2* Mn3*

Figure 1-7. Schematic representation of charge-transfer ferromagnetism in defect-rich DMSOs.
The electrons from Mn?* transfer to the defect band (indicated with red and blue colors),
increasing its Fermi level to the maximum of the band density of states where the Stoner
condition is met, resulting in spontaneous band splitting. Reprinted with permission from

reference [67]. Copyright (2014) by American Chemical Society.

1.2.2.7 Bound magnetic polaron-band ferromagnetism hybrid model

This model was first proposed by Coey et al. in 2005 in an attempt to explain both ferromagnetism
and the high Curie temperature in DMSO materials by combining the BMP model with the band

ferromagnetism formalism. According to this model, defects (such as oxygen vacancies) in the lattice

14



could act as donor impurity sites donating electrons to the lattice. As described in the BMP model, the
exchange interaction between these bound electrons and their surrounding magnetic ions creates
BMPs, which in turn interact ferromagnetically with one another and generate long-range
ferromagnetic ordering.2%% The high Curie temperature could then be explained through
hybridization of the impurity-derived band with the d states of magnetic ions leading to band spin
splitting. From the band theory point of view, when the impurity donor site is formed in the lattice, it
creates a narrow impurity band near the Fermi level of the magnetic ions. Due to the interaction
between the electrons on the donor sites and the electrons in the d band of the magnetic ions,
electrons could transfer from the impurity band to the empty states of the d band. The resulting
hybridization of the impurity band with the d band causes spin splitting of the impurity band and
produces high Curie temperature ferromagnetism.®5 The number of BMPs (5) determined by the
density of donor defects (e.g., oxygen vacancies) and the concentration of the magnetic ions in the
host lattice (x) are two critical parameters in this model. The number of BMPs needs to be above the
polaron percolation threshold &, (i.e., 3>0p) to create long-range ferromagnetic ordering, while the
concentration of the magnetic ion dopants should be below the magnetic ion percolation threshold x,
(i.e., X<xp), otherwise the antiferromagnetic interaction between the ions would dominate.®® Figure
1-8 shows a schematic representation of impurity band splitting and hybridization with the 3d

magnetic ions.
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Figure 1-8. Schematic band structure of a DMSO with 3d ion dopants and donor impurities
with (a) no band hybridization leading to low T, (b) band hybridization with 3d" ions with n>5
electron configuration, and (c) band hybridization with 3d" ions with n<5 electron
configuration. Both (b) and (c) lead to high-T. ferromagnetism. Reprinted with permission from
reference [68]. Copyright (2005) by Springer Nature.

The BMP-band ferromagnetism hybrid model is particularly useful to explain high-T¢
ferromagnetism in undoped DMSOs. A modified version of this model has been recently used to
explain ferromagnetism in undoped defect-rich ZrO, nanostructures®® and nanocrystals,% in which the
transferred electrons from the oxygen vacancies to the empty d states of metallic ions could provide
the required magnetic moment without any need for magnetic dopants. In the present work, we shall
also explain the ferromagnetic behavior of the HfO, nanostructures using a modified version of this
model. HfO; is a well-known material in the contemporary electronic industry with interesting
properties. In the rest of this Chapter, we will briefly outline the significance of this material and its
great potential to be used as a promising DMSO material. We will then briefly review various
physical and chemical techniques used for the synthesis of HfO, nanostructures, and provide an
introduction to pulse laser deposition for fabricating HfO» nanostructures and to SQUID

magnetometry for magnetic property characterization.
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1.3 Hafnium(1V) Oxide (HfOz2): A Promising Dilute Magnetic Semiconducting
Oxide

Hafnium(1V) oxide or HfO>, also commonly known as Hafnia, has received a lot of attention over the
last two decades due to its technologically important properties such as high dielectric constant
(x~25), wide bandgap (~5.7 ¢V), high laser-induced damage threshold, high refractive index (n=2.9),
and excellent thermal and chemical stability particularly in contact with Si substrates.” " It also
exhibits a rich variety of crystal structures that can be achieved by controlling the pressure,
temperature, and other growth conditions as well as the dopant content.” Figure 1-9 shows the unit
cells of these various crystal phase structures at different temperatures and pressures. The most stable
crystal structure of HfO, at ambient condition is the monoclinic phase (P2i/c, baddeleyite type,
T<1020 °C), which transforms to the tetragonal phase (P4;nmc, 1022 °C<T<2422 °C) and cubic
phase (Fm3m, T>2422 °C) with increasing temperature. At room temperature and with increasing
pressure, the monoclinic phase undergoes a phase transformation to orthorhombic | (Pbcm) at 4-10
GPa and to orthorhombic 11 at P>29 GPa.’®"-8 QOwing to its many superior properties, HfO, has
become an advanced material with great potential for a broad range of applications. For example, the
high-pressure phase of HfO, (Figure 1-9c) can be quenched back to ambient condition’"#° and used
as a superhard ceramic oxide.®! After the recent discovery of ferroelectricity in non-centrosymmetric
orthorhombic phases of HfO,%282 it has also been subjected to numerous studies for ferroelectric field
effect transistors (FeFET)®® and ferroelectric random access memory (FRAM) applications.® Other
applications include anti-reflective and protective optical coating,®-*® memristors,”-** and gas

sensors.?®

17



Temperature dependance

#

(b) 1022 °C<T<2422°C (c) T>2422°C
Tetragonal; Cubic;
P4,nmc Fm3m

(a) T< 1022 °C;
Monoclinic;
P2,/c

Pressure dependance

(d)4.3+0.2Gpa>P>29GPa (e) P>29 GPa
Orthorhombic I; Orthorhombic II;
Pbcm (Pbca) Pnma

Figure 1-9. Unit cells of different HfO, polymorphs: (a) monoclinic; space group P2./c, (b)
tetragonal; space group P4;nmc, (c) cubic; space group Fm3m. (d) orthorhombic I; space group
Pbcm, and (e) orthorhombic 11, also called cotunnite; space group Pnma. Larger circles
represent Hf atoms and smaller circles represent O atoms. Reproduced with permission from
reference [70]. Copyright (2011) by Elsevier.

Among all potential applications, using HfO; as the gate dielectric of a metal-oxide-semiconductor
field effect transistor (MOSFET) is the most established technological application of HfO.. In
general, a promising candidate for gate dielectric in MOSFETSs should have a high dielectric constant
(between 10 to 30), a large bandgap (above 5 eV), a high electrical breakdown field, and a large
barrier height at interfaces with Si (above 1 eV) to minimize the current leakage. Moreover, the
potential candidate should have high thermal and chemical stability in contact with the Si substrate.

Among all the transition metal oxides, HfO, and other hafnium-based thin films have the most
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optimum properties to fulfill the above requirements. Since MOSFETs with HfO; gate dielectrics can
have a much more compact design due to the lower current leakage,”® HfO, has recently found
extensive application in modern electronic devices and it has become the metal oxide that is most
compatible with CMOS technology. The discovery of ferromagnetism in undoped HfO, thin films in
2004% was therefore of great significance, because using an excellent CMOS compatible DMSO
material with a Curie temperature well above room temperature in spintronic devices could be a
major step forward in realizing the goal of integrating spintronics with conventional semiconductor-

based electronics and CMOS technology.®’

The observation of unexpected ferromagnetism in HfO; has also significantly improved our
understanding of ferromagnetic mechanisms in DMSOs. As alluded to earlier, there has been no
consensus about the origin of ferromagnetism in DMSO materials. While some researchers believe
that the ferromagnetic property of DMSQOs is intrinsic, originating from the structural defects in the
lattice, others advocate that it is due to extrinsic effects such as magnetic ion cluster formation in the
lattice after doping.?® Undoped HfO; is a metal oxide with Hf** ions with a closed shell [Xe]4f*
configuration and no unpaired electron or magnetic dopant.®® The discovery of ferromagnetism in this
material therefore has significantly strengthened the view that structural defects are the real source of
ferromagnetism in DMSOs. Although the role of defects in generating ferromagnetism in DMSOs is
generally accepted to date,?24%9% there is still ongoing discussion on the exact nature of these
defects.?5®° While a few studies®*1% show cation vacancies are the source of ferromagnetism in
DMSO materials, there is more solid evidence that oxygen vacancies are indeed the main source of
ferromagnetism in both undoped and doped DMSQs.52-6497.98.101-103 Baged on the role of structural
defects, particularly oxygen vacancies, many models have been proposed thus far to explain the
ferromagnetic behavior of DMSOs (Section 1.2.2). According to the BMP-band ferromagnetism
hybrid model®, which appears to be the most complete model, the amount of oxygen vacancies in the
host lattice determines the number of BMPs (thus the total magnetic saturation value) and the degree
of hybridization of the impurity band, which affects the Curie temperature. Compared to thin films,
low-dimensional nanostructures, particularly 1D nanostructures such as nanowires (NWs) and
nanospikes, have large specific surface areas that could potentially offer more surface defects and
oxygen vacancies. They are therefore expected to exhibit enhanced ferromagnetic response, which
has already been confirmed in recent reports of superior ferromagnetic properties in ZrO, 1D
nanostructures® and nanocrystals.%* Considering the nearly identical chemistries and crystal structures
of ZrO, and HfO,,’® similar improvements of magnetic properties in HfO, low-dimensional

nanostructures, particularly HfO, nanowires and nanospikes, are expected. Moreover, 1D
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semiconductor nanostructures exhibit novel electronic and optical properties due to high specific
surface area, high crystalline quality, and size-dependent quantum confinement induced effects that
could also affect their charge transport and magnetoresistance properties.’®*-1%” The synthesis of HfO.
nanostructures, particularly 1D nanostructures, would therefore be of great interest to spintronic
applications. In the next section, synthesis methods for fabricating HfO, nanostructures, especially 1D

nanostructures, will be briefly reviewed.

1.4 Synthesis and Growth Methods of HfO2 Nanostructures

To date, HfO, has been mainly used in the form of thin films in most applications. There are already
numerous reports on the deposition of HfO; thin films using various deposition techniques, such as
sol-gel, sputtering, pulsed laser deposition (PLD), (metal-organic) chemical vapor deposition
[(MO)CVD], and atomic layer deposition (ALD). A detailed review of these methods can be found in
reference [70]. There are, however, a limited number of reports in the literature about the synthesis of

HfO- nanostructures, particularly 1D nanostructures. We briefly review some of these reports.

1.4.1 Synthesis of HfO, Nanoparticles

The most widely used methods for the synthesis of HfO, nanoparticles are chemical solution-based
methods. In these methods, hafnium halide, typically hafnium tetrachloride (HfCl,), is dissolved in
water (for hydrothermal synthesis) or alcohol (for solvothermal synthesis). The pH of the resulting
solution is then subsequently increased by gradually adding a strong base, such as KOH, NaOH and
ammonia, which leads to precipitation of hafnium hydroxide [Hf(OH)4]. In a simple precipitation
method,1%81%° the Hf(OH), precipitates are collected from the solution and calcinated at high
temperature (500 °C) to obtain HfO, nanoparticles. In the hydrothermal’211%1! and solvothermal
methods,*2113 the Hf(OH)4 suspension is used as a precursor solution and transferred to an autoclave
reactor. The reactor is sealed and put in an oven at a selected temperature for an appropriate duration
to produce HfO; nanoparticles. Hydrothermal treatment can also be assisted by ultrasonication or
microwave radiation to increase the reaction rate, hence reducing the reaction time.101* Although the
solution-based methods are very simple and economical, they do not produce individual nanoparticles
due to the strong tendency of the nanoparticles for agglomeration during the synthesis and
calcination/drying process. An effective solution to deal with this problem is the addition of organic
surfactants to the reaction system.’?”® The organic surfactants serve as capping agents that can both

reduce the agglomeration and control the shape and size of the nanoparticles.”
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Reports on the synthesis of HfO, nanoparticles using physical methods are very limited. There are
only a few reports on the synthesis of HfO, nanoparticles using pulsed laser ablation of solid targets
in water*4115 and air,!!6 a standard technique that has often been used to synthesize various
nanoparticles.'*” When the laser hits the target surface, a high-temperature and high-pressure metal
plasma (the laser plume) is created by the laser shot. The as-generated laser plume rapidly cools down
as a result of ultrasonic adiabatic expansion leading to the formation of metal clusters. These metal
clusters subsequently react with the surrounding aqueous solution and form metal oxide
nanoparticles.!” The main advantages of this technique are that the size, crystal phase, and shape of
the nanoparticles can be controlled by adjusting the laser pulse energy, wavelength, and repetition
rate.!*® In addition, the agglomeration problem has been reported to be minor in the colloidal
solutions produced by this method due to the repulsive surface charges resulting from partial surface

oxidation of the nanoparticles.!*

1.4.2 Synthesis of HfO, 1D Nanostructures

To date, there have been only a few attempts to fabricate HfFO, 1D nanostructures, which mostly
include the fabrication of HfO, nanotubes.”'8122 A widely used technique to synthesize HfO,
nanotubes is the anodization of Hf foils in an electrochemical cell.1*¥-*2! This method is basically used
to fabricate porous oxide layers, the morphology and the inner diameter of the pores of which can be
manipulated by adjusting the electrolyte composition and the applied potential to obtain arrayed
nanotubes.'121 Another approach to the synthesis of HfO, nanotubes is the template-based method,
in which the nanotubes are fabricated by the deposition of HfO, onto a template followed by
removing the template after the deposition.”*?? For example, well-arrayed HfO, nanotubes have been
made by atomic layer deposition (ALD) of HfO; into the nanopores of an anodic aluminum oxide
(AAO) template followed by chemically removing the templates in a basic solution.!?? In another
attempt, HfO, superlong nanotubes (hollow nanofibers) are produced by ALD of HfO, thin film on
electro-spun nylon nanofibers and subsequent removing the core polymeric nanofiber by
calcination.” In these template-based methods, the thickness of the nanotubes can be precisely
controlled by modifying the ALD parameters, but the resulting nanotubes are typically amorphous or
polycrystalline. In addition to providing polymeric templates for the synthesis of HfO, nanotubes,
electrospinning has also been used to directly fabricate HfO. nanobelts'?® and nanofibers.?* In a
typical electrospinning synthesis of HfO,, a polymer solution of Hf is prepared and transferred to a
glass syringe. Then a steady pressure is applied to the syringe plunger to gradually push the solution

out while a high DC voltage (above 15 kV) is applied between the tip of the needle and a collector
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plate. The collected nanofibers are then calcinated to remove the organic ingredients and obtain HfO,
1D nanostructures. The calcination atmosphere and temperature can also be varied to modify the
microstructure and structural defects in the as-fabricated nanofibers.*?*

All the aforementioned synthesis methods are based on wet chemistry, and they generally yield
agglomerated products with a high possibility of cross-contamination of chemical impurities. As even
a minute amount of contamination could produce erroneous results in magnetic property
measurements, the products of these synthesis methods are not appropriate for magnetic property
studies. More importantly, while single crystallinity and nearly perfect crystal quality of
semiconducting NWs play a vital role in their superior physical properties, none of these methods are
capable of producing high-quality single-crystalline 1D nanostructures. The most appropriate method
to fabricate high-quality single-crystalline NWs is the vapor-liquid-solid (VLS) growth that could not
only provide exceptional single crystallinity but also good control on the size and shape of the NWs

with minimal risk of magnetic or chemical contamination.?5-12

In a typical VLS growth process, the surface of a substrate is seeded with metal nanoparticles
serving as both catalysts, particularly in a chemical vapour deposition (CVD) process, and nucleation
sites.'?5127 The precursor of the desired semiconductor (or other material of interest) is introduced
into the system in the vapor phase through the injection of gaseous reactants in CVD*?-1% (including
MO-CVD*), or evaporation and sublimation of a solid source in a non-CVD process such as thermal
evaporation,t*313 electron beam evaporation,'* molecular beam epitaxy (MBE),'3-1% or laser
ablation.®**41 In the presence of the semiconductor vapor, a (pseudo)binary alloy is formed between
the metal nanoparticle catalysts and the semiconductor. When the substrate is annealed to a (growth)
temperature higher than the eutectic point of the metal-semiconductor alloy, the metal catalyst melts
and creates a liquid/vapor interface that incorporates more semiconductor material from the vapor
phase into the liquid alloy.2%4125127 |n a CVD process, the initial decomposition of the reactants (e.g.,
SiH, or SiCly in the case of Si NWs growth) occurs at the liquid/vapor interface and the products of
the chemical reaction subsequently dissolve into the liquid alloy.’** Eventually, the liquid alloy
becomes supersaturated with the semiconductor material and the solid phase of the semiconductor
starts to precipitate from the catalyst particle creating a solid/liquid interface also known as the
growth interface. The growth process proceeds with continuous feeding of the semiconductor material
from the vapor phase into the liquid catalyst resulting in the axial growth of the NW 104125127 A
schematic diagram of the described VLS mechanism for the case of Si NWs is illustrated in Figure
1-10.
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Figure 1-10. Schematic diagram of VLS growth of Si NWs. (a) A liquid alloy droplet of Au-Si is
initially formed above the eutectic point of the Au-Si alloy system (363 °C). Continuous feeding
of Si into the alloy droplet eventually supersaturates the droplet, resulting in precipitation of Si
and axial growth of the Si NW. (b) Binary phase diagram of the Au-Si system showing the
thermodynamics of VLS growth. Reprinted with permission from reference [104]. Copyright
(2006) by 10OP Publishing, Ltd.

To date, no successful VLS growth of HfO, 1D nanostructures has been reported, which attests to
the serious challenges in synthesizing HfO low-dimensional nanostructures. Due to the extremely
low vapor pressure and the high melting point of HfO,, VLS growth of HfO, nanostructures using
conventional CVD or physical vapor deposition methods is not feasible. Direct laser ablation of a
solid target into the gas phase, therefore, appears to be the best approach to achieve VLS growth of
this material. In the present work, we show that VLS growth of HfO, nanostructures is indeed

attainable by the pulsed laser deposition method.
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1.5 Pulsed Laser Deposition of HfO2 Nanostructures

1.5.1 Background and Overview of PLD Growth

Pulsed laser deposition (PLD) started to develop as a thin film deposition technique in the 1960s,
shortly after the first high-power ruby laser became available.*? The first thin film deposition
experiment that used laser ablation of materials was reported by Smith and Turner in 1965 when
they used a ruby laser to deposit thin films on semiconductors, dielectrics, chalcogenides and
organometallic materials. During the next thirty years, however, research activities in this field
remained largely in a hibernation state with only a few publications per year.**? The major
breakthrough was achieved in 1987 when Venkatesan’s group demonstrated that high-quality
superconductor thin films with high T, could be fabricated by pulsed laser ablation of a YBa,Cu3zOr.5
target, by taking the main advantage of the PLD technique in maintaining the stoichiometry of the
target material.*** This achievement triggered a new round of intense research that has led to many

significant developments in this field.142

In a typical PLD process, an intense laser pulse is focused onto the surface of a target (solid or
liquid) installed inside a vacuum chamber. Above a certain threshold power density, the interaction of
the laser beam with the target surface results in significant material removal from the target in the
form of a luminous plasma plume, which contains ionized atomic and molecular species. This plume
then recondenses on a pre-heated substrate installed opposite the target, leading to the formation of a
thin film of the material on the substrate.*>%7 The nature and quality of the PLD-grown thin films
can be modified by many growth parameters such as material flux, growth (or substrate) temperature,
nature of the substrate, nature of the ambient during growth, substrate-to-laser plume distance, and the
laser source parameters (wavelength, energy fluence, pulse duration, and repetition rate).*>!4" For
example, lasers with an ultrashort pulse duration (picosecond and femtosecond lasers) have been
recently used for deposition of thin films with very different characteristics from those films
deposited with conventional nanosecond pulsed lasers.1#414814° Additionally, it is possible to use
different types of background gas (inert or reactive ambient) during the growth process that could
affect the ablated species and the surface reactions and thus the chemical composition and properties
of the deposited film.'*® Moreover, due to the high ablation rate of the targets, particularly
advantageous in the case of high-melting-point materials, and high deposition rate, PLD has become a
popular technique for the deposition of high-quality metal oxide thin films.24%1%0 Indeed, the great
advantage of PLD in preserving the stoichiometry of the target material has made this technique the

most widely used method in fabricating DMSO thin films,*-44151152 including HfO, ferromagnetic
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thin films,%:9.102153 \where the precise control of the magnetic dopants and oxygen vacancies is

crucial.

These additional parameters provided by PLD are especially important in the VLS growth of 1D
nanostructures by allowing the fabrication of NWs with various morphology and precisely controlled
composition. Various oxide NWs have been synthesized recently using the PLD-based VLS growth
method. 140141154155 Of particular interest is the VLS growth of high-melting-point oxides,®® which are
difficult to produce by using other physical vapor deposition techniques. As HfO is also an oxide
material with a high melting point and low vapor pressure, a PLD-based approach appears to be the
best approach to achieve VLS growth of HfO, 1D nanostructures. To date, the synthesis of such
nanostructures has been hitherto unattainable and the HfO, 1D nanostructures remain elusive. The
present work demonstrates, for the first time, the synthesis of high-quality, single-crystalline HfO,

nanowires and other low-dimensional nanostructures by the PLD method.

In a typical PLD process, the vapor-solid (VS) mechanism is always competing with the VLS
growth mechanism. VS growth corresponds to direct condensation of the solid material from the
vapor phase, in contrast to VLS growth, in which the atomic species of the desired material first
dissolves into a liquid catalyst from the vapor phase and then precipitates out as a solid phase from
the supersaturated liquid phase.*#%1%6-1%8 |n the case of a NW growth, the VLS growth is, therefore,
responsible for the axial growth of the NWs, while the competing VS growth is responsible for the
concurrent growth of the nanostructured film at the base of the NWs as well as the lateral growth of
the NWs. The final products are NWSs, provided that the VLS nucleation and growth rates are higher
than those of the VS mechanism so that the VLS mechanism dominates over the VS mechanism. The
nucleation and growth rates are proportional to the degree of supersaturation in the vapor phase,
which in turn depends on the material supply flux and, for oxide NWs, the oxygen pressure inside the
chamber.’® In the case of a high material flux and a high oxygen pressure, the VLS growth is
suppressed and the VS-grown film becomes the final product. For NWs, the material supply flux and
the oxygen pressure, therefore, should stay within an optimum range.**®2%8 |f an oxide target is used
to grow oxide NWs, the unintentional oxygen supply from the target can narrow the optimum
material flux window so that the synthesis of oxide NWs becomes more challenging.'®” For the pulse
laser deposition of HfO,, an oxide target is typically used to provide better control over the
stoichiometry of the final product. Therefore, the optimum material flux range may already be too
narrow for the VLS growth of HfO, NWs. Moreover, HfO; is a hard material requiring a high energy

laser pulse for ablation that could increase the material removal and hence the material supply flux.
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Consequently, there is always a high likelihood of missing the already narrow optimum flux window,
which makes the VLS growth of HfO, an extremely difficult task. In this work, we will use a novel
technique to overcome these technical challenges. In the next section, we describe our experimental

method and the details of the PLD instrumentation used in this study for HfO. nanostructure growth.

1.5.2 Experimental Details of PLD Method

Figure 1-11 shows the pulsed laser deposition system (NanoPLD, PVD Products) used in the present
work to synthesize undoped and doped HfO, and other nanostructures. The system is comprised of a
UV pulsed laser source, alignment optics, and a multiport deposition chamber. The laser source is an
excimer KrF pulsed laser (Lambda Physik COMPex 205) operating with a wavelength of 248 nm, an
energy of 100-600 mJ per pulse and a repetition rate of 5 Hz. During the deposition, the laser beam is
aligned and partly focused by the appropriate lenses located between the laser source and the
deposition chamber. A rastering mirror is used to direct the focused pulsed laser beam through a fused
silica window at the entrance port of the chamber onto the surface of a target. Inside the deposition
chamber, there is a six-target planetary carousel to accommodate target pellets, with each target
holder rotating around the target axis at an adjustable rotation speed. The target rotation accompanied
by rastering of the beam across the target diameter provides a unform ablation of the entire target
surface. The substrate holder is used to secure the substrate facing down directly above the target and
perpendicular to the laser plume expansion direction. The substrate holder consists of a windowed
plate for positioning the substrate and a thermocouple connected to the holder to measure the
deposition temperature. Substrates can be heated up to 900 °C through thermal radiation provided by
an assembly of infrared lamps mounted at the back of the substrate holder. The distance between the
target and the substate is adjustable by vertically moving the substrate holder with a linear motion
manipulator. Before starting the deposition, the chamber is evacuated by a turbomolecular pump to
achieve a base pressure lower than 1x10° Torr. The process gases (including inert gases such as Ar or
N or reactive gases such as O, and H) can be introduced into the chamber through a variable leak

valve with a four-channel mass flow controller (MKS 247D).
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Figure 1-11. Photographs of the PLD system depicting (top) the pulsed KrF excimer laser with
the laser gas storage cabinet, the alignment, focusing and rastering optics, the high-vacuum
deposition chamber, and the control rack, which includes the electronics for controlling the
pumping and substrate heating systems and the flow meter control switches; (bottom left) the
ablation laser plume expanding from the target surface upward to the substrate surface secured
by the substrate holder plate connected to a thermocouple, and (bottom right) the multi-target

planetary carousel and substrate mount assembly inside the deposition chamber.
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To investigate the effects of substrate templates on the nanostructural growth in the present work,
we prepare three different growth templates. Chemically oxidized Si substates (denoted as Ox-Si),
Ox-Si substrates seeded with gold nanoislands (denoted as GNI/Ox-Si), and Ox-Si substrates seeded
with Sn-alloyed gold nanoislands (denoted as Sn-GNI/Ox-Si). The Ox-Si growth templates are
prepared by RCA cleaning™® of 10x10 mm? and 5x5 mm? Si wafers (525 um thick, p-type, B-doped,
with a resistivity of 1-5 Q cm). The last HF treatment step is omitted in the cleaning procedure in
order to maintain the chemically formed oxide layer on the Si surface. The GNI/Ox-Si templates are
prepared by magnetron sputtering gold onto the Ox-Si substrates for 4-10 s followed by annealing in
oxygen at 600 °C for 60 min in a tube oven. For Sn-GNI/Ox-Si templates, we adopt an in-situ
technique that incorporates Sn into the GNIs from the vapor phase to obtain Sn-alloyed gold
nanoislands (Sn-GNI) during deposition. First, Ox-Si substrates are seeded with GNIs in a similar
way as described for GNI/Ox-Si templates. Then the as-prepared GNI/Ox-Si templates are mounted
on the sample holder plate, which has been pre-sputter-coated with Sn. When the holder is heated up
to the pre-selected temperature (generally above 500 °C), Sn evaporates off the substrate holder and
mixes with the GNIs on the substrate to obtain the Sn-GNI/Ox-Si templates.

HfO, and TiO; target pellets used for the deposition in the present work are prepared by cold
pressing HfO, powder (Alfa Aesar, 99.9% purity) and rutile TiO, powder (Aldrich, 99.99% purity),
respectively, with a pressure of 25-30 MPa followed by sintering at 900-1150 °C for 12-48 hin a
muffle oven. The Ti-doped and Fe-doped HfO targets are prepared similarly by grinding and mixing
TiO; (Aldrich, 99.99% purity) and Fe powders (Aldrich, 60-80 nm particle size, >99% purity) with
HfO, powder (Alfa Aesar, 99.9% purity) with the appropriate molar percent proportions determined
by the desired doping concentrations. Finally, the doped/undoped HfO, and TiO, nanostructures are
grown on the substrates, which are held at the growth temperature of 550-770 °C and a target-to-
substrate distance of 25 mm, by ablating the appropriate as-prepared targets with a laser fluence of
350 mJ/pulse and repetition rate of 5 Hz for 60-90 min. More details of the target and substrate
preparations can be found in the experimental sections of the relevant chapters, along with additional
details about the morphological (SEM), structural (XRD, TEM) and chemical (XPS, AES)
characterization of the as-grown nanostructures. Due to the importance of magnetic property

measurement in the present work, we specially provide a more detailed discussion in the next section.
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1.6 Characterization of Magnetic Properties of Nanostructured Materials

1.6.1 Background and Overview of SQUID Magnetometry

There are numerous experimental techniques with various sensing mechanisms to measure the
magnetic fields and magnetic properties of materials. Some of these techniques include magneto-
optical-based methods such as the magneto-optic Kerr effect (MOKE),® polarized neutron
reflectometry (PNR),*®! and synchrotron-radiation-based methods such as X-ray magnetic linear
dichroism (XMLD) and circular dichroism (XMCD).%¢2 Among all different magnetometric methods,
superconducting quantum interference device (SQUID) magnetometers are the most accurate
instruments for measuring the magnetic flux and SQUID magnetometry has become the most popular
method to characterize and study the magnetic properties of low-moment samples including DMS

materials.163.164

A SQUID sensor operates at cryogenic temperature and it typically consists of a superconducting
loop interrupted by one (in an rf SQUID) or two (in a dc SQUID) insulating barriers known as
Josephson junctions (Figure 1-12a). The operational principle of a SQUID sensor can be understood
based on two quantum-mechanical effects: the Josephson effect and flux quantization in a
superconducting loop.t®® The current flowing through a superconducting ring generates a magnetic
field threading through the ring (Figure 1-12a). This magnetic field produces a magnetic flux that
cannot take on any arbitrary value and its value must be an integer number of a quantity called the
flux quantum (¢o), which has an extremely small value (¢o=2.068x1071° Wh).16316> Any
increasing/decreasing external field applied to the superconducting ring can modify the flowing
current leading to the periodic change of the voltage across the Josephson junctions. As the period of
this oscillating voltage is equal to one quantum flux (Figure 1-12b), the SQUID can essentially act as
a flux-to-voltage transducer, in which a tiny change in the flux signal originating from the sample can
produce a corresponding voltage change measurable by conventional electronics.'®® To enhance the
sensitivity of the sensor, the magnetic field of the sample is detected by the SQUID sensor indirectly
through a flux transformer. As shown in Figure 1-12c, the magnetic field of the sample is inductively
picked up by a second-order gradiometer connected to the input coil of the SQUID. The input coil is
also inductively coupled into the SQUID loop, so that it delivers the pick-up field to the SQUID loop.
The biasing current in the SQUID loop can be either ac (rf SQUID) or dc (dc SQUID). Nearly all

commercial SQUIDs are dc SQUIDs due to their lower noise and hence higher sensitivity.163164
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Figure 1-12. The operational principle of a SQUID magnetometer. (a) A SQUID loop with two
Josephson junctions and the magnetic field passing through the loop induced by the bias
current. (b) Oscillating response of the voltage as a function of the externally applied flux. (c)
Schematic setup of a SQUID magnetometer showing the second-order gradiometer, input coil,

and the SQUID voltage response vs. sample position (inset). Reproduced with permission from

references [164]. Copyright (2018) by AIP Publishing.
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1.6.2 Experimental Details of SQUID Magnetometry

The most widely used commercial SQUID magnetometers are manufactured by Quantum Design?®®
and they offer excellent sensitivity with a high degree of automation. In the present work, a 7-Tesla
Quantum Design Evercool Magnetic Property Measurement System (MPMS 3) equipped with a
SQUID sensor is used to characterize the magnetic properties of doped and undoped HfO, and other
nanostructures. The system can be used to measure the magnetic moments of the samples in a
temperature range of 1.8-400 K with a sensitivity of 1x10-® emu. The superconducting magnet and
SQUID need to be maintained in cryogenic condition using liquid helium, which is provided by an
integrated pulse-tube cryocooler-dewar system. Helium is also used to cool down the sample tube and
to vent the tube when exchanging the sample. A sample must be smaller than 5x5 mm? in order to
physically fit into the bore of the sample tube and it needs to be appropriately positioned so that it
stays within the homogenous part of the magnetic field while being vibrated during measurement. A
photograph of the MPMS 3 vibrating sample magnetometer (VSM) system used for magnetic

characterization of the samples in this work is shown in Figure 1-13.
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Figure 1-13 Photograph of the Quantum Design MPMS 3 SQUID Vibrating Sample

Magnetometer with Evercool technology.
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For magnetic measurements, nanostructures are grown appropriately on a 5x5 mm? substrate,
which is mounted on a quartz paddle using a small drop of special glue. Great care is exercised in
preparing and handling the sample, and only plastic tweezers are used to avoid any possible magnetic
cross-contamination. Due to the much smaller mass of the as-grown nanostructures compared to that
of the Si substate and the quartz sample holder, the magnetic signal of the nanostructures is masked
by a massive diamagnetic signal. The diamagnetic background signal is therefore subtracted from the
acquired signal to obtain the true magnetic response of the nanostructures. The as-obtained magnetic
response is then normalized by the mass of the nanostructures. Assuming that the nanostructures form
a densely packed film on the substrate, we estimate their mass by dividing the volume of the
nanostructured film by the appropriate bulk densities of HfO,, HfTiO4 and TiO,. Sigmoid basis
functions and hyperbolic functions are then employed to curve-fit the resulting data points to the
hysteresis loops using Hystlab version 1.0.9 software, which is a MATLAB-based software for

processing magnetic data based on the correction methods of Jackson et al. and Paterson et al. 167168
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1.7 Scope of the Thesis

The discovery of spintronic effects in the late 1980s has hitherto led to the developments of many
novel devices with great impact on our daily life, such as hard-disk drives read heads and magnetic
random access memories.*2%22 The main characteristic of these spintronic-based devices that has led
to their superb performance is their capability in controlling the electrical current using the electron
spin.® Spin manipulation of electrical current, if properly exploited in conventional charge-based
electronics, can also provide new opportunities in fabricating more compact electronic devices with
greater capabilities and performance such as nonvolatility, higher data processing speed, and lower
power consumption.?* For this reason, the integration of spintronic devices with mainstream
semiconductor-based electronics has continued to be of great interest. A key step in realizing this idea
is the development of new ferromagnetic semiconductors with high compatibility with the
mainstream semiconductor-based electronic industry. In the quest for these next-generation advanced
materials, dilute magnetic semiconductors (DMSs) based on I11-V semiconductors such as
(Ga,Mn)As DMSs, have been developed since the 1990s. Despite an attainable record of 200 K,* the
Curie temperature (T.) of these I11-VV DMSs has never reached room temperature, making them
unfavorable for real-life device applications. The other class of DMSs that offers greater promise for
practical device applications are wide-bandgap oxides doped with magnetic ions known as dilute
magnetic semiconducting oxides (DMSOs). These materials exhibit not only excellent ferromagnetic
properties but also Curie temperatures well above room temperature (up to 850-930 K*). Among
DMSOs, HfO, has the most compatibility with semiconductor-based electronics owing to its
extensive application in CMOS technology as gate dielectrics of metal-oxide-semiconductor field-
effect transistors.”® Moreover, HfO; has found many other applications in electronics and optics due
to its technologically important properties such as high dielectric constant (k~25), wide bandgap
(~5.7 eV), high refractive index (n=2.9), and excellent thermal and chemical stability. For these
reasons, the fabrication of ferromagnetic HfO, nanostructural materials and the investigation of their
magnetic properties are of particular interest and they promise to be the essential step toward the
integration of spintronics with conventional semiconductor-based electronics. As discussed in 1.2.2,
structural defects, in particular oxygen vacancies, are generally believed to be the origin of
ferromagnetism in DMSOs, including HfO- thin films and nanoparticles. Compared to thin films,
HfO- nanostructures, especially VLS-grown 1D nanostructures, are expected to exhibit enhanced
ferromagnetic properties due to their high specific surface area, which could offer more surface
defects and oxygen vacancies. Enhanced ferromagnetic properties as a result of high specific surface

area have already been observed in ZrO, nanowires® and nanocrystals,® both with very similar
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crystal structures and chemistries to HfO,. Moreover, VLS-grown 1D HfO; nanostructures could
potentially exhibit novel charge transport and magnetoresistance properties because of their high
crystalline quality and size-dependent quantum confinement induced effect. In addition, the exact
nature of the structural defects inducing ferromagnetism in HfO; is still under intense debate.
Although many studies attribute the origin of ferromagnetism in HfO, to oxygen vacancies, there is
no direct evidence, such as surface-sensitive depth profile studies, to support those claims. VLS-
grown 1D HfO; nanostructures (nanowires, nanospikes) provide an ideal testbed for such oxygen
vacancy-induced ferromagnetism studies, because the high crystalline quality of the VLS-grown 1D
nanostructures could minimize the effect of other structural defects. To date, the synthesis of single-
crystalline HfO, 1D nanostructures is an extremely challenging task due to the inherent technical
difficulties and has hitherto remained unattainable. In this work, we report the first successful growth
of HfO, 1D nanostructures using PLD-based VLS-growth with the aid of Sn-alloyed gold nanoisland
(Sn-GNI) catalysts.

In the present work, we pursue three main objectives: (a) To develop a fundamental understanding
of how growth parameters, including growth temperature, growth templates (Ox-Si, GNI/Ox-Si, and
Sn-GNI1/Ox-Si), and the concentration of the doping elements, can affect the morphological and
structural properties of HfO, nanostructures through the interplay of the underlying growth
mechanisms (vapor-liquid-solid versus vapor-solid mechanisms); (b) To develop a better
understanding of the role of oxygen vacancies in generating room-temperature ferromagnetism in
HfO, by investigating the magnetic properties of single-crystalline VLS-grown HfO, nanostructures;
and (c) To enhance the ferromagnetic properties of HfO, nanostructured films appropriate for
spintronic applications by synthesis of high-surface-area morphologies (1D nanostructures) and by

doping with magnetic and nonmagnetic ions.

In the present chapter of this thesis (Chapter 1), we provide a brief introduction to dilute magnetic
semiconductors and dilute magnetic semiconducting oxides as promising spintronic materials,
particularly the key models used to explain their ferromagnetic properties. We also give a review of
the HfO, nanostructures and the primary techniques used for their synthesis and characterization. Our
results for undoped and doped HfO; nanostructures are given in two chapters. In Chapter 2, we report
the growth of multiple HfO, nanostructures using a catalyst-assisted pulse laser deposition method.
By precisely controlling the laser radiation parameters, background vacuum pressure, Ar flow and
pressure during the deposition and the GNI size, and by manipulating the growth temperature and
growth template (Ox-Si, GNI/Ox-Si, Sn-GNI/Ox-Si), we are able to obtain HfO» nano square
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pyramids on Ox-Si (without any catalyst) and GNI/Ox-Si, nano triangular pyramids on GNI/Ox-Si,
nano-tetrahedrons, nano-columns, nanospikes and nanowires, all on Sn-GNI/Ox-Si. The HfO, 1D
nanostructures produced in this study (nano-columns, nanospikes and nanowires) are found to be
single-crystalline. This is a significant result because they represent the first single-crystalline HfO;
1D nanostructures ever reported. Our results show that Sn plays a crucial role in the interplay between
VLS and VS growth mechanisms, and no 1D nanostructure can be obtained without Sn. The as-grown
HfO, 1D nanostructures with high crystalline quality provide an ideal platform for oxygen vacancy-
induced ferromagnetism studies. When comparing the magnetic properties of HfO, nanowires (NWs)
and square nano pyramids, we observe room-temperature ferromagnetism in HfFO, NWs, and very
weak paramagnetism in HfO, square nano pyramids. Our XPS depth-profiling studies confirm that
the origin of ferromagnetism in HfO, NWs is likely due to the higher amount of oxygen vacancies in

NWs compared to the square nano pyramids.

According to theoretical studies,®*"° oxygen vacancy formation energy is lower in Ti-doped HfO..
In order to establish a direct correlation between the amount of oxygen vacancies and ferromagnetic
properties of HfO, in the first study, we investigate the effect of doping of Ti (a non-magnetic
element) on the morphological, structural and magnetic properties of HfO, nanostructures in Chapter
3. In the first part of our study on doped HfO, nanostructures, we report the synthesis of Ti-doped
Hf1.«TixO2 (x=0.01, 0.10, 0.25, 0.50) 1D nanostructures on the Sn-GNI/Ox-Si growth template for the
first time, by using the same catalyst-assisted PLD method. Our results show that Ti-doping does not
prevent VLS growth and it leads to 1D nanostructures (nanospikes) for all doping concentrations
from lightly doped Hfo.g9Ti0.0102 (x=0.01) nanospikes to bimetallic oxide HfosoTio5002 (Xx=0.50)
nanospikes. We observe an increase in room-temperature magnetic saturation of HfO, nanostructures
up to 92% for the doping concentration of 10 at. % (x=0.10). However, at higher doping
concentrations (x=0.25 and 0.50), the magnetic saturation values become smaller, and that for
bimetallic oxide nanostructures (x=0.50) is even smaller than undoped HfO, NWs. In the second part
of Chapter 3, we present the results from our study on the effect of doping of Fe (a magnetic element)
on HfO, nanostructures. This study allows us to compare the effects of a magnetic dopant (Fe ion) to
those of a nonmagnetic dopant (Ti ion) on the morphological, structural and magnetic properties of
HfO, nanostructures. Unlike Ti-doping, Fe-doping is found to significantly suppress VLS growth of
HfO, nanostructures, producing nanospikes for 1 at. % Fe doping (Hfo.99Fe0.0:02 nanospikes) and
distorted nanocubes with stacked flake structures for 5 at. % (Hfo.95F€0.0502), 10 at. % (Hfo.90F€0.1002),
and 20 at. % (Hfo.soFeo.200,) Fe doping. The abrupt diminution of VLS growth with Fe is attributed to

the counter-effect of Fe on the VLS nucleation rate that could negate the positive effect of Sn in
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promoting VLS growth. When doping a nonmagnetic material such as HfO, with magnetic ions,
obtaining a uniform distribution of magnetic ions in the host lattice is challenging. A nonuniform
doping results in magnetic ion clustering that could produce extrinsic magnetic properties. Our
magnetic property measurements indicate that Fe-doped HfO, nanostructures exhibit an intrinsic
ferromagnetic response for doping concentration up to 10 at. %. However, for HfO, nanostructures
doped with 20 at. % Fe, the magnetic response is mainly dominated by an extrinsic component,
despite the lack of any magnetic clusters found in the corresponding XRD result. Moreover, we find
that HfO, nanostructures doped with 5 at. % and 10 at. % Fe show much higher (up to two orders of
magnitude) magnetic saturation values than the undoped HfO nanostructures. These high Ms values
are attributed to the exchange interaction between ferromagnetic centers (F-centers) created by the

oxygen vacancies induced by the magnetic ions throughout the lattice.

The present work seeks to provide new insights for the synthesis of ferromagnetic semiconductor
NWs, particularly oxide NWSs. For those oxide nanowire growth processes that require an oxide target
in order to have precise control over the stoichiometry of the final products, the use of an alloy
catalyst could counterbalance the adverse effect of oxygen in promoting the VS growth and
significantly facilitate the VLS growth of the nanowires. The ferromagnetic HfO. nanostructures
introduced in this work, especially Hfo.gsFe0.0502 and Hfo.gFe0.1002 nanostructures with high magnetic
saturation values, can be promising materials for spintronic applications such as magnetic tunneling
junctions, spin transistors, and spin-based logic circuits. Their high Curie temperatures provide viable
opportunities for real-life device application. More importantly, considering the CMOS compatibility
of HfO,, these nanostructures have great potential for application in integrated CMOS and spintronic
technology. These and other perspectives, along with future work, will be discussed in Chapter 4.
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Chapter 2
Synthesis of Novel Single-Crystalline HfO2 Nanostructures and

Their Magnetic Properties

2.1 Introduction

Over the last two decades, hafnium dioxide (HfO,), also commonly known as Hafnia, has been
subjected to numerous investigations owing to its technologically interesting properties such as large
dielectric constant (k~25), wide bandgap (~5.7 eV), high refractive index (2.9), high laser-induced
damage threshold, and excellent thermal and chemical stability.”®"® These superior properties have
made HfO; an excellent advanced material candidate for a broad range of applications. For instance,
many studies have shown that HfO,, due to its large dielectric constant, can be used as gate dielectric
to greatly suppress current leakage in metal-oxide-semiconductor field effect transistors, providing a
significant breakthrough in the miniaturization of modern devices.”'*-173 Other applications include
anti-reflective and protective optical coatings,® - ferroelectric field effect transistors,3*®memristors
and resistive random access memories®~**, and gas sensors.® Furthermore, it has been found that
oxygen-deficient HfO; thin films and nanostructures can also serve as dilute magnetic
semiconductors exhibiting ferromagnetism above room temperature.®6-%8152174.175 Considering the high
compatibility of HfO, with CMOS technology, high temperature ferromagnetism in HfO; is indeed a
significant discovery, which promises to further extend the application of HfO, to the field of

spintronics.?”9’

Numerous studies have demonstrated the novel properties of semiconductor nanowires (NWSs)
stemming from their nanoscale dimension, high surface area-to-volume ratio, and single-crystalline
structures with highly crystalline facets.1?6:127:140 These unique properties have made semiconductor
NWs very promising candidates for various applications ranging from electronic and optoelectronic
devices to spintronic and renewable energy applications.'?” For example, defect-rich NWs of ZrO,, a
material with a very similar crystal structure and physical properties to HfO,, have shown super-
efficient performance in photocatalytic water splitting'’® as well as remarkable dilute ferromagnetic
semiconductor properties.®® It is therefore expected that HfO, NWs could also exhibit similar novel
properties, including photocatalytic and ferromagnetic properties, superior to their HfO, thin film
counterparts. To date, there have, however, been very few attempts to synthesize HfO, one-
dimensional (1D) nanostructures.’>119120.122-124 gome of these attempts are based on electrospinning to

fabricate HfO, nanobelts,'? nanofibers,*?* and hollow nanofibers.” In other reports, electrochemical
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anodization of metallic Hf foils in basic solutions!*!?° and atomic layer deposition of HfO, into
anodic aluminum oxide templates'?? are used to synthesize HfO, nanotubes. However, all these
methods are based on wet chemistry that may introduce cross-contamination of chemical impurities
and, in some cases, they yield agglomerated products. Moreover, the products of these synthesis
methods if performed without any subsequent heat treatment are amorphous or polycrystalline. While
the single-crystalline structure and the high level of crystallinity play pivotal roles in producing
superior physical properties in semiconductor NWs, none of the aforementioned methods has yet to
produce single-crystalline HfO, 1D nanostructures. For synthesizing high-quality single-crystalline
NWs, vapor-liquid-solid (VLS) growth is well-known to be a very advantageous method with good
control on the size and shape of the NWs.1%5-12" Tq date, VLS growth of single-crystalline HfFO, NWs

remains unattainable and a very challenging task indeed.

Chemical vapor deposition, thermal evaporation, and pulsed laser deposition (PLD) are three
possible synthesis methods to grow HfO, nanowires through the VLS mechanism. However, due to
the extremely low vapor pressure and the high melting point of hafnia, synthesis of HfO, NWs by
conventional CVD or thermal evaporation methods is not feasible. The PLD method therefore
appears to be the best approach to produce VLS-grown HfO, NWs. Nevertheless, the PLD growth of
metal oxide NWs, particularly HfO>, could pose great fundamental challenges. As discussed by
Suzuki et al.,’® VLS and vapor-solid (VS) growth can occur concurrently in PLD-growth systems. If
the VLS nucleation and growth rates outpace the VS nucleation and growth rates in the system, NWs
will become the final products. VLS and VS nucleation rates are reported to greatly depend on the
equilibrium pressure of the atomic species, which is associated with the supply flux of atomic species
ablated from the target and the partial pressure of oxygen in the system. Increasing the supply
material flux and oxygen pressure in the system would significantly suppress the VLS nucleation rate,
leading to the growth of simple films as the final product. Based on their model, they have later
introduced a concept called “material flux window” that can provide a practically useful criterion to
predict the growth process in those systems with concurrent VLS and VS growth.*"1%8 A material
flux window is defined as an optimum range of supply material flux density within which the VLS
growth mechanism outruns the competing VS mechanism. When a material flux density is below the
lower extreme of the material flux window, neither VLS nor VS growth could occur. On the other
hand, a flux density higher than the upper extreme of the window would lead to a predominant VS
mechanism. The width of this optimum material flux window varies with the growth temperature and
the oxygen pressure in the system, and it becomes narrower when the temperature and the amount of

oxygen increase. For PLD growth of HfO,, a HfO, target is commonly used to provide better control
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on the stoichiometry of the final products. As pointed out by Klamchuen et al.,’>” metal oxide targets
could introduce unintentional oxygen into the system so that the oxygen pressure could become high
enough to significantly suppress the VLS nucleation rate. In other words, for VLS growth of HfO, by
PLD, the width of the optimum material flux window for VLS growth is inherently narrow due to the
oxygen generated by the target during laser ablation. Furthermore, HfO is a hard material requiring a
relatively high laser power for ablation. This high laser energy could provide a large material supply
flux into the system, thus increasing the likelihood of missing the already narrowed optimum material
flux window for VLS growth. Accomplishing VLS growth of HfO, NWs by PLD has thus far been

unsuccessful and it remains an incredibly difficult if not impossible task.

As there is not enough control to adjust the material supply flux and the amount of oxygen
originating from the target for VLS growth of HfO, NWs, we devise a different approach to enhance
VLS growth against VS growth in the system. Considering the crucial role of the metal catalyst in
controlling the VLS growth of NWs, we employ with the strategy of enhancing the VLS growth
kinetics by modifying the gold catalyst. Earlier studies have shown that bimetallic catalysts could
further improve the VLS growth of NWs.17718 Alloying gold with another metallic component could
therefore be an effective strategy to promote the VLS growth mechanism. Among the obvious options
(e.g., Sn, Ag, Mo, Hg, Pt, Cd), Tin (Sn) appears to be an effective modifying component. According
to the Au-Sn binary phase diagram, Sn can create an eutectic composition with gold and significantly
lower the gold melting point.!8! Furthermore, other studies have reported that when Sn is alloyed with
other metals, such as silver, copper, zinc and gold, it can substantially modify the surface energy of
these metals.'818 In this work, single-crystalline HfO, nanowires are fabricated, for the first time, by
using a catalyst-assisted pulsed laser deposition technique. Here, Au-Sn alloys are used as the catalyst
to enhance the axial VLS growth of NWSs in competition with VS growth of HfO, nanocrystals. In
this chapter, we first present a study of the structural properties of the as-grown nanostructures,
followed by a discussion on the role of Sn as a VLS growth promoter. Based on the information
obtained from different materials characterization investigations, we propose a plausible growth
mechanism for the HfO, NWs. Lastly, we discuss the observed novel ferromagnetic properties of the

HfO- nanostructures grown under different growth conditions.

2.2 Experimental Details

HfO, nanostructures are synthesized by catalyst-assisted pulsed laser deposition using a NanoPLD
system (PVD Products) with a base pressure of 1x10 Torr. The system is equipped with an excimer

KrF laser (248 nm wavelength) operated with a laser fluence of 350 mJ/pulse at a repetition rate of 5
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Hz to ablate a HfO, target. The HfO, target is prepared by cold pressing of HfO, powder (Alfa Aesar,
99.9% purity) with a pressure of 30 MPa followed by sintering at 1150 °C for 48 h. Prior to the
deposition, precut Si(100) chips (10x10 mm? and 5x5 mm?, 525 um thick, p-type, B-doped, with a
resistivity of 1-5 Q cm) are cleaned and chemically oxidized by following the RCA method.**® To
maintain an oxygen buffer layer on Si, the last cleaning step, i.e. HF treatment, is not performed.
Chemically oxidized Si substrates are denoted as Ox-Si in this work. Gold nanoislands (GNIs) on Si
are created by magnetron sputtering of a thin layer of gold (<10 nm thick) on Si followed by post-
annealing in oxygen at 600 °C for 1 h. After annealing, GNIs with a Gaussian size distribution of 4-
10 nm are produced on the Ox-Si surface. This resulting template (denoted as GNI/Ox-Si) is mounted
in the PLD chamber using a windowed substrate holder and is oriented perpendicular to the expansion
direction of the laser plume. The substrate-to-target distance is set to 25 mm to allow the substrate to
be in close proximity to the laser plume. Infrared heat lamps located at the backside of the sample
holder provide radiative heating to achieve different growth temperatures (from 550 °C to 770 °C).
After reaching the predetermined growth temperature, deposition is initiated, and it continues for 60
min in 200 mTorr of Ar with a flow rate of 10 sccm. To introduce Sn into the system, we sputter-
coated the windowed substrate holder with Sn prior to mounting it in the deposition chamber. The Sn
target used for sputter coating is cut out of a Sn sheet (99.9% purity, Fisher Scientific). When the
substate holder is heated by the infrared lamps, Sn is expected to evaporate and mix with the gold
nanoislands to create the Au-Sn alloy catalysts. The growth templates prepared with these Sn-alloyed
GNI catalysts are denoted as Sn-GNI/Ox-Si.

The morphologies of the nanostructures are studied by scanning electron microscopy (SEM) in a
Zeiss Ultra-plus field-emission scanning electron microscope. The corresponding crystal structures
are determined by glancing-incidence X-ray diffraction (GIXRD) at an incident angle of ®=0.4° in a
PANalytical MRD X’pert Pro diffractometer with a Cu Ko source (1.54 A). The composition and
crystallinity of the individual HfO, NWs are examined by transmission electron microscopy (TEM) in
a Zeiss Libra 200MC transmission electron microscope equipped with energy dispersive X-ray
spectroscopy (EDS) at an acceleration voltage of 200 kV. For TEM sample preparation, HfO,
nanostructures are scraped off the substate and dispersed in HPLC-grade isopropyl alcohol by
sonication for 10 min, and are transferred by drop-casting the resulting suspension onto a copper
TEM grid.

Using the information from XRD and TEM analyses, we also obtain the corresponding optimized

unit cell by performing first-principle calculations based on the Density Functional Theory (DFT).
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This optimized unit cell is used to build schematic crystal models of HfO2 NWs. DFT calculations
are carried out by using the Vienna Ab-initio Simulation Package (VASP, version 5.4) with the
Materials Exploration and Design Analysis platform (MedeA, version 2.19, Materials Design, Inc.).
In particular, the electron-ion interaction is described by using the projector augmented wave (PAW)
method.'8187 The exchange-correlation energy is approximated by the generalized gradient
approximation (GGA\) using the Perdew-Burke-Ernzerhof (PBE) functional.*®® The cutoff energy for
the convergence of the plane wave expansion is set at 400 eV. The atom positions are relaxed until
the forces on all of the atoms were less than 0.05 eV//A, while the energy convergence of the self-
consistent field is set to 1.0x10-5 eV. For Brillion zone sampling, the I" point with a k-point spacing
of 0.5 A-1 is selected with a 3x3x3 mesh. The ionic geometry is optimized by using the conjugate-
gradient algorithm. A unit cell containing four Hf atoms and eight O atoms with the monoclinic
structure is used to model the HfO2 crystal structure. Finally, the optimized unit cell and crystal
models of the NWs are visualized by using the 3D visualization program VESTA.

The chemical-state composition of the HfO, nanostructures is analyzed by X-ray photoelectron
spectroscopy (XPS) performed in a Thermo-VG Scientific ESCALab 250 Microprobe with a
monochromatic Al Ka X-ray source (1486.6 eV photon energy). For depth profiling, the sample
surface is sputtered by an Ar* ion beam with a kinetic energy of 3 kV, while a low-energy electron
flood gun operated at a filament current of 1.75 mA is used for charge compensation. To examine the
chemical-state composition of individual HfO, NWs, we employ electron-induced Auger electron
spectroscopy (AES), with a considerably higher spatial resolution than XPS (20 nm for AES vs. 3 um
for XPS), in a Thermo-VG Scientific Microlab 350 Microprobe equipped with a built-in field-
emission electron source. An electron beam with an energy of 10 kV is focused with an estimated
spot size of less than 10 nm on the individual nanowires, and the emitted Auger electrons are detected
by a hemispherical energy analyzer. For AES-depth profiling, an Ar* ion beam with an energy of 3

kV is rastered over a 2 X2 mm? area generating a sample current density of 1 pA/mm?2,

The magnetic property of the HfO, nanostructures is studied at different temperatures by using a
superconducting quantum interference device (SQUID) magnetometer (Quantum Design MPMS
SQUID-VSM). The magnetic field used to induce magnetic moment in the samples is applied parallel
to the sample surface. Only plastic tweezers and clean quartz paddles are used for sample preparation
and measurement to eliminate any possible ferromagnetic cross-contamination. The magnetic data are
corrected by subtracting the diamagnetic contribution from the bare substrate and quartz paddle. The

recorded magnetic moments of the nanostructures are normalized by their mass, which is calculated
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by assuming that the nanostructures are densely packed within the measured volume with a bulk
density of 9.68 g/cm?®.18 The ferromagnetic hysteresis loops are fitted to the data points by using
sigmoid basis functions and hyperbolic functions in Hystlab version 1.0.9 software. Hystlab is a
MATLAB-based software for processing magnetic data based on the correction methods of Jackson

et al. and Paterson et al.**"1%8
2.3 Results and Discussion

2.3.1 SEM and XRD Studies

Figure 2-1al-a4 shows the SEM images of a typical HfO- film deposited by PLD on Ox-Si without
any GNI catalyst in 200 mTorr of Ar at different temperatures: 550 °C, 650 °C, 720 °C and 770 °C,
respectively. At 550 °C (Figure 2-1al), a nanostructured film consisting of distorted square pyramid
shaped crystals with rough facets is observed. As the growth temperature increases to 770 °C and
consequently causes greater diffusion of the atoms on the surface, the nanostructured film is found to
consist of well-faceted square pyramid shaped crystallites with an average grain size of 40 nm (Figure
2-1a4). The growth of ordered crystals with similar shapes and crystal facets indicates that there is a
preferential growth crystallographic orientation for HfO, even without any catalyst or initial seed
layer on the Ox-Si surface. When the deposition is performed on GNI/Ox-Si (Figure 2-1b1-b4), the
grain size of the nanostructures becomes discernibly larger. This trend is more notable for those
nanostructures grown at 650 °C and 720 °C. As reported in an earlier study,'*° formation of the
coarser nanostructures on the GNI-seeded substrate can be attributed to the GNIs providing more
favorable nucleation sites. The initial nuclei appearing on the GNIs then start to grow through the
vapor-solid (VS) mechanism in some preferential crystallographic directions. However, the most
notable observation by comparing Figure 2-1al-a4 with Figure 2-1b1-b4 is the very similar
morphology of the as-formed nanostructures. This similarity suggests that the prominent growth
mechanism of HfO, on Si substates both without and with GNIs (Ox-Si and GNI/Ox-Si) is VS growth
with no evidence of any VLS growth. One possible reason for the lack of VLS growth could be the
chemical bonding of GNIs to the Si surface as discussed in a previous study?*° on growth of tin oxide
NWs on a hydrogen-terminated Si. The presence of this chemical bonding in effect deactivates the
catalyst, preventing VLS growth of the nanostructures. However, the Ox-Si surface here includes a 6
nm thick oxygen layer, which serves as a buffer layer preventing chemical interaction between the
GNiIs and the Si surface. Therefore, the lack of VLS growth, in this case, could instead be attributed
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to the much higher rate of nucleation and growth through the VS mechanism that overwhelmingly
outpaces the VLS growth.

Figure 2-1c1-c4 shows the morphology of HfO, nanostructures grown at the same series of
increasing temperature (550 °C, 650 °C, 720 °C and 770 °C) on Ox-Si substrates with tin-modified
GNils as the catalysts (Sn-GNI/Ox-Si). Evidently, at the lower growth temperature of 550 °C (Figure
3-1c1), considerably larger tetrahedral shaped crystals (hano-tetrahedrons with 300-500 nm edge
lengths) are formed, along with fine crystallites similar to those found for the GNI/Ox-Si substrate.
The formation of these large crystals might be caused by the emergence of concomitant VLS growth
promoted in the presence of Sn-GNIs. During the initial stages of nucleation and growth, both VLS
and VS mechanisms contribute to the growth process, giving rise to the coarser final crystals on GNI
nucleation sites. This kind of crystal coarsening has also been observed in a previous study.'#° As the
growth temperature increases, the morphology of the nanostructures changes significantly, from
nano-tetrahedrons at 550 °C to nano-columns with a triangular cross section at 650 °C, and finally to
long tapered nanowires at 770 °C. HfO, nanospikes and NWs grown at higher temperatures (Figure
2-1c3 and Figure 2-1c4) also appear to have a triangular cross section with an edge size of 100-150
nm near the base and about 20 nm near the tip. The NWs grown at 770 °C are evidently longer (with
an average length of 2.5 um) than the nanospikes grown at 720 °C (with an average length of 1.5 um).
Furthermore, the lateral faces of the NWs do not appear to be smooth but contain some fine features,
which will be discussed in more detail in the TEM analysis section below. Gold nanoparticles at the
tips of the NWs (marked with circles in Figure 2-1c3 and Figure 2-1c4) are typically found in
catalyst-assisted PLD growth of 1D nanostructures,54%:141 and their presence clearly confirms the
VLS growth mechanism of these HfO, 1D nanostructures. Results from energy-dispersive X-ray
spectroscopy collected in scanning TEM analysis and high-resolution TEM images (discussed below)
show no evidence of catalyst consumption due to incorporation of the catalyst into the crystal
structure of the NWSs. The observed tapering of the NWs can be explained by the coexistence of both
VS and VLS mechanisms. While the VLS mechanism controls the longitudinal growth of the NWs,
the lateral growth of the NWs occurs due to the VS growth of the initial crystal planes already
emerged out of the catalyst in the VLS mechanism. Since the base of a NW is exposed to the material
vapor for a longer time, its cross section usually becomes larger than the cross section near the tip.
Furthermore, nanocrystals similar to those nanostructures grown in the absence of Sn are still visible
among the 1D nanostructures (Figure 2-1c2-c4). This observation further supports that the VLS

growth and V'S growth occur concurrently in our system.
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Figure 2-1. SEM images of (al-a4) HfO; nano square pyramids on Ox-Si (without any catalyst),
(b1-b4) HfO; nano square pyramids and nano triangular pyramids on GNI/Ox-Si, and (c1)
nano-tetrahedrons, (c2) nano-columns (with triangular base), (c3) nanospikes, and (c4)
nanowires, all on Sn-GNI/Ox-Si, PLD-grown at (al, b1, ¢1) 550 °C, (a2, b2, c2) 650 °C, (a3, b3,
¢3) 720 °C, and (a4, b4, c4, d4) 770 °C. The upper right insets show expanded views, while the

lower left insets show pictorial models of the respective as-grown nanostructures.
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The dramatic change in the morphology of the nanostructures from 3D nanocrystals to 1D
nanospikes and nanowires (Figure 2-1c1-c4) suggests that the VLS mechanism is enhanced by
increasing the growth temperature on the Sn-GNI/Ox-Si substrates. By contrast, this trend is not
observed for the nanostructures grown on GNI/Ox-Si substrates (Figure 2-1b1-b4). As we introduce
Sn into the system by thermal evaporation from the surface of a Sn-coated sample holder, more Sn is
therefore expected to be evaporated at a higher temperature. Since VLS growth does not occur with
GNIs without Sn at any temperature while it is enhanced when the amount of Sn in the system is
increased, Sn appears therefore to be the crucial determinant of promoting VLS growth in our system.
In section 2.3.4, we will discuss the possible role of Sn in enhancing the VLS growth mechanism in

more detail.

The corresponding glancing-incidence XRD (GIXRD) patterns of the nanostructures obtained
under different growth conditions are shown in Figure 2-2. Since the GIXRD patterns of the HfO,
nanopyramids grown on Ox-Si and GNI/Ox-Si templates at lower temperatures (Figure 2-1al-a3 and
Figure 2-1b1-b3) are similar to the ones grown at 770 °C on the respective templates, we only show
the GIXRD patterns of the HfO, nanopyramids grown on GNI/Ox-Si and Ox-Si templates at 770°C
here. The GIXRD patterns reveal that all the nanostructures predominantly exhibit the monoclinic
phase with no sign of tetragonal or cubic phase. Moreover, despite the nanometer size of the
synthesized nanostructures, they all show very sharp peaks with small peak widths, which is
indicative of a high level of crystallinity in these nanostructures. Previous studies have shown that the
presence of oxygen vacancies could stabilize the tetragonal or cubic phase in HfO,.1%%-192 The absence
of any secondary phase therefore indicates minimal oxygen deficiency in the bulk structures, or

alternatively that accumulation of the oxygen vacancies occurs mostly in the surface region.
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Figure 2-2. Glancing incidence XRD patterns of different HfO, nanostructures grown under the
following conditions: nano square pyramids on Ox-Si (bottom) and GNI/Ox-Si templates (top)
both at 770 °C, and (from top to bottom) nanowires (NWs) at 770 °C, nanospikes at 720 °C,
nanocolumns at 650 °C, and nano-tetrahedrons at 550 °C all on Sn-GNI/Ox-Si templates. The
reference pattern of the monoclinic phase of HfO, powder (PDF #00-034-0104) is shown as the
bottom bar graph.

Interestingly, the relative peak intensities for these nanostructures are found to be markedly
different from those of the reference pattern (PDF #00-034-0104). The intensities of the (111), (200)
and (-111) peaks and the peak intensity ratios of (111) and (200) planes to (-111) plane (the most

intense peak in the reference pattern) are summarized in Table 2-1. Since the X-ray strikes the sample
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at a fixed incidence angle in GIXRD, the predominant relative intensities of the (111) and (200) peaks
in the GIXRD pattern of the HfO, nanopyramid film do not correspond to solely the relative
contributions of the predominant growth orientations of the nanopyramids. Additional material
characterizations such as HRTEM images are required to determine the preferential growth
orientation of these nanostructures. However, in 1D HfO; nanostructures grown on top of the substate
plane (Figure 2-1c2-c4), the stronger relative intensities of the (—111), (111) and (200) peaks
considered here suggest that these planes mainly form the cross-sectional planes or the lateral facets
in the crystal structure of the nanocolumns, nanospikes and nanowires. Since (200) is the strongest
peak of the HfO, nanopyramids grown on GNI/Ox-Si at the same growth temperature as the NWs, the
strong (200) peak in the XRD pattern of NWs could also be partly attributed to the presence of VS-
grown nanopyramids grown concurrently with the NWSs. This matter will be discussed in more detail

in the next section.

Table 2-1. Relative peak intensities of the (111), (200) and (-111) planes and the respective
intensity ratios of (111) and (200) planes to (-111) plane for HfO, nanostructures grown under
different conditions.

Relative peak Peak intensity ratio

HfO, Nanostructures intensity (%)
(-111)] (111) | (200) | 1(111)/1(-111) [1(200)/1(-111)
Monoclinic phase (PDF Ref.
# 00-034-0104) 100 | 78 25 0.78 0.25
Nano square pyramids on Ox-Si 8 2 100 0.25 125
Nano square pyramids on GNI/Ox-Si | 26 54 | 100 2.08 3.85
Nanowires on Sn-GNI/Ox-Si 67 97 | 100 1.45 1.49

A closer examination of the GIXRD patterns of these nanostructures reveals notable position shifts
from their respective peaks in the reference pattern. Table 2-2 provides the 26 positions of the three
most intense peaks, i.e. (-111), (111) and (200), along with their position shifts relative to their
corresponding 20 positions in the reference pattern. Remarkably, while the relative position shifts for
the strongest features all appear rather small for NWs (less than 0.09°), those for the nanopyramids
are discernibly larger (0.1°-0.2°). This peak shift toward a larger 20 angle could be due to the
compressive stress in the nanopyramids. The smaller volume of the unit cell calculated for the
nanopyramids on GNI/Ox-Si (135.82 A%) compared to those for NWs on Sn-GNI/Ox-Si (137.97 A%)

and the reference (138.28 A®) also confirms the larger residual compressive stress in the
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nanopyramids. Moreover, the notably smaller position shift found for the NWs suggests that

incorporation of Sn into the HfO- crystal structure is unlikely, and hence no solid solution phase is

formed. We will discuss this matter in more detail in the subsequent sections.

Table 2-2. Comparing shifts of the three most dominant peaks relative to those of the reference

for HfO, nanostructures grown under different conditions.

PDF Ref. | HfO, nano square | HfO, nano square .
Plane | # 00-034- pyramids pyramids O';':S;_'é?\?ﬁg'xr_essi
Index 0104 26 on Ox-Si on GNI/Ox-Si
(°) 20(°) Shift(®) | 20 (°) Shift (°) [ Pos(°) Shift (°)
(-111) 28.336 28.581 0.245 28.539 0.203 28.425 0.089
111) 31.665 31.777 0.112 31.841 0.176 31.730 0.065
(200) 34.358 34.495 0.137 34.474 0.116 34.410 0.052

2.3.2 TEM Studies

TEM analysis has been performed for all the nanostructures grown in the presence of Sn-GNI
catalysts on Ox-Si substrates at different temperatures (770 °C, 720 °C, 650 °C and 550 °C).
Evidently, the NWSs exhibit growth in two main growth directions, which occur concurrently at the
same growth temperature. Figure 2-3.al displays a typical low-magnification TEM image of a NW
grown at 770 °C. A selected area electron diffraction (SAED) pattern obtained for this NW is shown
in Figure 2-3.a3. The classic spot pattern reveals the single-crystalline nature of the NW, and it shows
that the NW has grown perpendicular to the (010) plane, i.e., the length of the NW is along the [010]
direction. The measured lattice spacings in the corresponding high-resolution TEM image (Figure
2-3.a2) are b=5.19 A and ¢=5.08 A and they further confirm the b axis as the growth direction. It is
important to note that although the unit cell in the monoclinic system is skewed compared to the cubic
system, the angles between axes b and ¢ and between axes a and b are both equal to 90° (a=y-90°).
Therefore, the [010] crystallographic direction in the monoclinic system is still perpendicular to the
(010) plane. The reciprocal lattice pattern obtained by performing fast Fourier transform (FFT) on the
high-resolution TEM image of the nanowire (Figure 2-3.b1 inset) is in excellent agreement with our
measured SAED pattern (Figure 3-3a3). Moreover, it can be inferred from the HRTEM image (Figure
2-3.a2) and the SAED pattern (Figure 2-3.a3) that the (100) plane corresponds to the top-side facet of

the nanowire perpendicular to the zone axis (-100) while the (001) plane is parallel to the zone axis.
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This finding is consistent with the dominant peak intensity of the (200) plane observed in the GIXRD
profile of the NWs grown at 770 °C in Figure 2-2.
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Figure 2-3. (al) Low-magnification TEM image of a HfO; NW grown on Sn-GNI/Ox-Si at 770
°C with (a2) the HRTEM image and (a3) the corresponding SAED pattern depicting the growth

direction of the trunk of the NW. The lower left inset in (al) shows a pictorial model of the NW.
(b1) Higher magnification TEM image of the marked area in (al) depicting the perimeters of
the NW. HRTEM images of the (b2) left and (b3) right areas marked in (b1) revealing
homoepitaxial secondary growth on the surface (perimeter) of the NW. (c) Schematic model of
four adjacent unit cells of the NW with atom positions in the unit cell optimized by DFT
calculation. (d) Schematic cross-sectional model of the trunk of a NW (composed of ten unit

cells).
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The SEM images of the nanostructures (Figure 2-1c1-c4) suggest that the VLS growth and VS
growth are two competing growth mechanisms occurring in our system concurrently. In accord with
these SEM results, the HRTEM image (Figure 2-3b1) confirms the presence of a thin layer (5-10 nm)
on the perimeter of the NW. A closer examination of the interface between the outer layer and the
trunk of the NW in the perimeter region marked by the red squares in Figure 2-3b1 reveals a perfect
crystal lattice match between the outer layers and the core body of the NW (Figure 2-3b2 and 2-3b3).
This high level of crystal lattice match suggests that the lateral growth of the NWs occurs
homoepitaxially on the surface of the NWs, likely by direct deposition of HfO from the gas phase,

whereas the VLS growth is responsible for the growth along the length of the nanowires.

Using the lattice parameters reported for the monoclinic phase in the reference XRD profile
(PDF #00-0340-0104) for our DFT calculations, we obtain the optimized unit cell for the as-grown
nanowires shown in the HRTEM image (Figure 2-3a2). Figure 2-3c shows a perspective view of a
supercell consisting of four unit cells. Here, the red square marked on the top face of the supercell in
the model in Figure 2-3c corresponds to the white square marked in the HRTEM image in Figure
2-3a2 and Figure 2-3a2 inset. We also utilize the DFT optimized unit cell to create an atomic model
for the nanowire, a cross section of which is shown in Figure 2-3d. The trunk of the NW in this model
is created by repeating five unit cells along the b-axis direction and two unit cells along the c-axis
direction. The perimeter of the NW is formed by adding five unit cells along the b-axis direction at
both sides of the cross section of the trunk and by arbitrarily removing some atoms to simulate the
surface feature of the NW. This atomic model could be useful to provide a better understanding and

visualization of the crystal planes and their growth direction in the crystal structures of these NWs.

The epitaxial growth rates on the facets of the NWs are found not to be the same for all NWs
grown at 770 °C on Sn-GNI/Ox-Si, which gives rise to NWs with different surface morphologies.
Figure 2-4al shows a low-magnification TEM image of a typical NW (with the main trunk) grown
along the [010] direction, the same growth direction as the NW shown in Figure 2-3. However, an
evidently higher VS growth rate has led to some coarse crystallites on the facet of this NW, forming a
perule-like pattern on the surface (Figure 2-4a2). The HRTEM image (Figure 2-4a3) shows the perule
surface structures grown along the same [010] direction with the (001) planes parallel to the zone
axis. The corresponding cross-sectional model of this NW is shown in Figure 2-4a3 inset. The atomic
model is constructed using six unit cells along the b-axis direction and two unit cells along the c-axis
direction. The perule surface structure is generated by adding five unit cells along the b-axis direction

each at both sides of the cross section of the trunk and arbitrarily removing some atoms.
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Figure 2-4. (al) Low-magnification TEM Image and (a2) HRTEM image of a HfO, NW grown
at 770 °C on Sn-GNI/Ox-Si with perule-like surface structures. (a3) Magnified image of the
marked area in (a2) depicting the (001) planes with the corresponding cross-sectional atomic
model shown in the inset. (b1) Low-magnification TEM image and (b2) HRTEM image of a
smooth HfO; NW (i.e. without any perule-like structures) with (110) planes perpendicular to
the growth direction with the corresponding perspective atomic model shown in the inset. (b3)
Magnified image of the marked area in (b2) illustrating the (-111) planes parallel to the zone
axis with the corresponding FFT image shown in the inset. Insets of (al) and (b1) give the

respective pictorial models of the NWs with and without perule-like surface structures.

In addition to the perulated NWs, Figure 2-4b1 and Figure 2-4b2 and Figure 2-4b3 show the low-
magnification TEM and HRTEM images of a smooth NW (i.e. without any perule-like structures)
grown with (-111) planes parallel to the zone axis. Our atomic model (Figure 2-4b2, inset) shows that
the growth direction of this type of non-perulated NWs is perpendicular to the (110) planes. The
observed (-111) side planes in the crystal structure of these NWs are consistent with the
corresponding GIXRD pattern (Figure 2-2), and their presence could account for the higher intensity
of the (-111) XRD peak of the NWs compared to that of the nano square pyramids. It should be noted
that the [110] direction in these HfO, NWs is not exactly perpendicular to the (110) planes due to the

51



monoclinic structure of the NWs, despite the rather similar lattice parameters (a=5.28 A and b=5.18
A). The atomic model in Figure 2-5 illustrates the orientation of the (110) planes with respect to the
[110] direction. The small difference between the [110] direction and the normal vector of the (110)
plane can be calculated as cos 6=3.68/[(\(5.28%+5.18%)/2]=5.7°.

L.

Figure 2-5. Atomic model depicting the minor orientation difference in the [110] direction from

the (110) plane in the smooth HfO, NWs with monoclinic structure.

Our TEM analysis of the nanospikes grown at 720 °C on Sn-GNI/Ox-Si is shown in Figure 2-6. At
this growth temperature, nanospikes are found to grow perpendicular to the (110) planes (Figure
2-6a2 and Figure 2-6a3). In addition to the (110) plane perpendicular to the growth direction, our
atomic model (Figure 2-6a3 inset) shows that these nanospikes have the (200) plane oriented 45°
from the growth direction and the (001) plane as the top-side facet perpendicular to the zone axis
(00-1). From their SEM image (Figure 2-1c¢3), the nanospikes appear to have a triangular cross
section. The (-111) and (1-11) planes should therefore correspond to the side facets of the nanospike,
which accounts for the strong (-111) peak in the GIXRD pattern of the nanospikes (Figure 2-2).
Similar to the NWs grown at 770 °C, nanospikes with perule-like structures on their surface are also

observed (Figure 2-6b1). HRTEM images of the edge area (perimeter) of these nanospikes
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(Figure 2-6b2 and Figure 2-6b3) show that the lattice spacing of these nanoscale features at the
nanospike surface precisely matches that of the nanospike trunk (Figure 2-6a2). This perfect lattice
match suggests that the secondary epitaxial growth on the nanospike surface arises from direct
deposition of atoms on the surface through the VS mechanism similar to that observed for the NWs
grown at 770 °C.
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Figure 2-6. (al) Low-magnification TEM image of a HfO, nanospike grown at 720 °C on Sn-
GNI/Ox-Si. (a2) Corresponding HRTEM image of the tip area, illustrating (a3) the (110) planes
(with interplanar spacing of 3.5 A) perpendicular to the growth direction with the
corresponding cross-sectional atomic model shown in the inset. (b1) Low-magnification TEM
image of a HfO; nanospike with perule-like surface structure grown at 720 °C. (b2) HRTEM
image of the perule-like features on the surface of the as-grown HfO, nanospike, illustrating
(b3) their growth direction perpendicular to the (110) planes with the corresponding cross-
sectional atomic model presented in the inset. The atomic model of the smooth nanospike in (a3)
inset is constructed of four unit cells along the [110] direction and two unit cells along the [-110]
direction, while the atomic model of the perulated nanospike in (b3) inset is formed by adding
six unit cells along the [-110] direction and arbitrarily removing some atoms to simulate the
surface features. Pictorial models of the nanospikes without and with perule-like surface

structures are shown in lower right insets in (al) and (b1).
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As the growth temperature is decreased to 650 °C, the morphology of the nanostructures on Sn-
GNI/Ox-Si changes into nanocolumns with a triangular base (Figure 2-7al). At the same time, growth
of some nanospikes with perule-like surface structures can also be observed at this temperature
(Figure 2-7b1). Similar to that observed for the smooth NWs and perulated NWs at 770 °C (Figure
2-4al and Figure 2-4b1), the corresponding HRTEM images (Figure 2-7a2,a3 and Figure 2-7b2-b5)
show two different growth directions for these nanocolumn and perulated nanospike structures
formed at 650 °C. The nanocolumns are found to grow in the [010] direction (Figure 2-7a2,a3) while
the growth direction of the perulated nanospikes is perpendicular to the (110) planes (Figure 2-7b5).
According to the first-principle calculations,'®® the surface energy y for low Miller index planes in
monoclinic HfO- follows the increasing trend: y¢111)<y11)<Y(110)<Y(100)- AS the (~111) planes are
thermodynamically most stable, the (—111) face is expected to become a facet common to all these
one-dimensional nanostructures. On the other hand, for those one-dimensional nanostructures grown
in the [010] direction, the (100) face, as the least stable surface with the highest energy, forms one of
the side facets. The presence of thermodynamically less stable planes in the co-existing
nanostructures can be attributed to the nature of the PLD method. In contrast to conventional methods
of growing nanostructures such as CVD and solution-based methods, PLD is not an equilibrium
process. In other words, the kinetics of the growth is a more effective controlling factor than the
thermodynamics of the process, which facilitates the emergence of metastable planes during the

growth process.
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Figure 2-7. (al) Low-magnification TEM image and (a2, a3) HRTEM images of the perimeter
region of a HfO; nanocolumn grown in the [010] direction on Sn-GNI/Ox-Si at 650 °C. (b1)
Low-magnification TEM image and HRTEM images of (b2, b3) the perimeter, (b4, b6) tip, and
(bS) trunk regions of a HfO; nanospike grown perpendicular to the (110) planes on Sn-GNI/Ox-
Si at 650 °C. Insets in (al) and (b1) show the respective pictorial models of the nanocolumn and
nanospike. Insets in (a3) and (b3) show the corresponding cross-sectional and respective atomic

models of the nanocolumn and nanospike, depicting their respective growth directions.
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The HRTEM images in Figure 2-7b2,b3 confirm the similar epitaxial growth of surface features to
those observed for NWs and nanospikes grown at higher temperatures. Moreover, the nanocatalyst at
the tip of the nanospike (Figure 2-7b1), which is also observed for the NWs and nanospikes grown at
higher temperatures (Figure 2-4b1 and Figure 2-6a2), exhibits an interplanar spacing in agreement
with that of the (111) planes of FCC gold nanoparticle reported in previous studies (Figure
2-7b6).1%41% This is clear evidence that VLS growth has indeed occurred in our system, which is

responsible for the observed catalyst-assisted single-crystalline growth of HfO, 1D nanostructures.

As shown in our morphology studies in the previous section, the VLS growth of 1D nanostructures
is accompanied by the VS growth of tetrahedral-shaped and pyramidal-shaped nanocrystals at all
growth temperatures. HRTEM images of typical agglomerates of nano-tetrahedrons and
nanopyramids grown at 770 °C, 650 °C and 550 °C are shown in Figure 2-8. Evidently, the VS-
grown nanocrystals are found to contain all the atomic planes that are also observed in the crystal
structures of the 1D nanostructures. The corresponding diffraction features for the (—111) and (200)
planes in the GIXRD pattern (Figure 2-2) can therefore be attributed to both the VLS-grown 1D
nanostructures and the VS-grown nanocrystals. According to the GIXRD pattern, these
nanostructures should also contain the (111) planes. However, the (111) planes do not appear in the
HRTEM images because the electron beam direction happens not to be parallel to the zone axis of the
(111) planes. Furthermore, as indicated in our discussion about the morphology of nano-pyramids on
Ox-Si templates and nano-tetrahedrons on Sn-GNI/Ox-Si, the larger size of the nano-tetrahedrons is
attributed to the initial nucleation and growth occurring on the Sn-GNI catalyst. The emergence of the
same lattice planes in both VLS-grown and VVS-grown nanostructures on the Sn-GNI/Ox-Si templates
could further support that the nucleation of nano-tetrahedrons indeed initiates on the Sn-GNI catalyst.
These initial nuclei then start to grow through the VS mechanism creating the nano-tetrahedrons.
However, at higher temperature that the VLS mechanism is dominant, the growth process leads to the

formation of both 1D nanostructures and nanocrystals together.
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Figure 2-8. HRTEM images of typical agglomerates of nano square pyramids and nano
triangular pyramids obtained on Sn-GNI/Ox-Si at (al, a2) 770 °C (b1, b2) 650 °C and (c1, c2)
550 °C.
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The observation that VLS growth could only occur when Sn is present in the system suggests that
Sn plays a crucial role in promoting VLS growth. To further investigate the role of Sn in the growth
process, we determine how Sn is distributed within the structure of the NWs by using TEM-EDS
elemental analysis. Elemental maps of Hf, O, Au and Sn (Figure 2-9al1-a5) are obtained from the EDS
analysis on the NW shown in the Scanning TEM image in Figure 2-9b (the corresponding EDS
spectrum is provided in Figure A1, Appendix A). The elemental maps confirm the presence of Hf and
O along the length of the NW and of Au as the catalyst at the tip of the NW. However, no reliable

signal for Sn can be detected.

80 nm 80 nm

Figure 2-9. (a) STEM-EDS elemental maps for (al) Hf, (a2) O, (a3) Au, (a4) Sn, and (a5) their
overlaps of a NW grown on a Sn-GNI/Ox-Si substrate at 770 °C, along with (b) its STEM
Annular Dark Field (STEM-ADF) image.



The elemental profiles (Figure 2-10b) for line-scan across a NW with a perule-like surface structure
(Figure 2-10a) also show no detectable Sn signal. Although the TEM-EDS analysis does not detect
any Sn signal, we cannot rule out the presence of Sn in our structures. The amount of Sn in our
system could be so small that it is beyond the sensitivity range of TEM-EDS analysis. A more surface
sensitive analysis technique to determine the distribution of Sn within and particularly in the near-
surface region of these NW structures is therefore needed. In the next section, we will discuss our
results from the more surface-sensitive techniques, i.e., X-ray Photoelectron Spectroscopy (XPS) and

Auger Electron Spectroscopy (AES).
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Figure 2-10. (a) STEM Annular Dark Field (STEM-ADF) image of a NW with perule-like
surface structure grown on a Sn-GNI/Ox-Si substrate at 770 °C, and (b) the corresponding EDS

line scan profiles of Hf, O, Sn and Au along the yellow line across the NW marked in (a).
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2.3.3 XPS and AES Studies

XPS analysis has been performed to analyze the chemical-state compositions of HfO, nanostructures
and particularly to determine how oxygen vacancies and Sn are distributed within these
nanostructures. Figure 2-11 compares the XPS survey spectra of HfO, NWs grown on Sn-GNI/Ox-Si
at 770 °C, HfO2 nano-tetrahedrons grown on Sn-GNI/Ox-Si at 550 °C and HfO, nano square
pyramids grown on Ox-Si at 770 °C. While the characteristic peaks of Hf, C and O core-levels are
observed in all three samples, the Sn 3d doublet peak (Figure 2-11 insets) is only detectable for the
HfO, NWs (Figure 2-11a) and not in the HfO> nano-tetrahedrons (for which Sn-GNI catalysts are
used) nor in the HfO, nano square pyramids (for which no catalysts are used). The C 1s peak at
284.5-285.5 eV is attributed to adventitious carbon arising from ambient sample handling, and it can
be removed after brief Ar sputtering for 60 s. In this study, the C 1s peak at 284.7 eV is used as the
reference for spectral calibration of the binding energy scale.

Figure 2-12 compares the corresponding XPS spectra for the Hf 4dss,, Sn 3d, and O 1s spectral
regions of the HfO, NWSs, HfO, nano square pyramids and HfO, nano-tetrahedrons. To identify the
spectral compositions of individual components, we fit individual peaks after appropriately removing
a Shirley-type background. In the Hf 4ds/, region, the stronger component at 213.7 eV corresponds to
Hf*4 19619 while the weaker lower-binding-energy components at 212.7 eV and 211.7 can be
attributed to defect-related peak components with an oxidation number lower than +4. Without a
priori knowledge of the number and nature of these defect components, we have categorized them
into two general groups: HfOx: (2>x1>1.5) and HfOy, (1.5>x2>1) and fit any excess intensity (from
the Hf** state) with two respective peaks. Evidently, the HfFO, NWs grown on Sn-GNI/Ox-Si at
770 °C exhibit the strongest suboxide peaks (HfOx1, HfOx2), suggesting that the NWs are the most
oxygen deficient. On the other hand, HfO, nano square pyramids grown on Ox-Si at 770 °C and HfO,
nano tetrahedrons grown on Sn-GNI/Ox-Si at 550 °C show discernibly weaker HfOx; and HfOx.

peaks indicating that these nanostructures are not as oxygen deficient as the NWs.
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Figure 2-11. XPS survey spectra of (a) HfO, NWs grown on Sn-GNI/Ox-Si at 770 °C, (b) HfO»
nano square pyramids grown on Ox-Si at 770 °C, and (c) HfO, nano-tetrahedrons grown on Sn-

GNI/Ox-Si at 550 °C. The insets show expanded views of the spectral regions of Sn and of Mn,

Fe and Co (with inherent magnetic properties).
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Figure 2-12. XPS spectra of O 1s, Sn 3d and Hf 4ds, regions of (a) HfO, NWSs grown on Sn-

GNI/Ox-Si at 770 °C, (b) HfO2 nano square pyramids grown on Ox-Si at 770 °C and (c) HfO,
nano-tetrahedrons grown on Sn-GNI/Ox-Si at 550 °C.

For the Sn 3d region spectra, only the HfO, NWs show two strong bands, which can be fitted with
two sets of doublet peaks, each with a spin-orbit splitting of 8.4 eV. The stronger lower-binding-
energy doublet with Sn 3ds, at 486.4 eV corresponds to Sn atoms in nonstoichiometric SnO; (or
SnOy) lattice (Sn*Y; 1<y<2), while the weaker doublet with Sn 3ds, at 488.3 eV can be attributed to
stoichiometric SnO; (Sn*4).2% In the O 1s region, the corresponding oxygen peak component for Hf**
ions is located at 529.8 eV (lattice oxygen),t:197:201 while the suboxide oxygen components for HfOy1

and HfOy, correspond to the weaker higher-bonding-energy peaks at 530.7 eV and 532.4 eV
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respectively. For HfO, NWs, there are two additional weaker components in the O 1s region located
at 531.0 eV and 531.4 eV between the two Hf suboxide peaks. These peaks can be attributed to the
oxygen bonds with Sn** ions and Sn*¥ respectively. In agreement with their corresponding spectra of
the Hf 4d region, HfO, NWs show the strongest suboxide peaks in their O 1s region while the HfO,
nano square pyramids have the weakest suboxide O 1s peaks, confirming that the NWs grown at

770 °C are the most oxygen-deficient structures. The HfO, nano pyramids grown at 770 °C therefore

appear to have a very small amount of oxygen vacancy defects.

Using the peak areas in these XPS spectra and the appropriate relative sensitivity factors for
selected transitions, we estimate the relative composition of the defect-related features (HfOx1, HfOys,
and their sum) in the Hf 4d and O 1s regions and the ratio of Sn concentration to Hf concentration for
all three nanostructures in Table 2-3. This quantitative analysis also confirms that HfO, NWs are the
most oxygen-deficient structures with suboxide peaks accounting for over half of the total Hf 4d
intensities and total Hf-related O 1s features. The next most oxygen-deficient nanostructures are HfO,
nano-tetrahedrons grown at 550 °C with the suboxide percentage of ~35%, while the least oxygen-
deficient nanostructures, HfO, nano square pyramids exhibit ~25% of defect-related features. The
larger relative amount of defects in the NWs compared to the other nanostructures can be attributed to
the higher specific surface area in 1D nanostructures, while the larger relative amount of defects in
the nano-tetrahedrons than the square nano pyramids is likely due to the lower growth temperature of
the nano-tetrahedrons, which could lead to more defective structures. Furthermore, the ratio of
relative atomic concentration of Sn to that of Hf appears considerably higher (0.35) in the HfO, NWs
sample than those in the other HfO, nanostructured films (nano pyramids and nano-tetrahedrons). For
the HfO, nano-tetrahedrons grown at 550 °C on Sn-GNI/Ox-Si, the presence of only a minute amount
of Sn (relative to Hf) is consistent with the lower growth temperature of 550 °C, which appears
insufficient to cause evaporation of enough Sn in our system. This composition analysis therefore
strongly supports our hypothesis that Sn is indeed a critical component in promoting the VLS growth

in this system.

64



Table 2-3. Area percentages of defect-related features (HfOy1, HfOx, and their sum) in Hf 4d
and O 1s regions and the ratio of atomic % of Sn to that of Hf for HfO, NWs grown at 770 °C,
HfO: nano square pyramids grown at 770 °C and HfO, nano-tetrahedrons grown at 550 °C. To
calculate the percentage of a defect-related feature, the peak area of that individual component
is divided by the total peak area of HfO,+ HfOy;+HfOx..

Percentage of defect-related features (%)
Hf 4d O1s

HfOx1+
HfOxl HfOxz Hfoxz HfOxl HfOxz

Sample Sn/Hf

HfOx1+
HfO)(Z

HfO, NWs grown at 770 °C

on Sn-GN1/Ox-Si 28.1 23.3 514 30.4 21.2 51.7 0.35

HfO, nano square pyramids
grown at 770 °C on Ox-Si

HfO, nano-tetrahedrons
grown at 550 °C on Sn- 19.3 16.1 35.5 19.9 17.4 37.3 0.003
GNI/Ox-Si

16.7 7.5 24.2 16.9 9.5 26.5 0

To determine the distribution of oxygen vacancies and Sn within the structure of the NWs, we
perform a depth-profiling XPS study by Ar-sputtering the HfO, NWs for increasing amounts of time
(Figure 2-13). Remarkably, the low-binding energy components at 212.7 eV and 211.7 eV in the Hf
4dsy, region representing the oxygen vacancy defects appear to dwindle with increasing sputtering
time and they totally disappear after 120 s of sputtering (Figure 2-13c). Their corresponding HfOy:
and HfOy, features in the O 1s region at 530.7 eV and 532.4 eV, respectively (Figure 2-13a), also
follow the same decreasing trend with increasing sputtering time. This observation indicates that the
oxygen vacancies are mostly accumulating on the surface of the nanostructures rather than being
incorporated deep into the bulk. This result is also in accord with our earlier XRD finding that the
absence of any secondary phase other than monoclinic HfO, is indicative of the small amount of
oxygen deficiency in the nanostructures and/or accumulation of oxygen vacancies in the surface
region. In contrast, the intensity of Sn 3d spectrum (Figure 2-13b) appears to show notably less
reduction, by only 28% even after 1020 s of sputtering. The corresponding Sn-related O 1s
components [SnO; and SnOy (1<y<2)] in the O 1s region (Figure 2-13a) also show very little change

compared to the Hf suboxide features (HfO,1 and HfOy,) with increasing sputtering time.
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Figure 2-13. Depth-profiling XPS spectra of (a) O 1s, (b) Sn 3d and (c) Hf 4ds, regions for HfO,

NWs obtained for increasing amounts of Argon sputtering time.
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Figure 2-14 summarizes the changes in the peak areas of the Hf suboxide components
(HfO,1+HfOy,) relative to the total Hf components (HfO2+ HfOy+HfOy2) and of the relative peak
area of Sn relative to Hf with increasing sputtering time. Evidently, the relative intensity of defect-
related features (Hfsuboxides/Hfiotal) decreases sharply to near zero with sputtering for just 120 s,
indicating that the defects are mainly located in the surface region. On the other hand, the atomic
concentration of Sn relative to Hf does not show any significant change in the near-surface region and
throughout the sputtering. This depth profiling results suggest that Sn is incorporated into the
structure of the HfO, NWs, likely in the form of a solid solution phase or a secondary SnO; phase
inside the structure. However, this hypothesis appears not to be supported by our XRD (Figure 2-2)
and TEM results (Figure 2-3a1-b3, Figure 2-4al-b4, Figure 2-9 and Figure 2-10). The sputtering rate
of HfO, has been reported to be about half of that of SiO,,2%? i.e., 3.3 nm/min of SiO; for sputtering
by a 3.5 keV Ar* beam.2%® We can therefore estimate that the top 20-30 nm of the HfO, surface region
is removed after 17 minutes (1020 s) of sputtering. Yet even at this sputtering depth, a strong Sn peak
can be seen in the XPS spectrum (Figure 2-13). If such a deep Sn-containing region (as a solid
solution or a separate SnO- phase) were to have formed during the NW growth process, it should be
observable in XRD and/or TEM. A more likely explanation is that SnO; is mostly concentrated on the
coexisting VS-grown HfO, nanocrystallite film instead of the NWs. In other words, this film with a
layer of SnO- on top appears to be the primary source of the detected Sn 3d signal. As the NWs
would partially shield the underlying HfO- film on the substrate, the Ar beam may not reach the film
due to absorption or scattering by the NWs, which results in the SnO- on the film surface not being

sputtered away as effectively.
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Figure 2-14. Comparison of the change in relative amounts of Hf suboxide features to the total
contribution of Hf (Hfsuboxides/ Hftotal) @and of Sn to Hf (Snwta/Hfwotar) With increasing sputtering
time. The Hfsuboxides/Hftotar Fatio is calculated by dividing the sum of peak areas for the suboxide
features (HfOx+HfOy,) in the Hf 4d region by the total area of all the Hf 4d features.
Sniwota/Hfotar Fatio is calculated by dividing the total area of Sn 3d by that of Hf 4d after

appropriate consideration of their relative sensitivity factors.

Another discernible feature in Figure 2-13b is the emergence of the metallic Sn 3ds;, peak at 484.2
eV with increasing sputtering time. The observed Sn° state is due to ion-induced reduction of oxide
species caused by sputtering.2°42% Similarly, the small low-binding energy feature in the Hf 4ds,
region appearing after 420 s of sputtering could be attributed to sputtering-induced Hf° state. While
depth-profiling XPS has shown that most of the Sn is deposited likely in the form of SnO, or SnOy
(1<y<2) on the surface of the VS-grown film, the distribution of Sn within the structure of individual

NWs (grown concurrently on top of the VVS-grown film) remains unknown. Laboratory-based
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commercial XPS instruments would not be suitable to obtain this specific information due to its
relatively large X-ray beam spot (1-2 mm) and low spatial resolution (2-3 um at best). For the
chemical analysis of individual NWs, Auger electron spectroscopy (AES), with a spatial resolution of
~20 nm, is therefore more appropriate. In this technique, it is possible to focus the electron beam
generated by a field-emission electron source (with a typical beam spot of less than 5 nm) onto

individual nanowires and to detect the electron-induced Auger electron emission.

Figure 2-15a compares the Hf MNN, Sn MNN and O KLL Auger electron emission signals
obtained from five different points on the base and center part of selected NWs marked in the
corresponding SEM image of HfO, NWs grown at 770 °C on Sn-GNI/Ox-Si (Figure 2-15b). The
Auger electron spectra of the entire SEM-imaged areas of the HfO, NW film and of the HfO; nano
square pyramid film grown at 770 °C on Ox-Si are also shown as references (Figure 2-15a).
Evidently, Sn is found on all the sampling locations (P1-P5) of the surface of the individual HfO,
NWs. The observed Sn MNN spectra for the NWs (Figure 2-15a) are similar to the reference spectra
for the SnO or SnO, powder samples but not with the Sn powder reference sample (Figure 3-15b
inset). This observation suggests that Sn is sitting on the NWs in the form of SnO; or SnO, (1<y<2),
which is consistent with the XPS results (Figure 2-12 and Figure 2-13). Furthermore, the Auger
electron spectra obtained from different points on the surface of the NWs (Figure 2-15a, P1-P5) are
similar to one another in terms of both kinetic energy position and peak shape, which suggests that

the composition of the NWs is relatively uniform across the NW sample.
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Figure 2-15. Auger electron spectra of Hf MNN, Sn MNN and O KLL regions from (top to
bottom) HfO; nano square pyramid film grown at 770 °C on Ox-Si, HfO, NWs grown at 770 °C
on Sn-GNI/Ox-Si collected over the entire area of the SEM image shown in (b) and at five
different points (P1-P5) on selected NWs marked by yellow circles in (b). Inset in (b) shows the
Sn MNN Auger electron spectra of SnO,, SnO and Sn powder samples used as references.
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To determine whether tin oxide is on the surface of the NWs as a separate phase or incorporated
into their structures, we collect depth-profiling AES spectra at two different NW locations (Figure
2-16). As marked in the corresponding SEM image (Figure 2-15b), locations P1 and P2 are selected
as P1 and P2 correspond to the base and middle of the NW, respectively. Evidently, while the
intensity of the Hf MNN feature appears unchanged with increasing sputtering time, the Sn MNN
feature is found to greatly decrease in intensity with sputtering and is almost completely removed
after 480 s of sputtering, which further confirms that tin oxide is located mainly on the surface of the
NW. Considering the reported sputtering rate of HfO; in the literature,?? we estimate that the top 10-
15 nm part of the surface region of the NW contains SnO, and/or SnOy (1<y<2). However, the SnO;
and/or SnOy (1<y<2) appear not to form a continuous film over the surface region because no

evidence of such film is found in our TEM studies.

Along with the XRD and TEM studies presented in Sections 2.3.1 and 2.3.2, these XPS and AES
data provide strong support that Sn is the key factor in promoting VLS growth in the HfO, NW
system. However, Sn does not appear to mix with HfO during the growth process and it instead
settles on the surface of the HfO, NWs in the form of SnO; and/or SnOy (1<y<2). Knowing how Sn is
contributing on/in the structure of HfO> NWs, we will discuss the role of Sn as a VLS growth
promoter in more detail and propose a plausible model for the growth mechanism of HfO, NWs.
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Figure 2-16. Depth-profiling Auger electron spectra of Hf MNN, Sn MNN and O KLL regions
from (a) P1 and (b) P2 of the HfFO, NWs shown in Figure 2-15b. The corresponding Auger

electron spectra of a HfO; nano square pyramid film are shown as reference.



2.3.4 Growth Mechanism of HfO, NWs

Structural and compositional investigations of the HfO, nanostructures in the previous sections have
shown that Sn is the main determining factor in facilitating the VLS growth of HfO, NWs in our
material system. In this section, we provide a twofold rationale for the crucial role that Sn plays in
promoting the VLS NW growth. First, we focus on the effect of Sn in boosting the VLS nucleation
rate. According to the nucleation and growth model introduced by Suzuki et al.,** the ratio of the
VLS nucleation rate, i.e. the nucleation rate at the LS interface (jv.s), to the VS nucleation rate (jvs) is
exponentially proportional to the surface energies of the material species at the LS interface (y.s) and
VS interface (yvs) weighted by the degree of supersaturation (Ap) and growth temperature (T):

. 2 .2
s ocexp(M) Eq. 2-1

Jvs 4ApT

For VLS growth to occur, Eq. 2-1 must satisfy the condition that the VLS nucleation rate be greater
than the VS nucleation rate, i.e., jvis/jvs>1. At a constant degree of supersaturation in the system
(Aw), which is controlled by the material flux supply and oxygen partial pressure,'®® the greater is the
term (yf,s—yis) the higher is the jvis/jvs ratio. In other words, a greater difference in the surface
energies of the material species at the LS and VS interfaces would give rise to a larger difference in
the VLS nucleation rate relative to the V'S nucleation rate so that the VLS growth mechanism would
become the dominant growth mechanism. Furthermore, when Sn is alloyed with other metals such as
Cu, Ag and Zn, the surface energy of the resulting liquid alloy is found to be lower than the pure
metals.18218% The degree of this reduction in the surface energy depends on the atomic fraction of Sn
in the alloy composition. Specifically, the Sn-Au alloys have exhibited significantly lower surface
energies than pure liquid gold.8418 When Sn is dissolved in gold nanoislands, it could therefore
substantially reduce the surface energy of the gold catalysts (y.s). According to Eq. 2-1, the lower
surface energy of the catalyst (y.s) would lead to a larger numerator (Y\Z/S_Yis) in the exponent, which,
in turn, increases the VLS nucleation rate over the VS nucleation rate. It is therefore reasonable to
hypothesize that Sn is promoting VLS growth in our system by reducing the surface energy at the
interface between the gold catalyst and HfO, NWs, leading to a higher VLS nucleation rate.

The second part of our rationale is based on the classical theory of diffusion in liquids. It is well
known that bimetallic catalysts used in the VLS growth of 1D nanostructure are more efficient due to
the improvement in their diffusivity.!’” According to the Stokes-Einstein equation, the diffusion

coefficient in liquid (D) is given by:2%®
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kT
D= —2 Eq. 2-2
61FT'|R0

where Kg is the Boltzmann constant, T is the absolute temperature, 1) is the solvent viscosity and Ro is
the solute radius. This equation shows that the diffusivity of a liquid is inversely proportional to its
viscosity. In the VLS growth of NWs, the limiting step is the diffusion of the adsorbed atomic species
from the surface of the liquid catalyst to the interface between the catalyst and the solid where the
VLS growth occurs. Any factor that decreases the viscosity of the liquid catalyst can therefore also

cause an increase in the VLS growth rate.

In the binary phase diagram of Au-Sn system (Figure 2-17),%! there is an eutectic composition at
29 atomic % of Sn. As more Sn is dissolved in the gold-rich alloy, the composition of the alloy moves
toward the eutectic composition resulting in a substantial drop in the melting point of the alloy. The
viscosity (nmp) Of the liquid of a metal with a closed pack structure and atomic weight (A) at its
melting point (Tmp.) can be described by an empirical equation as follows:2%7

5.7x10°% /A T,

vai

Ny (Poise) = Eq. 2-3
where Va is the atomic volume of the liquid at the melting point. When Sn is dissolved in liquid gold,
the viscosity of gold is therefore reduced due to the lowering of its melting point. Consequently, the
diffusion rate of the atomic species across the liquid catalyst would increase, leading to a boost in the
VLS growth rate of NWs. It is therefore reasonable to hypothesize that Sn promotes the VLS growth
of HfO> NWs through these two parallel effects. Not only does Sn enhance the VLS nucleation rate
by decreasing the surface energy at the LS interface, but it also increases the VLS growth rate by

enhancing the diffusion of atomic species from the surface of the catalyst to the LS interface.

74



Weight Percent Tin
10 20 30 40 50 60 70 80 90 100
1200 R I - - - rl L Lt
1064.43°C
10004 .
L
& 8004 .
g
E 6003 a
Q 419°C
=) 4004 .
! 0 723
311°C 2.3
=~ 278°C 359°C 88.7
0 PARKS 231.9681°C
200 3 190°C 2 T
n (BSn)—»f
50°C
0 3 e 13°C
-67°C )
(0.Sn)—»
’200 L L T T T L T L
0 10 20 30 40 50 60 70 80 90 100
Au Atomic Percent Tin Sn

Figure 2-17. Au-Sn binary phase diagram. Reprinted with permission from reference [181].
Copyright (2007) by Springer Nature.

A plausible growth mechanism of HfO, NWs can be described as follows. (I) As the temperature of
the substrate holder is ramped up to a selected growth temperature, Sn is being evaporated off the
substrate holder. (I1) Sn then infuses into the GNIs on the substrate and lowers their melting point as a
result of an eutectic composition formation. (I11) At the interface between the Sn-GNlIs and the
substrate, a liquid phase of the Au-Sn alloys with lower viscosity and enhanced diffusivity emerges.
Meanwhile, Hf species are introduced into the system upon laser ablation off the target and they
diffuse into the liquid catalyst. (IV) When the catalyst is supersaturated by the Hf species, HfO, NWs
start to grow out of the catalyst. Concurrently, HfO, deposited on the bare areas of the substrate
where there is no catalyst begins to form pyramidal and tetrahedral shaped nanocrystals following the
VS growth mechanism. The VLS growth mechanism of the NWs is dominant due to the enhanced
nucleation rate and growth rate at the LS interface. (V) Epitaxial growth of the surface (perule-like)
nanofeatures on the facets of the VLS-grown HfO, NWs occurs due to the continued parallel VS

growth in the system. (V1) After the deposition is complete, any excess Sn in the system oxidizes to
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SnO; and/or SnOy (1<y<2) and settles on the surface of the HfO, NWSs and VS-grown nanocrystals.
Figure 2-18 illustrates a pictorial summary of different HfO> nanostructures grown under different
growth conditions. The proposed mechanism is consistent with the formation of these HfO,

nanostructures.
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Figure 2-18. Pictorial models of HfO, nanostructures grown on Ox-Si, GNI/Ox-Si and Sn-
GNI/Ox-Si templates at 550 °C, 650 °C, 720 °C and 770 °C.
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2.3.5 Magnetic Properties of Single-Crystalline HfO> NWs

It has been more than a decade since unexpected ferromagnetism has been observed in oxygen-
deficient HfO, thin films.%®* Considering that the application of HfO, as a high-k dielectric material
is well established in CMOS technology, the observation of ferromagnetism in HfO2 is an important
discovery that could extend its application to the field of spintronics. In this section, we report for the
first time the magnetic properties of PLD-grown single-crystalline HfO, NWs, and compare them
with those of HfO, nanostructured film (HfO, nano square pyramids). Due to the significantly higher
mass of the substrate and the quartz paddle than that of the HfO nanostructures, any weak magnetic
signal could be masked by the enormous diamagnetic signal of the substrate. The diamagnetic
contribution is therefore removed from the measured signal. In order to extract the magnetization
parameters quantitatively, we perform curve-fitting on the HfO, NW data by using a combination of
hyperbolic and sigmoid functions based on the correction methods of Jackson et al. and Paterson et
al 167188 \ith the Hystlab v1.0.9 software. For the HfO, nanostructured film, we use a Langevin
function to fit the paramagnetic contribution to the data (after the diamagnetic background signal
from the substrate and quartz paddle has also been appropriately subtracted from the measured

signal).

Figure 2-19 shows the magnetization of HfO, NWs grown at 770 °C on Sn-GNI/Si and of HfO;
nanostructured film (nano square pyramids) grown at 770 °C on Ox-Si as functions of the applied
magnetic field at three different temperatures. As the corresponding XPS survey spectra (Figure 2-11
a and b) show no detectable signals from magnetic ions (Co, Fe, and Mn), the measured magnetic
moment therefore corresponds to those of the HfO, nanostructures and not to any magnetic
contamination. Evidently, the HfO, NWs (Figure 2-19a) exhibit ferromagnetic hysteresis at all three
sampling temperatures, from 2 K to 70 K to room temperature, while the HfO, nano pyramids show a
significantly weaker magnetic response to the applied field with no hysteresis (Figure 2-19b). The
magnetic saturation (M), magnetic remanence (M;) and coercivity (Hc) of the nanostructures obtained
from the respective magnetization curves are summarized in Table 2-4. The saturated magnetization
(Ms) of HFO, NWs is found to be about an order of magnitude higher than that of HfO>
nanostructured film. Moreover, all magnetization parameters of the NWs (Ms, M, Hc) exhibit higher
values at lower measurement temperatures except for Ms, with the same values for 300 K and 70 K.
To provide a plausible explanation of these observations, we consider the possible origin of room-
temperature ferromagnetism in undoped semiconductors and insulators. Notwithstanding some

conflicting reports in the literature,?® oxygen vacancies are believed to be the primary underlying
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source of unexpected room-temperature ferromagnetism in undoped metal oxides such as ZrO, and
HfO, (d° ferromagnetism),8364.96.98.152.174.175 According to the model that has been recently proposed
for ZrO, nanostructures,%4 singly charged and doubly charged oxygen vacancies serve as charge
reservoirs in the structure by donating one or two electrons to the surrounding Zr#* ions, thus reducing
them to Zr3*(4d*) or Zr?* (4d?) ions. The unpaired electrons in the 4d orbitals of Zr ions can have a
ferromagnetic exchange interaction with each other or/and with the single electrons on the singly
charged oxygen vacancies creating bound magnetic polarons (BMPs). If the number of the oxygen
vacancies is large enough, these BMPs could undergo ferromagnetic exchange with one another, thus
generating a long-range ferromagnetic interaction throughout the material. The presence of oxygen
vacancies in the structure also creates an impurity band near the bottom of the conduction band.
When the ferromagnetic exchange interaction occurs between the unpaired electrons in the d orbitals
and the electrons on the oxygen vacancies to create the BMPs, the impurity band hybridizes with the
conduction band, which gives rise to spin-up and spin-down band splitting. This band splitting
phenomenon is similar to the band splitting that develops at the fermi level of typical ferromagnets
like iron and can account for the high-temperature ferromagnetism of dopant-free dilute magnetic

semiconductor materials.
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Figure 2-19. Magnetization vs. applied magnetic field (raw data points) and their corresponding
fitted hysteresis loops (lines) of (a) HfO, NWs grown on Sn-GNI/Ox-Si at

770 °C and (b) HfO. nano square pyramids (nanostructured film) grown on Ox-Si at 770 °C.
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Table 2-4. Magnetic saturation (Ms), magnetic remanence (My) and coercivity (H¢) of the HfO;

NWs, and magnetic saturation of HfO, nano square pyramids.

HfO, NWs HfO, nano square pyramids
T t K
emperature (K) | M enuio) - M emuie) 1y, (o) M, (emuig)=10°
300 1.2 0.8 28.6 1.9
70 1.2 1.9 111.8 3.0
2 2.5 2 159.8 2.9

The same mechanism that drives ferromagnetism in ZrO, nanostructures could also apply to the
HfO, nanostructures. Figure 2-20. gives a schematic representation of the proposed magnetization
mechanism in HfFO, NWs and HfO; nano square pyramids. The Hf 4d and O 1s XPS spectra (Figure
2-12a) confirm the presence of oxygen vacancies in the structure of HfFO, NWSs. According to our
peak area calculations (Table 2-3), defect-related features associated with oxygen vacancies account
for ~50% of the total peak area in the Hf 4d or O 1s XPS spectrum of HfO, NWs, while the
contribution of these defect-related components in the Hf 4d or O 1s XPS spectrum of HfO; nano
square pyramids is about half of the NWs (~25%). The number of oxygen vacancies in HfO, NWs
could be sufficient to create overlapping BMPs due to the exchange interaction of charged oxygen
vacancies with Hf®*(5d*) and Hf?*(5d?) ions. This interaction leads to band splitting in the hybridized
conduction-impurity band and, consequently, room-temperature ferromagnetism in the HfO, NWs.
When the measurement is carried out at a lower temperature, it is expected that Ms, M, and Hc of the
NWs all increase due to the lower thermal energy (vibration) of the atoms. In contrast, for the HfO,
nano square pyramids (nanostructured film), the concentration of the defects is found to be quite
small. If the amount of defects in the structures is less than the percolation threshold, they are
insufficient to generate overlapping BMPs,%2% and the resulting BMPs behave like isolated magnetic
ions giving rise to paramagnetic behavior rather than ferromagnetism. Furthermore, the degree of
band hybridization between the donor-derived impurity band and the unoccupied states in d orbitals
depends on the concentration of the defects.®® With an insufficient amount of defects in the structure,
an effective band hybridization cannot be realized, and thus band splitting and high-temperature

ferromagnetism do not occur.
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Figure 2-20. Representation of the Bound Magnetic Polaron (BMP)-band ferromagnetism
hybrid model and the respective band structures for (a) HfO, NWs and (b) HfO, nano square
pyramid film. The number of oxygen vacancies in the NWs is sufficient to generate overlapping
BMPs leading to spin band splitting, in contrast to the limited number of vacancies in the HfO,
nano square pyramids, in which isolated BMPs with no spin band splitting leading to

paramagnetic behavior found similarly in isolated ions.

One noteworthy observation is that despite exhibiting comparable values of coercivity (Hc), the
magnetic saturation of our HfO> NWs is one to three orders of magnitude lower than those of ZrO,
nanostructures,%% HfO, colloidal nanorods,*” and HfO; thin films.%15217 The ZrO, nanostructures
with large magnetic moments are crystalized fully or partially in the tetragonal phase. The monoclinic
phase is the stable phase of both ZrO, and HfO, at room temperature. However, some studies have
found that a large amount of oxygen vacancies can stabilize the tetragonal phase at room
temperature.101190-192210 Considering only monoclinic phase and no tetragonal phase is found in our
X-ray diffraction studies of HfO, NWs (Figure 2-2), the observed lower magnetic saturation of HfO,
NWs could be due to the presence of an inherently smaller amount of oxygen vacancies obtained in
our HfO, NWs. Nonetheless, the large amount of defects is not always associated with the tetragonal
phase. For HfO. colloidal nanorods'™ and thin films®:%°217 with monoclinic phase, structural defects
(oxygen vacancies, cation vacancies and the defects at the film-substrate interface) are also proposed
to be the source of magnetization. However, unlike the present work, no study to determine the exact
nature of these defects (e.g. by XPS) is provided by these authors. For the HfO, colloidal nanorods,'’
their higher surface area could be the source of their higher amount of oxygen vacancy, while for the

HfO, films'’ fabricated by magnetron sputtering, deposition in an oxygen-deficient atmosphere using
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a metallic target could be the reason for generation of more oxygen vacancies. On the other hand, for
the HfO, thin films grown by PLD from a metal oxide target in a similar oxygen pressure to that of
our growth system, the defects at the film-substrate interface could be the reason for their higher
magnetic saturation since different substrates such as Al,Os and yttria-stabilized zirconia (YSZ) are
mainly used in those studies. 24?3 The lower total amount of oxygen vacancies in our HfO, NWs is
also consistent with our observation that most of these vacancies are accumulated in the surface
region. The ferromagnetic exchange interaction between Hf** (x=2,3) and oxygen vacancies in HfO,
NWs is therefore likely limited to the surface region that limits the number of oxygen vacancies. This
surface-limited ferromagnetic coupling results in a smaller total magnetic moment compared to the

defect-rich structures reported in the literature.

In summary, magnetic analysis of single-crystalline HfO, NWs reveals that these nanostructures
exhibit room-temperature ferromagnetism with higher magnetic saturation than the HfO, nano square
pyramid film, which shows predominantly paramagnetic behavior. According to the impurity band
hybridization and BMPs model, the ferromagnetic property of the HfO, NWs can be attributed to
oxygen vacancies accumulated on the surface of the nanowires. This is consistent with our XPS
results that also confirm that HfFO, NWs are indeed more oxygen-deficient than HfO. nano square
pyramids.

2.4 Conclusion

In the present work, we report the growth of single-crystalline HfO, nanowires for the first time by
using the alloy-catalyst assisted pulsed laser deposition technique. The alloy-catalysts provided by
Sn-GNils are found to be remarkably effective in controlling both the morphology and crystal
structure of the final nanostructures. The glancing-incidence XRD study shows that HfO, NWs grown
on Sn-GNI/Ox-Si templates (i.e., oxidized Si substrates with Sn alloyed gold nanoisland catalysts)
and VS-grown nanocrystals grown on templates of Ox-Si (i.e., oxidized Si substrates with no
catalyst) and GNI/Ox-Si (i.e., oxidized Si substrates seeded with gold nanoisland catalysts) all exhibit
the monoclinic phase. However, the HfO, nanocrystals on Ox-Si mainly consist of the high-surface-
energy (200) planes, while the HfO, nanocrystals on GNI/Ox-Si and HfO, nanowires on Sn-GNI/Ox-
Si tend to form low-surface-energy planes of (111) and (—111) in addition to the (200) and (110)
planes. The presence of these high-surface-energy (200) and (110) planes is attributed to the provision

of non-equilibrium growth conditions inherent in the PLD technique.
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Most importantly, Sn is found to be present in the form of Sn-Au alloy catalysts on the Ox-Si
substrate and Sn is demonstrated to be the critical component in the growth of 1D nanostructures of
HfO,. The HRTEM images of these NWs and their corresponding crystal models show that some
NWs have grown along the [010] direction with the (100) planes as their top facet, while others have
grown along the [110] direction with the (001) plane as their top facet and the (-111) plane as their
side facet. Since the growth of NWs is accompanied by the growth of HfO, nanocrystals on the Ox-Si
surface along with the epitaxial growth of secondary perule-like features on the surface of the NWs,
the VLS growth mechanism appears to be occurring concurrently with the VS nucleation and growth
mechanism, and the final morphology is the result of competition between these two mechanisms.
Moreover, our glancing-incidence XRD, XPS and AES results show that excess Sn is oxidized to
SnO- and/or SnOy (1<y<2) on the surface of the VS-grown film and the VVLS-grown NWs. Having
realized the crucial role of Sn in promoting the VLS growth mechanism, we propose a dual role for
Sn in this growth system. First, Au-Sn alloys have a higher VLS nucleation rate likely due to a
reduced activation energy for VLS nucleation resulting from a lower surface energy at the LS
interface. Second, Sn could enhance the kinetics of the VLS growth by increasing the diffusivity of
the catalyst and consequently fostering the diffusion of atomic species from the surface of the catalyst
to the LS interface.

These insights gained from the present study could pave the way for growing other novel metal
oxide NWs. For example, due to the provision of better control on the stoichiometry of the products,
researchers commonly use metal oxide targets for the VLS growth of different types of metal oxide
NWs by PLD. The amount of oxygen produced by laser ablation of these targets significantly
suppresses VLS growth by increasing the VS nucleation rate.**6-1°8 Application of an alloy catalyst
could therefore offer a remedy to counterbalance the undesirable effect of oxygen and a new approach

in the synthesis of novel metal oxide NWs that have not been possible before.

Finally, the magnetic properties of HfO, NWs are characterized and compared with those of a HfO,
nanostructured film of square pyramid shaped nanocrystals. Magnetization measurement at different
temperatures reveals that HFO, NWs show room-temperature ferromagnetism with a coercivity
comparable to other reported undoped metal oxide nanostructures.®®4152 In contrast, the HfO,
nanostructured film sample exhibits just a subtle paramagnetic behavior. Since the XPS study shows
no trace of magnetic contamination and confirms the presence of oxygen vacancies in the HfO, NWs,
the observed room-temperature ferromagnetism of HfO, NWs is attributed to the presence of these

defects. It is found that the magnetic moment of these HfO, NWs is weaker than that of defect-rich
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undoped ZrO, nanostructures,®* HfO, colloidal nanoparticles'’® and HfO thin films®152174 reported
in the literature. This notable difference in the observed magnetic moments is due to the smaller
amount of oxygen vacancies in HfO, NWs that are predominantly present in the surface region of the
NWs when compared to the aforementioned nanostructures (with defects reported additionally in the
bulk). Further investigations with more precise control on the oxygen vacancies could provide
enhancement in the magnetization of these HfO, NWSs. Indeed, the synthesis of HfO, NWs for the
first time and the observation of room-temperature ferromagnetism on HfO, NWs promise the
application of these novel HfO, nanostructures in the field of spintronics. More importantly,
considering the high dielectric coefficient of HfO,, the combination of dielectric property and room
temperature ferromagnetic response in these HfO, NWs present a viable opportunity for integration of
complementary metal oxide semiconductor (CMOS) technology with spintronic technology. 52797174
By exploiting the advantages of the PLD technique in preserving the stoichiometry of the targets, we
can synthesize even more exotic NWs doped with various elements to advance not just their magnetic

properties, but indeed other properties such as catalytic and high-dielectric electronic properties.
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Chapter 3
Novel Ti-doped and Fe-doped HfO2 Nanostructures: Structural and

Magnetic Properties

3.1 Introduction

Electron spin has often been overlooked in conventional charge-based electronics before the
discovery of the giant magnetoresistance (GMR) effect in 1988 by Albert Fert and Peter Griinberg,*?
who were later awarded the Nobel Prize in physics in 2007. Although Mott® was the first to discover
spin-dependent electric conduction in ferromagnetic metals in 1936, the importance of this discovery
has not been fully recognized before the introduction of GMR. The GMR effect shows that the
mobility of the electrons and, therefore, the resistivity in a ferromagnetic metal could be effectively
controlled by manipulating the spin of the electrons through the orientation of the magnetization in
the ferromagnetic metal.>? The discovery of the GMR effect, along with the subsequent development
of the closely related phenomena of tunneling magnetoresistance (TMR) and magnetic tunnel
junctions (MTJs), broke new ground in science and technology, and created a new field known today
as spin-based electronics or spintronics.® Over the last thirty years, intense research in this field has
led to the invention of many novel metallic spintronic devices such as hard disc read heads and
magnetic random access memories (MRAM) that revolutionize the microelectronics and data storage

industry.20:22

Exploiting the spin of the electron to control the electrical current can provide an extra degree of
freedom in conventional charge-based semiconductor devices. The integration of spintronics into
semiconductor-based electronics could, therefore, provide an excellent opportunity to produce novel
devices with nonvolatility, higher data processing speed, lower electric power consumption and more
compact design compared to conventional semiconductor devices in mainstream microelectronics.?
Invention of a material that has both semiconducting and ferromagnetic properties could be an
important milestone in realizing the integration of spintronics and semiconductor electronics. For
example, one of the biggest advantages of such material would be the easier injection of spin-
polarized electrons between a ferromagnetic semiconductor and a nonmagnetic semiconductor
compared to a ferromagnetic metal and a nonmagnetic semiconductor due to the absence of a
Schottky barrier.” The introduction of dilute magnetic semiconductors (DMS) was a significant
breakthrough in the search for ferromagnetic semiconductors.?® DMSs are a recent class of advanced
materials that is produced by dilute doping of a nonmagnetic semiconductor with magnetic ions to

incorporate spin functionality in the host material while preserving its semiconductor properties.?
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Among all DMS materials, I11-V dilute magnetic semiconductors such as Mn-doped GaAs
(GaixMnyAs) have attracted the most attention due to their promising ferromagnetic and electron
transfer properties.®>*'® However, the low Curie temperature of these DMSs (T.<200 K)% is a major
drawback for practical device applications. In the search for DMSs with a higher Curie temperature
and better compatibility with the complementary metal oxide semiconductor (CMOS) technology, the
first reports on the magnetic properties of Mn-doped ZnO in 1999* and Co-doped TiO; in 20002
have triggered a new round of research in this field. These studies have mainly focused on the
magnetic metal oxide semiconductors generally categorized as dilute magnetic semiconducting
oxides (DMS0s).26 DMSO systems have several important advantages over DMS systems, such as
much higher Curie temperatures (e.g., up to 850-930 K for Cr-doped indium oxide thin film**) and
enhanced flexibility in controlling their properties using oxygen non-stoichiometry. However,
achieving a homogeneously doped material without any magnetic ion clustering throughout the host
lattice in DMSOs has always been a great challenge, which appears to be closely related to the

material growth conditions and could potentially be resolved with an appropriate technique.?

HfO; is a metal oxide with Hf** ions, with a closed shell [Xe]4f'* configuration and no unpaired
electron. Diamagnetism is, therefore, expected for HfO,. In 2004, the observation of unexpected
ferromagnetism with a Curie temperature above 500 K in undoped HfO, thin films® drew renewed
interest to this field. Before this discovery, there was no consensus in the scientific community on the
origin of the magnetic moment in DMSOs.?** However, the ferromagnetic behavior of undoped HfO,
has significantly strengthened the position of those who believe that oxygen vacancies and defects are
the main sources of magnetism in DMSOs. Moreover, HfO; is a technologically important material
with superior electrical and optical properties such as a large dielectric constant (k=25), wide
bandgap (~5.7 eV), and high refractive index (2.9).7°"® Due to its large dielectric constant, HfO is
the most promising material used as gate dielectric in metal-oxide-semiconductor field-effect
transistors (MOSFETSs).* The successful fabrication of ferromagnetic HfO,, which is already an
excellent CMOS compatible material, is therefore a significant step forward in realizing the idea of

integrating spin-based electronics into the semiconductor-based electronics and CMOS technology.®’

The origin of ferromagnetism in DMSOs remains controversial, and it has continued to be a subject
of intense debate.? In non-oxide DMSs such as Mn-doped GaAs (Gai.xMn,As), the Ruderman—
Kittel-Kasuya—Yosida (RKKY) interaction between the magnetic dopants and the itinerant electrons
in the host lattice is believed to be responsible for their ferromagnetic property.®12213 However,

since dilute magnetic metal oxides are wide-bandgap semiconductors or insulators with few itinerant
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electrons, the RKKY interaction mechanism cannot explain the ferromagnetism in DMSO materials.®
To date, many attempts have been made to account for the origin of ferromagnetism in DMSOs.
While structural defects are generally believed to play a crucial role in the ferromagnetism in these
materials,?4°6°% not enough studies have been carried out to determine the exact nature of these
defects.?6:%° Although some studies have attributed the observed magnetic moment to cation
vacancies,**% there is more solid evidence that support oxygen vacancies as the main source of
ferromagnetism in both undoped and doped metal oxides.®2-6497.98.101-103 Based on the role of defects
(including oxygen vacancies) in generating ferromagnetism in metal oxides, models involving bound
magnetic polarons (BMPs)®” and charge transfer mechanism®® have been proposed to explain the
ferromagnetic behavior of DMSOs. None of these models could, however, provide a complete and
accurate picture. In particular, while the BMP model can successfully explain the long-range
ferromagnetic ordering in DMSOs, it cannot explain the high Curie temperature (T¢) of these
materials. On the other hand, despite providing a reasonable account of the high Curie temperature of
DMSOs, the charge transfer mechanism can only be applied to oxides doped with multivalent
transition metal ions. A significant breakthrough in this matter was made by the model introduced by
Coey et al. in 2005.% This model combines the Heisenberg approach, in which ferromagnetism
occurs due to the exchange interaction of individual magnetic moments (here, BMPSs), with the band
ferromagnetism approach, in which magnetization occurs due to the spontaneous spin splitting of the
bands. This model can explain not only the long-range ferromagnetic ordering in DMSOs using the
concept of overlapping BMPs, but also the high Curie temperature of these materials based on spin
splitting of impurity bands hybridized with the d-state bands.®® A modified version of this model has
been used to explain ferromagnetism in ZrO, nanostructures® and nanocrystals,® and also in our
previous work to explain the ferromagnetic behavior of single-crystalline HfO, nanowires made for
the first time (Chapter 2). According to this model, the total number of BMPs throughout the crystal
lattice and the degree of band hybridization are closely linked to the number of oxygen vacancy
defects.5*% DMSOs with a large amount of vacancies are therefore expected to exhibit ferromagnetic

behavior with high magnetic saturation values and high T..

One strategy to increase the amount of oxygen vacancies in DMSOs is to fabricate DMSO
nanostructures with high surface area-to-volume ratios (i.e. specific surface areas). For example,
undoped ZrO, nanostructures and TiO; nanostructures exhibit enhanced ferromagnetic properties with
very high values of magnetic saturation and T, due to their large surface area-to-volume ratios.%*% In
our previous work (Chapter 2), we also show that HfO, nanowires exhibit ferromagnetic behavior due

to the oxygen vacancies accumulated in their surface region, while HfO, nanostructured films (HfO;
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nanopyramids) with lower specific surface areas do not show any ferromagnetic behavior. Another
effective strategy is to engineer the formation of oxygen vacancies by incorporating dopant materials
into the crystal lattices of metal oxides. Both nonmagnetic and magnetic dopants can serve this
purpose. Theoretical studies show that doping of HfO, with such non-magnetic ions as Ti, Si, La and
Al could reduce the formation energy of oxygen vacancies.'®*1© Moreover, even in the case of metal
oxide thin films doped with magnetic ions, dopant-driven oxygen vacancies in the host lattice are

believed to be the main source of intrinsic ferromagnetism in these materials,:102.103.214

In this study, we adopt the approach of combining both of the aforementioned ideas to achieve
enhanced ferromagnetism in HfO,. Considering the favorable effect of doping HfO, with such ions as
Ti, Si, La and Al in reducing the formation energy of oxygen vacancies,'®*1"® and given the high
solubility of Ti in Hf2%° we investigate, in the first part of the present study, the effect of Ti doping on
the morphological, structural, and magnetic properties of HfO, 1D nanostructures. Grown by catalyst-
assisted PLD technique, the nanostructures reported here for the first time include Ti-doped HfO;
(Hf1xTixO2) 1D nanostructures with various Ti atomic concentrations (x=0.01, 0.10, 0.25, 0.50). We
recognize that at 50 at. % Ti (Hfos0Tio5002) the nanostructures are indeed binary oxide alloys and not
doped nanostructures. However, to simplify the nomenclature in this work we refer them as
nanostructures doped with 50 at. % Ti. The morphologies of the Ti-doped HfO, nanostructures are
found to change discernibly with Ti doping, with shorter 1D nanostructures with increasing amount of
Ti. We also show that the magnetic properties of Hf1.,TixO> (0.01<x<0.50) nanostructures are
enhanced with Ti atomic concentration up to 10 at. % (x=0.10), with the magnetic saturation reaching
almost twice that of the undoped HfO, nanowires. Further Ti doping appears to cause the magnetic
properties to weaken. In the second part of this study, we investigate the morphological, structural,
and magnetic properties of novel Fe-doped HfO, nanostructures (Hf;«FexO2; x=0.01, 0.05, 0.10 and
0.20) fabricated by catalyst-assisted PLD technique. Our results show that the Fe dopant
concentration has a significant effect on the morphology of the Hf;«FexO2 nanostructures, producing
nanocubes with stacked crystal flake composite architecture structure, instead of 1D nanostructures,
when the Fe dopant concentration exceeds 1 at. % (x=0.01). Our magnetic property analyses show a
remarkable increase in the magnetic saturation with increasing Fe dopant concentration, with two
orders of magnitude larger than the undoped HfO, NWs for the x=0.10 dopant concentration and no
trace of any Fe clustering or secondary phase segregation (within the sensitivity range of X-ray
diffraction). To explain the observed magnetic behavior of the Hf1,TixO. and Hf1..Fe,O-
nanostructures, we propose a modified hybrid model based on defect-induced BMPs and defect-band

splitting. With their high magnetic saturation and T (above room temperature), along with their
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inherently high dielectric constant, these novel Ti-doped and Fe-doped HfO, nanostructures promise
new applications in integrated spintronics and CMOS-based electronics.

3.2 Experimental Details

The undoped (pristine) HfO,, Ti-doped and Fe-doped HfO,, and TiO, 1D nanostructures are all grown
by catalyst-assisted pulsed laser deposition in a NanoPLD system (PVD Products) with a base
pressure of 1x10® Torr. The system is equipped with an excimer KrF laser (248 nm wavelength)
operated with a laser fluence of 350 mJ/pulse at a repetition rate of 5 Hz to ablate the HfO,, Ti-doped
HfO, and Fe-doped HfO, and TiO, targets. The HfO, target is prepared by cold pressing of HfO,
powder (Alfa Aesar, 99.9% purity) with a pressure of 30 MPa followed by sintering at 1150 °C for 48
h, and the TiO; target is prepared by cold pressing of rutile TiO, powder (Aldrich, 99.99% purity)
with a pressure of 25 MPa followed by sintering at 900 °C for 12 h. To prepare Ti-doped HfO, target,
HfO, powder (Alfa Aesar, 99.9% purity) is thoroughly ground and mixed with TiO, powder (Aldrich,
99.99% purity) with the HF:Ti proportions of 0.99:0.01, 0.90:0.10, 0.75:0.25 and 0.50:0.50 to obtain
the Hf1«TixO2 (x=0.01, 0.10, 0.25 and 0.50) targets. The resulting powder mixtures are cold pressed
at 30 MPa and sintered at 1150 °C for 48 h. The Fe-doped HfO; targets are also prepared in a similar
way by grinding and mixing HfO, powder (Alfa Aesar, 99.9% purity) with Fe nanopowder (Aldrich,
60-80 nm particle size, >99% purity). The resulting powder mixtures with the Hf:Fe proportions of
0.99:0.01, 0.95:0.05, 0.90:0.10 and 0.80:0.20 are cold pressed at 30 MPa and sintered at 1150 °C for
48 h to make the Hf;«FexO; (x=0.01, 0.05, 0.10 and 0.20) targets. TiO, 1D nanostructures are grown
on oxidized Si(100) substrates (Ox-Si) coated with gold nanoislands (GNIs), denoted here as
GNI/Ox-Si, while the other nanostructures are grown on Ox-Si coated with Sn-alloyed GNIs, denoted
here as Sn-GNI/Ox-Si. To prepare the Ox-Si substrates, precut Si(100) chips (10x10 mm? and 5x5
mm?, 525 um thick, p-type, B-doped, with the resistivity of 1-5 Q cm, Siegert Wafer GmbH) are
chemically oxidized by following the RCA cleaning procedure.'®® The HF treatment step in the RCA
cleaning procedure is not performed in order to obtain a buffer oxygen layer on the Si surface. GNIs
are obtained by depositing a thin film of gold (<10 nm thick) on Ox-Si by magnetron sputtering
followed by annealing in oxygen at 600 °C for 1 h. The resulting GNIs exhibit a Gaussian size
distribution of 4-10 nm. To obtain the Sn-GNI/Ox-Si templates, we sputter-coat the substrate holder
with Sn (99.9% purity, Fisher Scientific) prior to mounting inside the deposition chamber. When the
substrate holder is brought up to the preselected growth temperature, Sn evaporates and mixes with
GNIs on Ox-Si to create Sn-GNI alloy catalysts. For the growth process, the substrates are mounted

in the PLD chamber perpendicular to the direction of the laser plume using a windowed substrate
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holder. The substrate-to-target distance is kept at 25 mm, where the substrate is in close proximity to
the top region of the laser plume. The growth temperature can be controlled from room temperature to
900 °C by using infrared heating lamps located at the backside of the substate holder to enable
radiative heating. TiO. 1D nanostructures are grown on GNI/Ox-Si templates at 750 °C for 90 min in
200 mTorr of Ar with a flow of 10 sccm, while pristine and Ti-doped and Fe-doped HfO, 1D
nanostructures are grown on Sn-GNI/Ox-Si templates at 770 °C for 60 min under the same Ar

pressure and flow conditions.

The morphology of the nanostructures is examined by field-emission scanning electron microscopy
(SEM) in a Zeiss Ultra-plus microscope and by helium ion microscopy (HIM) in a Zeiss ORION Plus
microscope. The corresponding crystal structures of the as-grown nanostructures are determined by
using glancing-incidence X-ray diffraction (GIXRD) at an incidence angle of ®=0.4° over the
selected 26 range in a PANalytical MRD X’pert Pro diffractometer equipped with a Cu Ka source
(1.54 A). For magnetic property measurements, the nanostructures grown on the 5x5 mm? substrates
are mounted on clean quartz paddles. Extreme care is taken to eliminate any magnetic contamination
from external sources by using only plastic tweezers and sample handling tools. Measurements are
performed at different temperatures in a superconducting quantum interference device (SQUID)
magnetometer (Quantum Design MPMS SQUID-VSM). The magnetic data is corrected by
subtracting the diamagnetic contribution from the bare substrate and quartz paddle, and the magnetic
moments of the nanostructured films so obtained are normalized by their masses. To estimate the
mass of the nanostructured film, we assume that the film is densely packed within the measuring
volume with the bulk densities of 9.68 g/cm? for undoped HfO,,*® Hf;.4FexO, (x=0.01, 0.05, 0.10 and
0.20), and Hf1TixO2 (x=0.01, 0.10, 0.25); 7.28 g/cm? for Hfys0Tio5002,2:% and 4.23 g/cm?® for TiO,'®
nanostructured films. Finally, the resulting data points are fitted to the ferromagnetic curves using
sigmoid basis functions and hyperbolic functions in Hystlab version 1.0.9 software, which is a
MATLAB-based software for processing magnetic data based on the correction methods of Jackson

et al. and Paterson et al 167168
3.3 Results and Discussion

3.3.1 SEM and XRD Studies

Figure 3-1 shows the SEM images of Ti-doped Hf1.4TixO2 nanostructures with different dopant
concentrations (x=0.01, 0.10, 0.25 and 0.50) and of TiO; nanobelts and undoped HfO, nanowires
provided as reference. TiO> nanobelts are PLD-grown on GNI/Ox-Si in 200 mTorr of Ar at 750 °C
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for 90 min while the HfO, nanowires and Hf1.xTixO2 nanostructures are grown on Sn-GNI/Ox-Si at
770°C. Evidently, the TiO, nanobelts so produced are typically 40-70 nm wide, 12-20 nm thick and
several hundreds of nanometers long (Figure 3-1a2). With a pointy tip and sawtooth facets along the
growth direction, the TiO2 nanobelts grown here are found to have very similar morphology to those
reported in an earlier study.!*! The periodic sawtooth sidewalls in these nanobelts indicate a periodic
faceting along the growth direction, which is also observed in other VLS-grown NWs.?"?18 On the
other hand, the HfO, NWs PLD-grown on Sn-GNI/Ox-Si templates at 770°C for 60 min (Figure
3-1b1l) are more than 2 um long and they appear to be tapered with a triangular cross section of side-
length 100-150 nm near the base and 20 nm near the tip (Figure 3-1b2). The Ti-doped Hf1xTixO>
(x=0.01, 0.10, 0.25 and 0.50) nanostructures are grown under the same condition as the HfO, NWs.
The nanostructures with 50 at. % Ti (x=0.50) correspond technically to a binary oxide alloy
(Hfos0Tio5002), but in the interest of simpler nonmenclature we refer to them as 50 at. % Ti-doped
nanostructures in the present work. Evidently, as the concentration of Ti dopant increases, the
morphology of the nanostructures changes from long and intertwined undoped HfO, NWs (Figure
3-1b1, b2) to 1-1.5 um long nanospikes with 1 at.% and 10 at. % Ti doping (Figure 3-1c1,c2 and
Figure 3-1d1, d2), and to several hundred nm long nanospikes with 25 at. % and 50 at. % Ti doping
(Figure 3-1el, e2 and Figure 3-1f1, f2). While the Hfo.99Ti0.0102 (1 at. % Ti-doped) and Hfo.90Tio.1002
(10 at. % Ti-doped) nanospikes appear to have triangular cross sections similar to those found for the
pristine HfO, NWSs, the Hfo 75 Tio2502 (25 at. % Ti-doped) and Hfos0Tios002 (50 at. % Ti-doped)
nanospikes are shorter with hexagonal cross sections, with a side-length of 100-150 nm near the base
and ~40 nm near the tip. Furthermore, the backscattered electron images (Figure 3-1 insets) depict the
gold nanoislands at the tips of the nanostructures, confirming that VLS growth is the dominant
growth mechanism of these nanostructures. However, the tapering of the nanostructures suggests that
VS growth could still occur in the system, which could be responsible for the concurrent lateral
growth of the nanostructures and the apparent tapering of the NWs and the nanospikes.4%%41 In
addition, notable nanocrystals can be observed among the base of the NWs and nanospikes, which

further supports a concurrent VS growth mode in this system.
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Figure 3-1. SEM images of (al, a2) TiO2 nanobelts grown on GNI/Ox-Si in 200 mTorr Ar for 90
min at 750 °C, (b1, b2) undoped HfO, NWs, (c1, ¢2) Hfo.99Tio.01O2 nanospikes, (d1, d2)
Hf).90Ti0.1002 nanospikes, (el, e2) Hfy.75Tio.2s02 nanospikes, and (f1, £2) Hfy 50 Tio.s002 nanospikes,
all grown on Sn-GNI/Ox-Si in 200 mTorr Ar for 60 min at 770 °C. The insets in (a2-f2) show

backscattered electron images revealing the gold nano catalysts at the tip of the nanostructures.

A closer examination of the sidewalls of the nanostructures reveals that their surfaces are not
smooth, and they have an oscillatory character that resembles the sawtooth-shaped sidewalls observed
in TiO; nanobelts. The oscillatory character of the sidewall surface become more evident as the Ti
content increases to 50 at. % (Figure 3-1f1, £2), which could similarly indicate an oscillatory growth
process. #1217 To achieve a more detailed view of the Hf}TixO> nanostructure surfaces, we employ
helium ion microscopy with a greater depth of field and surface sensitivity than SEM to reveal more
details of the nanostructure surfaces. Evidently, the HIM images shown in Figure 3-2 also confirm the
increasingly more prominent oscillatory surface character of the nanostructures with increasing Ti

content to 25 at. % and 50 at. % (Figure 3-2c and Figure 3-2d).
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Figure 3-2. HIM images of (a) Hfo,ggTio,o]Oz, (b) Hfo,goTio,]oOz, (C) Hfo,75Tio,2502 and (d)
Hfy.50Ti0.5002 nanospikes all grown on Sn-GNI/Ox-Si templates at 770 °C. The high depth of
field and surface sensitivity in HIM clearly reveals the oscillatory sidewall surface character of

the nanostructures with higher concentrations of Ti shown in (¢ and d).

Figure 3-1 also shows that the TiO, nanobelts are considerably shorter than the HfO, NWs despite
a longer deposition time (90 min vs. 60 min). Similarly, the Ti-doped nanospikes become shorter with
increasing Ti dopant content. These observations suggest the VLS growth rate that determines the
length of the nanowires becomes smaller as the Ti dopant content increases in the Hf 1. TixO»
nanospikes and it reaches the lowest rate in the TiO2 nanobelts. The sawtooth-like faceting of the
sidewalls reflects the formation of high-surface-energy planes along the growth direction.?'”-?!” The
formation of these higher-surface-energy planes along the axial growth direction could also explain
the lower growth rate and, therefore, shorter length of the TiO, nanobelts and Ti-doped nanospikes
with a higher Ti dopant content.
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The corresponding glancing-incidence XRD (GIXRD) patterns of the undoped HfO, NWs and
Hf1 TixO2 nanospikes (x=0.01, 0.10, 0.25 and 0.50) are shown in Figure 3-3. The diffraction peaks
of HfO, NWs and Hf1.«TixO2 nanospikes with Ti dopant content up to 25 at. % are in excellent accord
with the monoclinic HfO, reference pattern (PDF #00-034-0104). Nonetheless, in the XRD pattern of
the Hfq.75Tio 2502 nanospikes, minor contribution (~15%) from the orthorhombic HfTiO4 phase
(PDF #00-040-0794) is also observed. On the other hand, the XRD pattern of the Hfy50Tio.5002
nanospikes show predominant orthorhombic HfTiO4 contribution with very little contribution from
the HfO, monoclinic phase. The GIXRD pattern of the TiO, nanobelts (shown in Figure A2,
Appendix A) is also obtained, which confirms the as-grown TiO, nanobelts predominantly have a
rutile crystal structure. Moreover, the diffraction peaks of these nanostructures all show sharp peaks
with small widths, indicating their high level of crystallinity despite their nanometer size. It is
important to note that no trace of tetragonal or cubic phase is observed in the XRD patterns of these
nanostructures. Considering that oxygen vacancies could stabilize the tetragonal and cubic phases in
HfO,,1%-192 the absence of these phases suggests that the amount of vacancies in these nanostructures
is not high or/and that these oxygen vacancies are mostly accumulated in the surface regions of the
nanostructures. Interestingly, the relative intensities of the (200) peak in HfO, NWs and Hf1«TixO;
nanospikes (x=0.01, 0.10, 0.25) and the (020) peak in Hfys0Tio 5002 nanospikes are discernibly
different from those of their corresponding reference patterns (PDF #00-034-0104 and PDF #00-040-
0794). As the SEM images (Figure 3-1b1-f2) show that these nanostructures grow out of the substrate
plane in a near-vertical fashion, the stronger relative intensities of the (200) and (020) peaks suggest
that the (200) planes in HfO. NWs and Hf1xTixO2 nanospikes (x=0.01, 0.10, 0.25) and the (020)
planes in Hfos0Tio.5002 nanospikes could correspond to one of the cross-sectional or lateral facet
planes of these nanostructures. Further analysis such as HRTEM studies is required here to provide a

more accurate assessment of the predominant growth direction of these nanostructures.
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Figure 3-3. Glancing incidence XRD patterns of HfO, NWSs and Hf1.4TixO, nanospikes (x=0.01,

0.10, 0.25 and 0.50) obtained at an incident angle of 0.4°. All nanostructures are grown on Sn-

GNI/Ox-Si templates at 770°C in 200 mTorr of Ar for 60 min. The HfO, monoclinic (PDF #00-
034-0104) and HfTiO4 orthorhombic (PDF #00-040-0794) reference profiles are shown as the
top and bottom bar graphs, respectively.

A closer examination of the GIXRD patterns of these nanostructures reveals minor position shifts
of the diffraction peaks in Ti-doped nanostructures (Hf1xTixO2 nanospikes; x=0.01, 0.10, 0.25)
relative to their respective peaks in undoped HfO, NWs. Table 3-1 provides the 26 positions of the
two prominent (111) and (200) peaks in Ti-doped Hf1.xTixO2 nanopikes and their position shifts
relative to their respective peaks in the undoped HfO, NWs. A 0.02° to 0.09° shift is observed when

the structures are doped with Ti, indicating the substitution of larger Hf** ions with smaller Ti** in the
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lattice. This is consistent with the smaller unit cell volume calculated for the doped nanostructures
(from 138.2 A3 for 1 at. % Ti doping to 135.7 A3 for 25 at. % Ti doping) compared to that of the
undoped HfO, NWs (138.6 A%), and with the probable formation of substitutional solid solution of Ti
in HfO: lattice.

Table 3-1. Comparison of the position shifts of the two prominent (111) and (200) peaks in Ti-
doped Hf1TixO2 nanospikes relative to their respective peaks in the undoped HfO, NWs.

HfO Hfo.99Ti0.0102 Hfo.90Ti0.1002 Hfo.75 Ti02502
Plane z Nanopikes Nanopikes Nanopikes
Nanowires
Index 20 ©)
200 Shift(®) [ 20 Shift(®) | 20(°) Shift (°)
111 31.71 31.73 0.02 31.80 0.09 31.75 0.04
(200) 34.37 34.38 0.01 34.44 0.07 34.44 0.07

Figure 3-4 shows the SEM images of Fe-doped Hf1.xFe,O> nanostructures with different dopant
content (x=0.01, 0.05, 0.10 and 0.20). All the nanostructures are grown on chemically oxidized Si
substrates (Ox-Si) seeded with Sn-alloyed gold nanoislands (Sn-GNI/Ox-Si templates) at 770 °C in
200 mTorr of Ar. PLD of 1 at. % Fe-doped HfO, target (Hfo.99F€0.0:02) on Sn-GNI/Ox-Si templates
produces nanospikes similar to Hfo99Tio.0:02 nanospikes (Figure 3-1c1, c2), typically ~20 nm wide
near the tip, 100-150 nm wide near the base and ~1 um long (Figure 3-4al, a2). The corresponding
backscattered electron image of a Hfo.gsFeo.0102 nanospike shown in Figure 3-4al inset confirms the
presence of the gold nanocatalyst at the tip of the nanospike and that the catalyst-assisted VLS growth
is also the dominant growth mechanism for these nanospikes. Moreover, a closer examination of
these sidewall surfaces of the nanospikes (Figure 3-4a2 inset) reveals that they also have facets with
periodic oscillatory features similar to those found on Ti-doped Hf1.«TixO, nanospikes, indicating the
oscillatory nature of their growth process. Interestingly, the morphologies of the Fe-doped HfO;
(Hf1.xFexO.) nanostructures change dramatically to distorted nanocubes with a typical 300-500 nm
edge length and a stacked crystal flake composite architecture as the dopant concentration (x) is
increased to 5 at. %, 10 at. % and 20 at. % (Figure 3-4b1-d2). The crystal flakes that are stacked
irregularly on top of one another to form the distorted nanocubes appear to have a broad size
distribution of 20-100 nm. For simplicity, we refer to 5 at. %, 10 at. % and 20 at. % Fe-doped HfO>
nanocubes (NCs) hereafter as NC5, NC10 and NC20, respectively. It is important to note that for the

Fe dopant concentration exceeding 1 at. %, no 1D nanostructure is produced, which indicates that the
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VLS growth is significantly suppressed by the increased concentration of Fe. As discussed in our
previous work, when Sn is alloyed with GNIs, the surface energy of the resultant Sn-GNils at the
liquid-solid interface (yvs) is reduced. Since the VLS nucleation rate (jvs) is inversely proportional to
exp(yLs), the VLS nucleation rate is enhanced, which results in the VLS growth outpacing the
competing VS growth. As Fe has a higher surface energy than many other metals such as Au, Sn, Ni
and Cu, Fe is expected to increase the surface energy upon alloying with other metals, which is
already shown for Ni-Fe and Cu-Fe alloys.?4?%5 Increasing the Fe dopant concentration could
therefore increase the surface energy of the GNIs at the liquid-solid interface and consequently lead to
the reduction of VLS nucleation rate. As a result, the VLS growth of 1D nanostructures such as
nanospikes (Figure 3-4al, a2) is significantly suppressed and VS-grown distorted nanocubes (Figure
3-4b1-d2) are produced.
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Figure 3-4. SEM images of (al, a2) Hfy.99Feo.0102 nanospikes, distorted nanocubes with a
stacked flake composite architecture of (b1, b2) HfyosFeo.0502, (c1, ¢2) Hfp90Fe(.1002, and (d1, d2)
Hfo 30Feo.200:2, all grown on Sn-GNI/Ox-Si templates at 770 °C.

Figure 3-5 compares the corresponding glancing-incidence XRD patterns of the Fe-doped HfO,
nanospikes and distorted nanocubes (obtained with different Fe dopant concentrations) and undoped
HfO, NWs. The diffraction peaks of the as-grown nanostructures are in good accord with the

monoclinic HfO; reference pattern (PDF #00-034-0104). The nanostructures all show sharp
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diffraction peaks with small peak widths indicating their high crystalline quality. More importantly,
no diffraction peaks attributable to Fe metal or Fe oxides are observed for any of the Fe-doped HfO;
nanostructures. The absence of any Fe-related secondary phase suggests that dopant segregation
resulting in magnetic clustering is not likely in our nanostructures (or/and that the amount of the

magnetic clustering in the host lattices is lower than the typical detection limit of our XRD system).
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Figure 3-5. Glancing incidence XRD patterns of HfO, NWs and Hf...Fe O, nanostructures
(x=0.01, 0.05, 0.10 and 0.20) obtained at an incident angle of 0.4°. All nanostructures are grown
on Sn-GNI/Ox-Si templates at 770°C in 200 mTorr of Ar for 60 min. The HfO, monoclinic
(PDF #00-034-0104) reference pattern is represented as the bottom bar graph.
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A closer examination of the XRD patterns reveals that the positions of the diffraction peaks in the
Fe-doped nanostructures appear to shift to a higher 26 angle, relative to those of the undoped HfO,
NWs, with increasing Fe dopant concentration. The peak positions of the prominent (111) and (200)
peaks in the Fe-doped nanostructures and their peak shifts relative to their respective peaks in
undoped HfO, NWs are summarized in Table 3-2. When the HfO, lattice is doped with Fe, the larger
Hf** ions with an ionic radius of 0.84 A% can be substituted with the smaller Fe** and/or Fe?* ions
with ionic radii of 0.49 A and 0.64 A, respectively.??® The peak shifts of the Fe-doped Hf;.xFexO>
nanostructures toward higher 26 values, therefore, indicate substitutional incorporation of Fe into the
HfO, lattice. Moreover, the reduction of calculated unit cell volumes with doping from 138.65 A3 of
undoped HfO, NWs to 138.17 A3, 137.64 A3, 136.45 A3, and 137.00 A3 of Hfog9Feo.0102 nanospikes,
Hfo.95F€0.0s02 NC5, Hfg.90Fe0.1002 NC10 and Hfo s0Feo.2002 NC20, respectively, also confirms the
substitutional incorporation of Fe into the host lattice. It is important to note that the unit cell volume
of Hfo.soFe02002 NC20 (137.00 A%) is slightly larger than that of HfoeFeo.1002 NC10 (136.45 A3) and
their peak position shifts are found to be smaller than Hfy goFe0.1002 NC10 (Table 3-2). The slight
expansion of the lattice in Hfp.soFeo 2002, NC20 relative to HfggFe0.1002. NC10 suggests some Fe ions
are likely interstitially incorporated into the lattice, which could lead to the potential formation of
magnetic clusters in the lattice. Although the amount of such clustering could be too small to be
detected by XRD, they could significantly influence the magnetic behavior of the nanostructures and
give rise to the extrinsic magnetic properties. This matter will be discussed in more detail in the next

section.

Table 3-2. Comparison of the position shifts of the prominent (111) and (200) peaks in Fe-doped

Hf1.«FexO2 nanostructures relative to their respective peaks in the undoped HfO, NWs

Nanospikes NC5 NC10 NC20
Plane HfO, (1 at. % Fe) (5 at. % Fe) (10 at. % Fe) (20 at. % Fe)
Index Nanowires
200 | 20 () SFO')ﬂ 20 (°) SFO')ft Pos (°) S(rl')ft Pos (°) S(rl')ft
111 31.71 31.73 002 | 3179 0.08 | 3181 0.10 | 3L77 0.06
(200) 34.37 3440 003 | 3443 0.06 | 3446 0.09 | 3444 0.07
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3.3.2 Magnetic Properties

In the previous chapter, we report the remarkable room-temperature ferromagnetism found for PLD-
grown HfO, NWs while the nanostructured HfO, films show very weak paramagnetic behavior.
Although the high crystal quality of our single-crystalline HfO, NWs enables us to perform a detailed
study on the exact nature of defects in our HfO, NWs and to obtain direct evidence for oxygen
vacancy-induced ferromagnetism in these nanostructures, the total magnetic saturation of these

nanostructures needs to be improved.

An effective strategy to create ferromagnetism or to improve ferromagnetic properties in
semiconducting or insulating oxides is dilute doping of these materials with transition-metal ions,
which creates a novel class of advanced materials generally known as Dilute magnetic
Semiconducting Oxides (DMS0).%45 Indeed, this doping method has been widely used particularly
to make ferromagnetic ZnO and TiO,, despite the major challenge in producing a homogeneous
distribution of magnetic ions within the host lattice.?®%5 Although the origin of ferromagnetism in
DMSOs is still a matter of controversy, the general belief is that the magnetic properties of DMSQOs
with intrinsic magnetic properties do not originate directly from the magnetic dopants but originates
from the structural defects and the oxygen vacancies likely induced by the magnetic dopants in the
lattice 6268102103214 The hypothesis that the defects and oxygen vacancies are the primary contributor
to the ferromagnetism in these materials is supported by the observation of ferromagnetism in
undoped metal oxides such as HfO; films, %9152 |n,05 film,*2 TiO, films,*2224 and ZrO,
nanostructures.®3%* Since theoretical calculations have shown that the formation energy of oxygen
vacancies in different polymorphs of HfO, can be modified by the non-magnetic dopants such as Ti,
Si, La and Al %170 doping HfO, nanostructures with Ti dopants is also expected to affect their
ferromagnetic properties. In this section, we first discuss the effect of doping of Ti as a nonmagnetic
ion on the magnetic behavior of HfO, nanostructures followed by that of a magnetic ion such as Fe.
Magnetization curves of the samples are obtained after the diamagnetic contribution of the substrate
and the quartz paddle is removed from the signal, The resulting data is then fitted with a combination
of hyperbolic and sigmoid functions based on the correction methods of Jackson et al. and Paterson et

al 167188 ysing the Hystlab v1.0.9 software.

Figure 3-6 shows the magnetization of Hf1«TixO, (x=0.01, 0.10, 0.25) nanospikes and TiO,
nanobelts as a function of the applied magnetic field measured at 2 K and room temperature. The
magnetization curve of Hfos0Tio5002 hanospikes at room temperature is also measured, but it is not

shown here due to its very similar hysteresis loop to that of Hfo 75 Tio.2s02 nanospikes. The low
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temperature (2 K) magnetization of Hfos0Ti0.5002 nanospikes is not shown because of their similar
magnetic property to that of Hfo.75Ti0.2502 nanospikes. Evidently, all nanostructures exhibit a
ferromagnetic hysteresis loop both at 2 K and room temperature. However, the magnetic saturation of
the TiO, nanobelts measured at 7000 Oe at 300 K (3.9x10° emu/g) and at 2 K (2.1x102 emu/g) are
respectively 2-3 times and 4-5 times higher than the corresponding values of the Hf1«TixO;
nanospikes (1.4- 2.3x107 emu/g at 300 K and 4.2- 4.8x10- emu/g at 2 K). Moreover, the magnetic
saturation (Ms) and the magnetic remanence (M) (Figure 3-6a-c insets) of all nanostructures show a
higher value when the measurement is performed at a lower temperature. The temperature
dependence of the Ms and M, suggest that the magnetization behavior of these nanostructures may not
be purely ferromagnetic and a weak superparamagnetic component could also contribute to the total
magnetization.?®
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Figure 3-6. Magnetization M as a function of applied magnetic field (raw data points) and their
corresponding fitted hysteresis loops (solid lines) of (a) Hfo.ge Ti0.0102 nanospikes, (b)
Hfo.00Ti0.1002 nanospikes, (c) Hfo7sTio 2502 nanospikes, and (d) TiO, nanobelts measured at 2 K
and 300 K.

Figure 3-7a compares the magnetization curves of the Hf1«TixO2 (x=0.01, 0.10, 0.25) nanospikes
and HfO nanowires measured at room temperature. The magnetization curve of the HfO, NWs has
been reported in our previous work (Chapter 2). Evidently, all nanostructures reach magnetization
saturation at about 7000 Oe and the M;s value appears to depend on the concentration of Ti dopants.
Characteristic magnetization parameters: Ms, M, and coercivity (Hc) of the Hf1.,TixO, (x=0.01, 0.10,
0.25, 0.50) nanospikes, HfO, NWs and TiO nanobelts are summarized in Table 3-3. At 300 K, the
M; value of the HfO, NWs (1.2x10- emu/g) is found to increase slightly when doped with 1 at. % Ti
in Hfo.99Ti0.0102 nanospikes (1.4x10° emu/g), and nearly doubles with 10 at. % Ti doping in the
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Hfo.00Ti0.1002 nanospikes (2.3x10° emu/g). The increasing trend of Ms, however, does not continue,
and it drops to 0.9-1x10- emu/g when the nanostructures are doped with 25 at. % and 50 at. % of Ti
in Hfo 75 Tio2502 nanospikes and Hfos0 Tio 5002 nanospikes, respectively. For TiO, nanobelts (x=1), its
M; reaches the highest saturation value of 3.9x10- emu/g among all the nanostructures. The
described trend of Ms in Hf1«TixO2 (0<x<1) nanostructures with increasing Ti dopant concentration at
room temperature is illustrated in Figure 3-7b. The M; of the nanostructures at 2 K also exhibit a
similar trend increasing from 2.5x10% emu/g in pristine HfO2 NWSs to 4.8x102 emu/g in Hfo.g0Ti0.1002
nanospikes followed by a decrease to 3x10- emu/g in Hfo 75 Tio 2502 nanospikes. Similarly, TiO;
nanobelts exhibit the highest M; at 2 K (21.1x10 emu/g).

0.0 0.2 04 0.6 0.8 1.0

H (kOe) Ti-mole fraction
Figure 3-7. (a) Magnetization as a function of applied magnetic field (M-H curves) of Hf1,TixO;
nanospikes (x=0.01, 0.10, 0.25) and HfO, NWs (x=0). (b). The variation of the magnetic
saturation (M) at 300 K in the Hf1«TixO2 nanostructures along with TiO2 nanobelts with the Ti

dopant concentration (0<x<1).
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Table 3-3. Magnetic saturation (Ms), magnetic remanence (M;) and coercivity (Hc) of the
Hf1xTixO2 nanospikes, HfFO> NWs and TiO> nanobelts obtained at 2 K and 300 K.

Measurement
Sample Temperature M (em_E f9) M (em_f 9) Hc (Oe)
x10 x10
(K)
300 1.2 0.8 29
HfO, NWs?
2 2.5 2.0 160
Hfo.99Ti0.010> 300 14 3.2 312
Nanospikes 2 4.2 7.3 362
Hfo ooTi0 1002 300 2.3 3.2 431
Nanospikes 2 4.8 7 547
Hf.75Tio 2505 300 0.9 2.6 417
Nanospikes 2 3.0 5.2 663
Hfo.soTl(_).SOObZ 300 1.0 3.3 219
Nanospikes
300 3.9 175 702
TiO2 Nanobelts
2 21.1 25.0 597

*The magnetic characteristics of HfO, NWs are reported from our previous work. °The magnetic
measurement of HfosoTios002 Nanospikes at 2 K is not performed due to their similar
properties to Hfq 75 Tio 250, Nanospikes.

It is generally believed that oxygen vacancies are the original source of room-temperature
ferromagnetism in dilute magnetic semiconducting and/or insulating metal oxides.?*® Using the
BMP-hybridized impurity band structure model, we have explained the origin of room-temperature
magnetization in HfFO, NWs observed in our previous work (Chapter 2). In the BMP model, the
oxygen vacancies act as a charge reservoir, transferring one or two of their electrons to the
surrounding Hf**(5d°) ions and reducing them to Hf *(5d') ions. The zero-spin Hf*" ions become
non-zero spin Hf®* ions and serve as F-centers (ferromagnetic-centers). The magnetic exchange
coupling of these F-centers with one another and with the remaining electrons on the oxygen
vacancies leads to the formation of BMPs. When the amount of oxygen vacancies is sufficient, the
concentration of the BMPs surpasses the polaron percolation threshold, creating long-range
ferromagnetic order throughout the material due to the substantial overlap among the BMPs.
Although the BMP model can explain the long-range ferromagnetic ordering in HfO, nanostructures,

it cannot explain their high Curie temperature. A hybridized band structure model is therefore
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employed to explain the high Curie temperature of dilute magnetic metal oxides, including ZrO, and
HfO,.53%8 In this model, the oxygen vacancies create an impurity band close to the bottom of the
conduction band. For a high enough amount of oxygen vacancies, the impurity band hybridizes with
the unoccupied Hf 5d states. When an electron is transferred from the oxygen vacancies to the
unoccupied Hf 5d states at the Fermi level to create BMPs, the hybridized impurity band undergoes a
spin-up and spin-down band splitting, which leads to high Curie temperature ferromagnetism in HfO,

nanostructures.

In the case of Ti-doped HfO; nanospikes (Hf1«TixO2 nanospikes) and TiO; nanobelts, theoretical
calculations show that the formation energy of oxygen vacancy in TiOz is lower than HfO.22° More
oxygen vacancies are therefore expected to form in the TiO, nanobelts, which results in the formation
of more BMPs. The larger number of BMPs in TiO, nanobelts could explain their highest magnetic
saturation among all the nanostructures studied in the present work. Similarly, according to
theoretical calculations,®17 the formation energy of oxygen vacancy in HfO, nanostructures is
reduced when doped with Ti ions. The amount of oxygen vacancies could therefore increase with Ti
doping, which creates more overlapping BMPs and consequently higher magnetic saturation values in
Ti-doped HfO> nanospikes. This explanation is consistent with our observation of the higher Ms value
found for the Hfo.99Tio.0102 nanospikes (1 at. % Ti doping) and Hfo.gTio.1002 (10 at. % Ti doping) than
that for the HfO, NWs. However, to provide a possible explanation for the lower M; values for the
Hfo.75 Tio2502 (25 at. % Ti doping) and Hfos0Tio5002 (50 at. % Ti doping) nanospikes, we need to
consider the effective parameters on the oxygen vacancy formation energy in the lattice. The required
energy for oxygen vacancy formation depends on many parameters such as bandgap energy (Eg),
atomic coordination, the strengths of metal-oxygen bonds relative to the bond strength in pure
elements, bond lengths??® and even bond angles.??” The XRD patterns of the PLD-grown
nanostructures (Figure 3-3) show that the Hf1«TixO, (x=0.01, 0.10) nanospikes crystalize in the
monoclinic phase (space group P21/a) similar to the HfFO, NWSs, while the Hfqs0Tio.5002 nanospikes
(50 at. % Ti doping) consist mainly of orthorhombic HfTiO4 phase (space group: Pnab) and the
Hfo.75 Tio.2502 nanospikes (25 at. % Ti doping) consist of ~15% orthorhombic HfTiO4 phase. The
oxygen atoms in monoclinic HfO, are located in four-fold or three-fold coordinated sites!7%:228.229
(Figure 3-8a), while in orthorhombic HfTiO,, they are located in three-fold sites with different bond
angles (Figure 3-8b). Though the oxygen vacancy formation energy in orthorhombic HfTiO4 has not
been reported in the literature, it is expected to be higher than the oxygen vacancy formation energy

in monoclinic HfO, due to the different configuration of surrounding cations. The observed lower M;
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values in Hfgs0Tio5002 and Hfo 75 Tio 2502 nanospikes could therefore be attributed to their different

crystal structures that increase the oxygen vacancy formation energies in these nanostructures.

It is noteworthy that, despite the improvement in the magnetic saturation of the HfO, NWs with Ti
doping, Mg is still one to three orders of magnitude smaller than those of undoped HfO; thin films and
nanoparticles or ZrO nanostructures reported in the literature,836498.152174.175 1 qyr previous work, we
attribute the smaller magnetic saturation in HfO, NWs to the presence of oxygen vacancies in the
surface region (and not throughout the bulk), which limits the long-range ferromagnetic ordering only
to the surface region. This hypothesis is supported by our depth-profiling XPS studies that confirm
the location of oxygen vacancies mainly in the near-surface region of the HfO, NWs. In contrast, the
other nanostructures reported in the literature could additionally have oxygen vacancies distributed
inside the bulk of their respective nanostructures, thus producing BMPs that percolate throughout the
entire material. One collaborating observation for this hypothesis is the tetragonal phase found in the
ZrO; nanostructures with high magnetic saturation.®®®* The tetragonal phase is believed to become
stabilized at room temperature due to the presence of structural defects, including oxygen
vacancies.!®19 _jke HfO, NWs, the low magnetic saturation of the Hf1«TixO2 nanospikes in the
present study also suggests that the oxygen vacancies are mainly located and therefore generate
ferromagnetic ordering in the surface region. Doping HfO nanostructures with Ti, despite increasing
the amount of oxygen vacancies in the surface region, appears inadequate to create sufficient oxygen

vacancies inside the bulk of nanostructures necessary to attain high magnetic saturation values.
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Four-fold site Three-fold site

Figure 3-8. Unit cells of (a) monoclinic Ti-doped HfO, nanospikes (Hf1.«TixO; x=0.01, 0.10) and
(b) orthorhombic Hfos0Tio5002 nanospikes, depicting both three-fold and four-fold coordinated
oxygen sites in (a) and only three-fold coordinated oxygen sites in (b).

Figure 3-9 shows the room-temperature magnetization curves (the M-H curves) of Hfy gsFe0.010-
nanospikes, Hfp.g5Feg.0s02 NC5, Hfg.g0F€0.1002 NC10 and Hfg goFeo.2002. NC20. Evidently, the
Hf1.xFexO, nanostructures with x=0.01, 0.05 and 0.10 (Figure 3-9a-c) exhibit well-defined
ferromagnetic hystereses at room temperature while Hfg soFeo.200, NC20 (Figure 3-9d) shows a
superparamagnetic characteristic. The magnetization parameters (Ms, M,, and Hc) as well as M,/M; of
these Fe-doped nanostructures are summarized in Table 3-4. Interestingly, the minimally Fe-doped
Hfo.00F€0.0102 nanospikes are found to exhibit the lowest magnetic saturation (8.6x10* emu/g), which
is even lower than that found for the undoped HfO, nanowires (1.2x10° emu/g), indicating that
doping of the HfO, nanostructure up to 1 at. % is not promoting any additional ferromagnetic
ordering but instead may activate more antiferromagnetic interactions in the lattice. However, with
the dopant concentration increased to 5 at. %, HfogsFe0.0s02 NC5 exhibits a magnetic saturation as
large as 0.05 emu/q, i.e., more than one order of magnitude larger than that of Hfog9Fe0.0102
nanospikes. The M; in Fe-doped HfO, nanostructures becomes even higher with Fe doping, reaching
0.5 emu/g for Hfp.90Feq.1002 NC10 (two orders of magnitude larger than the 1 at. % Fe-doped
nanospikes) and 2.64 emu/g for Hfo goFeo 2002, NC20 (three orders of magnitude larger than the 1 at. %
Fe-doped nanospikes).
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Figure 3-9. Room-temperature magnetization curves (M-H curves) of (a) HfogFe0.0102
nanospikes (b) Hfo,gsFEo_ost NC5 (C) Hfo_goFEo,mOz NC10 and (d) Hfo_soFEo,zoOz NC20.
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Table 3-4. Magnetic saturation (Ms), magnetic remanence (M), coercivity (Hc) and magnetic
remanence to magnetic saturation ratio (M/Ms) of Hfo.g9Fe0.0102 nanospikes, Hfo.gsFeo0s02 NC5,
Hfo.90F€0.1002 NC10 and HfpsoFeo2002 NC20 measured at 300 K and 2 K

Measurement
Sample Temperature M;s (emu/g) M, (emu/g) Hc (Oe) M /M
(K)
HfO-ggFe?-Olqz 300 8.6x10¢  2.5x10* 461 0.29
anospikes

Hfo05F€00505 300 0.05 0.02 403 0.33

NC5 2 0.08 0.03 1000 0.37

Hfo.50F€0.1005 300 0.49 0.07 346 0.15

NC10 2 0.53 0.10 590 0.20
0.06

Hfs s0F 02005 300 2.64 0.17 278

NC20 2 2.63 0.22 384 0.08

“As no improvement in room-temperature magnetic properties are found for 1 at. % Fe doping when
compared to pristine NWs without any doping, the low temperature magnetic properties of
Hfo.09F€0.0:02 Nanospikes are not of particular interest for the present purpose.

We have also obtained the magnetization curves for the Hf;«FexO, nanostructures (x=0.05, 0.10,
0.20) at 2 K. Figure 3-10a-c compares the measured magnetization curves of the nanostructures at 2
K with the ones at room temperature. The Ms and H. values at 2 K for the 5 at. %, 10 at. % and 20 at.
% Fe-doped nanostructures follow the same M;s trend observed at room temperature with respect to
the dopant content, with the highest M;s for Hfo.s0Fe0.2002 NC20 (2.63 emu/g) and the highest H. for
Hf0g.05F€0.0s02 NC5 (1000 Oe). Furthermore, the Ms is found to increase slightly to 0.08 emu/g (0.53
emu/g) at 2 K from 0.05 emu/g (0.49 emu/g) at 300 K for Hfy gsFe0.0s02 NC5 (Hfo.90F€0.1002 NC10)
and remains almost unchanged for Hfo.soFeo.2002 NC20 over the entire temperature range from 2 K
(2.63 emu/g) to 300 K (2.64 emu/g), which suggests no magnetic phase change over this temperature
range. In addition, the coercivity (Hc) and the ratio of the magnetic remanence to magnetic saturation
(M./M;) are found to decrease with increasing Fe dopant concentration (Figure 3-10d). This indicates
that the hysteresis loops start to “shrink”, and the magnetic behavior of the Fe-dopped HfO,
nanostructures shifts from ferromagnetic to superparamagnetic with increasing Fe dopant

concentration.
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Figure 3-10. Magnetization (M-H curves) (&) Hfo.gsFeo.0502 NC5, (b) Hfo.g0Fe0.1002 NC10 and (c)
Hfo.s0Fe0.2002 NC20 obtained at 2 K and room temperature. (d) Coercivity (Hc) and the ratio of
magnetic remanence to magnetic saturation (M./Ms) for the Fe-doped HfO nanostructures as

functions of the Fe dopant concentration.

A closer look at the high-field portion of the magnetization curves of the nanostructures reveals
that while Hfg gsFe0.0s02 NC5 (Figure 3-11a) and HfygFe0.1002 NC10 (Figure 3-11b) have already
reached saturation, the Hfo goFe0.200. NC20 (Figure 3-11c) is still far from saturation at 10 kOe,
resembling a typical paramagnetic behavior. Since magnetic clustering in DMSO materials can
sometimes create a superparamagnetic contribution to their magnetization signals,?® the prominence
of the superparamagnetic component in the magnetization profile of Hf.soFe 200, NC20 could
indicate that its magnetic behavior is extrinsic, i.e., it originates from magnetic clusters. Although the
XRD pattern (Figure 3-5) of HfyoFeo 2002, NC20 does not show any evidence of a secondary phase or
Fe clusters in the sample, the magnetic inhomogeneity leading to extrinsic magnetization behavior

could occur at atomic-scale below the detection limit of XRD?** or form an amorphous phase without
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any XRD peak. On the other hand, the presence of well-defined ferromagnetic hystereses in
Hfo.95F€0.0s02 NC5 and Hfo.gFeo.100. NC10 at both room temperature and 2 K (Figure 3-10a and
Figure 3-10b) confirms that their ferromagnetic behavior is likely intrinsic with origin from the doped
host lattice rather than the clustered magnetic ions. Among these “intrinsic” Fe-doped nanostructures,
Hfo.90F€0.1002 NC10 appears to show the most promising magnetic properties with a relatively large
magnetic saturation at room temperature (0.5 emu/g), which is more than two orders of magnitude
larger than those of undoped HfO, NWs (1.2x10° emu/g) and TiO, nanobelts (3.9x10- emu/g), and
yet with a reasonable hysteresis characteristic at both 2 K and 300 K. In addition, we have also
obtained the Arrot plots for Hfo gF€0.1002 NC10 (Figure 3-11d), in order to qualitatively estimate the
Curie temperature (T.) of a ferromagnet.z° Near the phase transition temperature, the magnetization
of a ferromagnet (M) is generally small, and M? is related to H/M from Landau’s expression of free

energy by the following:46:632%0

M2=(1/b) (H/M)-(a/b) [(T-Tc)/T] Eq. 3-1

where M is the magnetization, H is the applied magnetic field, T is the temperature, and a and b are
arbitrary constants. According to this equation, the Arrot plot of M? vs. H/M at the Curie temperature
T. should be linear with an intercept at zero. As can be seen from Figure 3-11d, the linear parts of the
M2 vs. H/M plots for HfgeoFeo 100, NC10 within the temperature range from 2 K to 70 K to 300 K all
have non-zero intercepts confirming that the Curie temperature of these nanostructures is still far
from reach. Decisively well above the room temperature, their high Curie temperature makes these

nanostructures a promising candidate for practical spintronic applications.
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Figure 3-11. High field portions of the magnetization curves of (a) Hfo.gsFe0.0502 NC5, (b)
Hfo.90F€0.1002 NC10, and (c) HfogoFeo2002 NC20 collected at 2 K and 300 K. (d) Arrot plots for
Hfo.90Fe01002 NC10 at 2 K, 70 K and 300 K.

To explain the mechanism behind the magnetic behavior of the Hf1.xFexO» nanostructures, we
employ the same combined BMP and band hybridization model that we used earlier for the Ti-doped
HfO. nanostructures. For the Fe-doped nanostructures, however, we consider Fe®* as magnetic ions,
which require some modifications to this model. When Hf** are substituted with Fe3* ions, we could
envisage two possible scenarios that the host lattice could maintain charge neutrality. In the first
scenario, when Fe®* substitutes Hf** in the lattice, a hole is created in the oxygen orbital.?* To reduce
the total energy of the system, electrons tend to hop between the overlapping orbitals.*® Electrons
from the neighboring Fe** 3d orbitals hop into the empty state of the oxygen orbital and the other
electron in the oxygen orbital would transfer into the unoccupied states of the neighboring Fe** 3d
orbitals (Figure 3-12a). Since the 3d orbitals are half-full, the electrons hopping from the oxygen
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orbital to the available empty 3d orbitals have to have antiparallel spins with respect to the electrons
occupying the full state. As it is less energetically favorable for the system if the electron undergoes a
spin flip when hopping between the neighboring orbitals, the total energy of the system would be
lower if the two Fe** ions around the bridging oxygen have antiparallel spin alignment (Figure
3-12a).2 This type of oxygen-mediated interaction between Fe3* ions is called superexchange
interaction, which is antiferromagnetic and it does not create any additional magnetization in the
lattice and could even reduce the total magnetic saturation. The second possible way to ensure charge
neutrality is to create oxygen vacancies with a trapped electron (Vo) near the Fe?* sites in the
lattice.?** The Krdger-Vink notation for this type of defect reaction can be written as

O% + H*4¢ + Fe — Fe'us + Vo + 1/20, where O%o, Hf*ws, Fe'nr and V'o, respectively, denote neutral
oxygen site, neutral Hf site, Fe ion substituting Hf with an -1 effective charge, and singly charged
oxygen vacancy with an +1 effective charge. Since the Fe* 3d® orbitals are half-full, the trapped
electron in the oxygen vacancy would interact with the electrons in the 3d orbitals
antiferromagnetically, inducing a ferromagnetic interaction between the Fe3* ions. The oxygen
vacancy in this mechanism is called a ferromagnetic center (F-center), and the resulting direct
ferromagnetic coupling is known as F-center exchange (FCE) interaction that leads to formation of
magnetic polarons (Figure 3-12b).2 In this mechanism, the substitutional Fe** ions could create
enough oxygen vacancies so that the number of the BMPs exceeds the polaron percolation threshold
and a long-range ferromagnetic ordering can therefore be generated throughout the doped lattice.
From the band structure viewpoint, similar to the native oxygen vacancies of the lattice, those oxygen
vacancies created by the substitutional Fe** ions can also form an impurity band close to the bottom
of the conduction band. The resultant impurity band hybridizes with the empty states of the Fe 3d°
orbitals if there is a sufficient number of oxygen vacancies in the host lattice. When BMPs are formed
in the lattice, electrons are transferred from the impurity band to the 3d orbital empty states at the
Fermi level, which leads to spin-up and spin-down splitting of the impurity band (Figure 3-12c). The
impurity band splitting occurring here can explain the high Curie temperature of these Fe-doped HfO,

nanostructures similar to the undoped HfO, nanostructure.
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Figure 3-12. Schematic illustrations of (a) antiferromagnetic superexchange interaction between
two neighboring Fe® ions substituting Hf*" in the lattice, (b) oxygen vacancy-induced F-center
exchange interaction, and (c) impurity band and 3d band hybridization leading to spin-up spin-

down band splitting.
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In the Hfyg9Fe0.010, nanospikes that show a discernibly lower M; value (8.6x10* emu/g) than that
of the undoped HfO, NWs (1.2x107 emu/g), the antiferromagnetic superexchange interaction (Figure
3-12a) appears to occur between the Fe dopants. Consequently, similar to the undoped HfO, NWs,
the magnetization comes primarily from those native oxygen vacancies in the (near-)surface region.
These surface oxygen vacancies create enough polarons to generate long-range ferromagnetic
ordering in the surface region, and also induce band hybridization, which leads to spin splitting in the
impurity band (Figure 3-13a). However, the overall number of the BMPs is not large enough to
produce a large M;s value. On the other hand, in Hfy gsF€0.0s02 NC5 and Hfg g0Fe0.1002 NC10, FCE
appears to be the predominant interaction, creating many additional BMPs in the crystal lattice of the
nanostructures. The larger number of the overlapping BMPs produces stronger ferromagnetic
ordering throughout the lattice and a higher degree of spin band splitting of the impurity band derived
from oxygen vacancies (Figure 3-13b). Consequently, the Ms values for Hfy gsFe0.0s02 NC5 and
Hfo.90F€0.1002 NC10 are significantly higher, by one order and two orders of magnitude (0.05 emu/g
and 0.5 emu/g), respectively. For HfosoFeo 2002 NC20, which exhibits a hybrid ferromagnetic and
superparamagnetic behavior (Figure 3-10c), the concentration of the Fe dopants appears to be so high
that the Fe ions are not distributed homogeneously throughout the nanostructure, leading to the
formation of magnetic clusters (Figure 3-13c). Although there may still be BMPs that create small
coercivity (Hc) and M,/Mgs, the contribution from the magnetic clusters appears to be dominant. These
magnetic clusters behave like isolated superparamagnetic clusters and produce a large M:s (in response
to the magnetic field) with no hysteresis. Moreover, the observed ferromagnetic component
contributing to the magnetic behavior of Hfo.soFeo.2002 NC20 may also originate from the
ferromagnetic clusters that are created in the lattice but are too small to be detectable by XRD and
EDS.
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Figure 3-13. Schematic representations of the proposed magnetization mechanisms in (a)
Hfo.09Fe0.0:02 nanospikes with native oxygen vacancy-induced polarons leading to long-range
magnetic ordering and impurity band spin splitting, (b) HfoesFe0.0s02 NC5 and HfgFe0.1002
NC10 with Fe** F-center exchange mechanism leading to long-range magnetic ordering and

impurity band spin splitting, and (c) HfogFeo 2002 NC20 with magnetic clusters leading to



In summary, our study on the magnetic properties of Ti-doped nanostructures (Hf1.xTixO2; 0<x<1)
shows that doping HfO nanostructures with Ti can improve their magnetic properties. The magnetic
saturation of the undoped HfO, NWs is doubled with 10 at. % Ti doping reaching 2.3x10- emu/g.
According to the proposed models for the ferromagnetic ordering in doped and undoped DMSO
materials, oxygen vacancy defects are the main contributor to ferromagnetism in these
materials.?6%36468 The |ower oxygen vacancy formation energy for Ti compared to Hf 169170226 which
leads to the formation of more oxygen vacancy-induced BMPs in the lattice, is suggested to be
responsible for such increase in Ms. Interestingly, the observed increase in M; of the Ti-doped
nanostructures is found to stop at 25 at. % and 50 at. % Ti, with smaller M; values found for
Hfo.75 Tio.2502 and Hfy 50 Tio5002 hanospikes. This observation is attributed to the formation of
orthorhombic HfTiO4 phase in Hfy75Tio2502 and Hfo 50 Tio5002 hanospikes. The HFfTiO4 may have a
larger oxygen vacancy formation energy due to having a different oxygen coordination number and
bond angles that can consequently affect the number of resulting BMPs. For the Fe- doped HfO,
nanostructures (Hf1.xFexO2; 0.01<x<0.20), 1 at. % Fe doping (in Hfo9sFe0.0:0, nanospikes) is found to
produce no enhancement in the magnetization in the host lattice since the antiferromagnetic
superexchange interaction between substitutional Fe ions would be the main contributor. At the other
extreme, Hfgs0Feo2002, NC20 (20 at. % Fe doping) is found to be magnetically inhomogeneous,
exhibiting a hybrid superparamagnetic-ferromagnetic magnetization curve with a dominant
superparamagnetic characteristic. The magnetization behavior of these nanostructures is attributed to
the nanoscale magnetic clusters that behave similarly to superparamagnetic nanoparticles. However,
for those nanostructures doped with 5 at. % Fe (Hfo.95F€0.0s02 NC5) and 10 at. % Fe (Hfo.00Fe0.1002
NC10), their magnetic properties appear to be intrinsic and originate from the doped lattice rather
than the magnetic ions. The magnetic saturation of these nanostructures is improved by one to two
orders of magnitude (to 0.05 emu/g and 0.5 emu/g) compared to the undoped HfO, nanostructures
(1.2x10°° emu/g). The ferromagnetic center exchange (FCE) mechanism activated by the
substitutional Fe**-induced oxygen vacancies is proposed to be the mechanism behind such strong

ferromagnetic coupling throughout the host lattice.

These results provide further insights into the role of oxygen vacancies in the activation of
ferromagnetic mechanisms in undoped and doped DMSO materials. More importantly, our
Hfo.90Fe0.1002 NC10 is a promising DMSO candidate since these distorted nanocubes exhibit a
relatively large magnetic saturation (0.5 emu/g) over a wide range of temperatures with a Curie
temperature well above room temperature. The magnetic saturation of these nanostructures at room

temperature is comparable with defect-rich ZrO, nanostructures such as ZrO, nanobricks
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(0.6 emu/g)% and 5-nm ZrO, nanoclusters® (0.46 emu/g) and it is much higher than most of the
magnetic metal oxides materials, including undoped colloidal HfO, nanorods (0.02 emu/g),™
undoped ZrO; thin films (0.18 emu/g),'** Mn-doped ZrO, thin films (0.02 emu/g),! Mn-doped ZnO
thin films (0.05 emu/g),*! undoped ZnO nanoparticles (0.003 emu/g),?? Cu-doped ZnO nanowire
arrays (0.2 emu/g),%*® undoped TiO nanoribbons (0.2 emu/g),?** Fe + N codoped TiO, nanorods
(0.06 emu/g),?* Cr-doped TiO nanorods (0.07 emu/g),%? V-doped TiO, nanotubes (0.008 emu/g),%®
and (Fe,Co,Mn)-doped mesoporous In,0s., (0.03 emu/g).?’ Since HfO- is an advanced material
compatible with and widely used in CMOS-based technologies, our Fe-doped HfO, nanostructured
film with such a high magnetic response promises new opportunity for integrated CMOS and

spintronic applications.

3.4 Conclusion

Ti-doped Hf1«TixO2 (x=0.01, 0.10, 0.25, 0.50) 1D nanostructures and Fe-doped Hf1.«<FexO, (x=0.01,
0.05, 0.10, 0.20) nanostructures consisting of nanospikes and distorted nanocubes with stacked crystal
flakes have been synthesized for the first time by using the catalyst-assisted PLD method on GNI/Ox-
Si and Sn-GNI/Ox-Si templates. The morphological, structural, and magnetic properties of Ti-doped
Hf1<TixO2 and Fe-doped Hf1«FexO; are studied in detail and compared with those of undoped HfO,
NWs and TiO; nanobelts grown under similar growth conditions. SEM and HIM images show that Ti
doping does not inhibit the VLS growth mechanism, producing Hf,.«TixO, nanospikes even with the
Ti concentration as high as 50 at. % (Hfos0Tio.5002 nanospikes). Nonetheless, VLS growth has been
found to decrease with increasing Ti dopant concentration in the nanostructures, yielding shorter
nanospikes with an oscillatory sidewall surface character. The origin of this oscillatory character is
attributed to the formation of high surface energy planes along the growth direction.?”2!° The
GIXRD patterns of these Ti-doped Hf1xTixO2 nanostructures and their peak position shifts confirm
the substitutional incorporation of Ti into the host lattice. On the other hand, Fe is found to
significantly suppress the VLS growth, producing Fe-doped nanospikes for 1 at. % Fe doping
(Hfo.00Fe0.0:02 nanospikes) while Fe-doped HfO; distorted nanocubes with stacked flake structures for
5 at. %, 10 at. % and 20 at. % Fe doping (Hfo.95F€0.0s02 NC5, Hfg.90Fe0.1002 NC10, Hfy goF€0.2002
NC20). The dramatic decrease of VLS growth with Fe doping is attributed to the effect of Fe in
reducing the VLS nucleation rate at the liquid-solid interface by increasing the surface energy of the
catalyst, which inhibits the effect of Sn in promoting VLS growth. Similar to Hf .4 TixO>
nanostructures, the GIXRD patterns of the Hf,..FexO. nanostructures also show the contraction of the

host lattice, indicating the substitution of Hf** with Fe ions in the host lattice with no evidence of
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secondary magnetic phase (within the sensitivity of XRD). The expansion of the Hf, goFeo 2002, NC20
lattice relative to the HfygFe0.1002 NC10, nevertheless, suggests some interstitial incorporation of Fe
ions into the host lattice at higher dopant concentrations which could lead to the formation of
magnetic clusters in the lattice.

In our previous work (Chapter 2), undoped HfO, NWs have been found to exhibit room-
temperature ferromagnetic behavior, despite their low magnetic saturation due to the presence of
oxygen vacancy defects limited to the (near-)surface region. In the present work, HfO, nanostructures
are doped with Ti and Fe to enhance their magnetic properties. Since the oxygen vacancy defects are
believed to be responsible for the magnetic properties of DMSO materials?®63%48 and their formation
energy in Ti-doped HfO have been reported to be lower,%%170226 Ti-doping is therefore expected to
improve the saturated magnetization of HfO, nanostructures. Indeed, Ti doping up to 10 at. % has
been found to double the magnetic saturation in Hf.90Tio.1002 nanospikes when compared to the
undoped HfO, NWSs. However, doping the HfO, nanostructures with a higher concentration of Ti (25
at. % and 50 at. % in Hfy 75 Tio2502 and Hfos0Tios5002 hanospikes, respectively) provides no
improvement in their magnetic saturation (Table 3-3). The increase in M; of Ti-doped HfO,
nanospikes up to 10 at. % doping is associated with the larger number of oxygen-vacancy induced
BMPs in the lattice, while the lower magnetic saturation of 25 at. % and 50 at. % Ti-doped HfO,
nanostructures is attributed to the presence of HfTiO4 phase as confirmed by the XRD analysis. We
hypothesize that the possible higher oxygen vacancy formation energy in the HfTiO4 phase due to the
different configuration of surrounding cations in this phase, such as different coordination number
and bond angles, could contribute to their lower magnetic saturation. In general, the enhancement of
the magnetic saturation in Ti-doped HfO, nanostructures is not profound, indicating that there is a
small number of BMPs contributing to the magnetization of the sample, likely due to their presence

being limited to the surface region.

On the other hand, our investigation on Fe-doped HfO, nanostructures shows that Fe doping has a
more significant impact on the magnetic properties of HfO, nanostructures. However, having a
homogenous distribution of Fe dopant in the lattice becomes challenging when the dopant content
exceeds a certain concentration. Although GIXRD analysis shows no evidence of secondary phase
formation, Hfq s0Feo200, NC20 appears to have an extrinsic magnetic behavior originating from nano-
scale magnetic clusters not detectable by XRD. In contrast, 1 at. % doping (Hfo.9sF€0.0102
nanospikes), 5 at. % doping (Hfo.ssFe0.0s02 NC5) and 10% doping (Hfo.s0Fe0.1002 NC10) appear to

produce intrinsic ferromagnetic metal oxides with well-defined hystereses from 2 K to 300 K.
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Hfo.90F€0.0:02 nanospikes with 1 at. % Fe doping do not show any improvement in magnetic
saturation due to the antiferromagnetic coupling of substitutional Fe** ions through superexchange
interaction in the lattice. On the other hand, Hfo.esF€0.0s02 NC5 and Hfo.g0Feo.1002 NC10 exhibit a
significant enhancement in magnetic saturation values reaching up to two orders of magnitude larger
than the undoped HfO; nanostructures. We propose oxygen-vacancy induced F-center exchange
interaction?! as the predominant mechanism responsible for such large magnetic saturation values in
these nanostructures. These high magnetic saturation values qualify HfogsFeo.0s02 NC5 and
Hfo.00F€0.1002 NC10 introduced in this work as viable candidates for spintronic applications such as
spin transistors?®® and spin-based logic circuits.?®® Moreover, their high Curie temperatures could
facilitate the operation of these devices well above room temperature. In addition, the compatibility of
HfO, with CMOS technology provides an excellent opportunity for the application of these

nanostructures in integrated CMOS and spintronic technology.

121



Chapter 4

Concluding Remarks and Future Work

4.1 Summary of the Results and Contributions

Dilute magnetic semiconducting oxides (DMSOs) are believed to be the most promising materials for
integrated spintronics and semiconductor-based electronic applications due to their superior
ferromagnetic properties and high Curie temperatures well above room temperature. Among all
DMSOs, HfO; is known to be the most CMOS-technology-compatible oxide material™© and is
therefore considered to be a very promising candidate for realizing the integration of CMOS and
spintronic technologies. Despite several reports on fabrication and magnetic characterization of HfO;
thin films,%-%8.102152153 the nature of their structural defects in effecting ferromagnetism is still not
fully understood. Nanostructured materials with high specific surface areas have been reported to
have enhanced ferromagnetic properties. 635 Inspired by the great potential of nanostructured
material with high crystal quality for fundamental studies on these defects and their role in enhancing
ferromagnetism, our objective in the present work is to fabricate doped/undoped single-crystalline
HfO, low-dimensional nanostructures and to investigate the role of oxygen vacancy defects in
facilitating -ferromagnetism. Using catalyst-assisted PLD, we develop a wide range of fascinating
HfO, low-dimensional nanomaterials for the first time. These include doped/undoped HfO; nano
square pyramids, nano triangular pyramids, and nano-tetrahedrons; undoped HfO, nanowires,
nanospikes, and nano-columns; Ti-doped HfO, nanospikes, Fe-doped HfO, nanospikes, and Fe-doped
HfO, distorted nanocubes with stacked flake structures. Indeed, the 1D HfO,, Hf1«TixO, (x=0.01,
0.10, 0.25, 0.50) and Hfo.g9Fe0.0:02 nanostructures grown in this work are the first single-crystalline

doped/undoped HfO, 1D nanostructures, particularly nanowires, ever reported.

In the first study of this work, we investigate the effect of growth temperature and growth
templates on the morphological and structural properties of HfO, nanostructures grown by a catalyst-
assisted PLD method. We grow HfO. nanostructures on Ox-Si (chemically oxidized Si), GNI/Ox-Si
(chemically oxidized Si seeded with gold nanoislands) and Sn-GNI/Ox-Si (chemically oxidized Si
seeded with Sn-alloyed gold nanoislands) growth templates at different temperatures (550 °C, 650 °C,
720 °C and 770 °C), while precisely controlling other growth parameters such as vacuum pressure,
processing gas (Ar) flow and pressure and the gold nanoisland (GNI) size. The SEM studies (Figure
2-1) reveal that only nano square pyramids (on Ox-Si) and a mixture of nano square pyramids and

triangular pyramids (on GNI/Ox-Si) grow in the absence of Sn at all selected temperatures,
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suggesting that the VS growth is the predominant growth mechanism in such conditions. On the other
hand, in the presence of Sn (i.e., on Sn-GNI/Ox-Si), 1D HfO nanostructures including nano-columns
(with triangular base), nanospikes and nanowires grow, respectively, at 650 °C, 720 °C and 770 °C,
indicating the crucial role of Sn in promoting VLS growth. Since Sn is introduced into the system by
evaporation from the Sn-coated substrate holder, the growth of VS-grown nano-tetrahedrons on Sn-
GNI/Ox-Si at 550 °C is attributed to the low temperature of the substrate holder, which is not high
enough to introduce a sufficient amount of Sn into the system. Another important observation here is
the simultaneous growth of nanocrystals on the substrate and among the 1D nanostructures, which is
indicative of concurrent VS growth competing with the VLS growth in this system. The GIXRD
analysis (Figure 2-2) confirms a HfO, monoclinic phase for all VS-grown nanostructures on Ox-Si
and GNI/Ox-Si and VLS-grown 1D nanostructures on Sn-GNI/Ox-Si, with no indication of any
Sn/Sn0O; secondary phase or Sn being incorporated into the HfO; lattice. In addition, the absence of
any tetragonal or cubic phases in the GIXRD patterns suggests small amount of oxygen vacancies in
the bulk of these nanostructures, because large amount of oxygen vacancies have been shown to

stabilize tetragonal and cubic phases in HfO.1%0-1%

More detailed studies on the structural properties of the nanostructures are performed by TEM.
HRTEM images and simulated atomic models reveal that some HfO, NWs and nanospikes have
grown along the [010] direction with the (100) plane as their top facet while others have grown along
the normal vector of (110) plane with (001) plane as their top facet and the (-111) plane as their side
facet. It is important to note that, due to the monoclinic phase of the nanostructures, the (110) normal
vector and the [110] direction are not exactly parallel and are separated by 5.7 ° (Figure 2-5). More
importantly, the TEM images show perule-like surface features that appear to be formed because of a
secondary epitaxial growth occurring on the surface of the NWs. These epitaxially grown surface
features further support that VS growth is competing with the VLS growth in this system and the final
morphology indeed results from the interplay between these two growth mechanisms. To further
investigate the role of Sn in promoting the VLS growth, XPS and AES analysis are performed,
confirming the presence of Sn in all 1D nanostructures with the excess Sn oxidized to SnO; and/or
SnOy (1<y,2) on the surface of the VS-grown film and the VLS-grown NWs. Having realized the
pivotal role of Sn in encouraging the VLS growth, we propose a dual role for Sn in this process. First,
since the VLS nucleation rate is exponentially related to the surface energy at LS interface by an
Arrhenius-type equation®®® and Au-Sn liquid alloy has lower surface energy than pure liquid
gold,'®18 Sn can enhance the VLS nucleation rate by alloying with gold (Sn-GNIs) and therefore

decreasing the surface energy at the growth interface (LS interface). Secondly, Sn can assist with the
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kinetics of the VLS growth by increasing the diffusivity of the catalyst and hence promoting the
diffusion of the material species from the surface of the catalyst to the growth interface. For these
reasons, in the presence of Sn, the VLS growth outruns the VS growth resulting in the growth of 1D

nanostructures.

Single-crystalline 1D HfO, nanostructures obtained in the present work provide a great opportunity
to study oxygen vacancy-induced ferromagnetism due to the high crystal quality and minimal effects
arising from other structural defects. For this purpose, we compare the magnetic properties of HfO,
NWs with those of the nanostructured film of HfO, nano square pyramids. The magnetization
measurement reveals that HfO, NWs exhibit room-temperature ferromagnetism with a coercivity
comparable to other reported undoped metal oxides nanostructures, %4152 while HfO, nano square
pyramids only exhibit a weak paramagnetic behavior. Since XPS analysis shows stronger defect-
related features for HfO, NWs compared to the HfO, nano square pyramids without any trace of
magnetic contamination, the ferromagnetic behavior of HfO, NWs is attributed to their higher amount
of oxygen vacancies. To understand these results, we employ a modified BMP-band ferromagnetism
model that has been previously used for explaining ferromagnetism in defect-rich ZrO;
nanostructures.5%4 Based on this model, long-range ferromagnetic ordering in HfO, NWs is caused
by the ferromagnetic exchange interaction of bound magnetic polarons (BMPs) formed due to
interaction between charged oxygen vacancies and reduced Hf ions (Hf**/Hf?*). Their high Curie
temperature, however, is due to the spin splitting of the oxygen-vacancy-driven impurity band
resulting from its hybridization with the Hf 5d band. On the other hand, the weak paramagnetic
behavior of the HfO, nano square pyramids is attributed to their small amount of oxygen vacancies,
which generate isolated BMPs behaving like isolated magnetic ions with paramagnetic interactions.
Another important observation is the low magnetic saturation (Ms) of the as-grown HfO, NWs
(1.2x10%), despite their room temperature ferromagnetism. Our depth-profiling XPS studies reveal
that the oxygen vacancies are mainly accumulated in the surface region of HfO, NWs and only a
small amount of vacancies may exist in the bulk of the material. The amount of surface-limited
oxygen vacancies could be high enough to produce overlapping BMPs within the surface region, but
the total amount of oxygen vacancies within the entire material is apparently not high enough to

produce large magnetic saturation.

By taking advantage of the lower oxygen vacancy formation energy in Ti-doped HfO,
nanostructures,'®®17% we also investigate the morphological, structural and magnetic properties of Ti-
doped Hf1xTixO2 (x=0.01, 0.10, 0.25, 0.50) 1D nanostructures reported for the first time in this work.

124



Hf1TixO. 1D nanostructures are grown on Sn-GNI/Ox-Si templates using a similar catalyst-assisted
PLD method used for undoped HfO nanostructures in the previous study. We also obtain TiO, 1D
nanostructures (nanobelts) on GNI/Ox-Si as the control sample so that we have a better understanding
of the Ti-doping effect on the observed properties. The SEM and HIM images (Figure 3-1 and Figure
3-2) show Ti doping has a minor effect on the VLS growth of the nanostructures, producing 1D
nanostructures for all doping concentrations ranging from 1 at. % (Hfo.99Ti0.0102 nanospikes) up to 50
at. % (Hfos0Tios002, bimetallic oxide nanospikes). Nonetheless, these 1D nanostructures appear to
become shorter with increasing Ti content, changing from 2-2.5 um long for intertwined undoped
HfO, NWs to several hundred nm long for Hfo50Tio5002 bimetallic oxide nanospikes, which suggests
a lower VLS growth rate in nanostructures with higher Ti content. In addition, a closer examination
of the sidewall surface with HIM reveals a sawtooth faceting on the surface along the growth
direction, which becomes more obvious for nanostructures with higher Ti concentrations
(Hfo.75Ti02502 and Hfos0Tio5002). This kind of saw-tooth faceting is also observed for pure TiO;
nanobelts and is attributed to the oscillatory growth process of the 1D nanostructures that could occur
due to the formation of high surface energy planes during growth.?72!° The GIXRD patterns of the
as-grown nanostructures (Figure 3-3) show only a monoclinic HfO, phase for Hf1«TixO, (x=0.01,
0.10) nanospikes, with ~15% additional orthorhombic HfTiO4 phase for Hfo.75 Tio.2s02 nanospikes and
mainly orthorhombic HfTiO4 phase for Hfos0Tio5002 bimetallic oxide nanospikes. More importantly,
the GIXRD pattern exhibit an upward position shift for the monoclinic HfO, phase relative to the
reference peak position confirming the substitution of larger Hf** ions in the lattice with smaller Ti**

ions.

We further demonstrate that these Ti-doped HfO, nanostructures all exhibit room-temperature
ferromagnetism with increased magnetic saturation up to twice the M; of undoped HfO, NWs for
Hfo.09 Ti0.0102 nanospikes. The increased magnetic saturation values here are attributed to the higher
amount of oxygen vacancies in Ti-doped HfO nanostructures due to their lower oxygen vacancy
formation energy as previously confirmed by theoretical calculations.'®®1® The magnetic saturation of
Hfo.75 Tio.2502 and Hfos0Tio5002 nanospikes, however, drops to the same order of magnitude as that of
undoped HfO, NWs. In addition to the monoclinic HfO, phase, an orthorhombic HfTiO4 phase is
found in Hfg 75 Tio 2502 and Hfos0Tio5002 nanospikes, which leads us to hypothesize that their lower
magnetic saturation is likely due to lower amount of oxygen vacancies caused by higher oxygen

vacancy formation energy in the orthorhombic HfTiO. phase.
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In the last phase of this work, we synthesize and study the properties of Fe-doped HfO,
nanostructures so that we can compare the effect of Fe doping, as a ferromagnetic dopant, on the
properties of HfO, nanostructures with the effect of doping a nonmagnetic dopant like Ti. Hf1.xFexO-
(x=0.01, 0.05, 0.10, 0.20) nanostructures are grown on Sn-GNI/Ox-Si using catalyst-assisted PLD
with growth conditions similar to those used for undoped and Ti-doped HfO, nanostructures. Unlike
Ti doping, Fe doping is found to significantly restrict the VLS growth, producing Hfo.gssF€0.0102
nanospikes for 1 at. % Fe doping, and distorted nanocubes with stacked crystal flakes for Fe doping
of 5 at. % (Hfo.esFeo.0502 NC5), 10 at. % (Hfo.90F€0.1002 NC10) and 20 at. % (Hfo.s0F€0.2002 NC20)
(Figure 3-4). The disruption in the VLS growth observed here is attributed to the unfavorable effect of
Fe in reducing the VLS growth nucleation rate by increasing the surface energy at the interface
between the catalyst and the emerging solid. This negative effect on the VLS growth counterbalances
the positive effect of Sn in promoting VLS growth so that the VS growth becomes the dominant
mechanism producing distorted nanocubes as the final products (and not 1D nanostructures). The
GIXRD analysis of these nanostructures (Figure 3-5) shows only a monoclinic HfO, phase with an
upward position shift indicating the substitution of larger Hf** ions with smaller Fe*3/Fe*? ions in the
lattice. More importantly, no trace of any secondary phase of Fe or iron oxides is found in the XRD
pattern suggesting that no magnetic ion clustering occurs in the host lattice (within the sensitivity
range of XRD analysis).

Finally, the magnetic characterization of Fe-doped nanostructures demonstrates intrinsic
ferromagnetism with high Curie temperature (well above room temperature) for Fe doping up to 10
at. %. It is found that the nanostructures doped with 1 at. % Fe (Hfo.99F€0.0102 nanospikes) do not
show a larger magnetic saturation that is of almost the same order as that of undoped HfO, NWs. On
the other hand, nanostructures doped with 5 at. % Fe (Hfo.gsF€0.0s02 NC5) and 10 at. % Fe
(Hfo.90Fe0.1002 NC10) exhibit significantly larger Ms values, up to 2 orders of magnitude larger than
Hfo.99F€0.0102 nanospikes. The small M; of Hfgg9F€0.0102 nanospikes is attributed to the dominant
antiferromagnetic interaction of Fe ions in the lattice, which does not generate any extra magnetic
moment, while the high magnetic saturations of Hfq.gsFe0.0502 NC5 and Hfg goFe0.1002. NC10 appear to
be the result of ferromagnetic center exchange (FCE) mechanism activated by additional oxygen
vacancies induced by the magnetic ions in the host lattice. The other important observation here is the
extrinsic magnetic property of nanostructures with 20 at. % Fe concentration (Hfo.s0Feo2002 NC20),
which exhibit a hybrid ferromagnetic-superparamagnetic behavior dominated by the contribution

from the superparamagnetic component. The superparamagnetic characteristic of HfygFeo.2002, NC20
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suggests an atomic-scale magnetic inhomogeneity in the lattice (despite not being detected by the
XRD analysis).

In general, the present work offers valuable insights into the synthesis of semiconductor NWs,
especially complex oxide NWSs. For example, in those cases that precise control of stoichiometry
requires the use of an oxide target for PLD, the application of an alloy catalyst like Sn-GNIs can
facilitate fabrication of oxide NWs by minimizing the unfavorable effect of oxygen in enhancing the
VS growth. In addition, the near single-crystalline nature of nanostructures obtained in this work has
allowed us to significantly improve our understanding of oxygen vacancy-driven ferromagnetism
mechanisms in DMSO materials. Moreover, HfO, nanostructures with high Curie temperature
introduced in the present work could be promising DMSQOs for spintronic applications such as
magnetic tunneling junctions (MTJs),** spin transistors,?*® and spin-based logic circuits.° In
particular, the Hfog0Fe0.1002 NC10 nanostructures exhibit a relatively high magnetic saturation
(0.5 emu/qg) at room temperature which is comparable with defect-rich ZrO, nanostructures such as
ZrO; nanobricks (0.6 emu/g)® and 5-nm ZrO, nanoclusters (0.46 emu/g)® and it is much higher than
most of the magnetic metal oxides materials, including undoped colloidal HfO, nanorods (0.02
emu/g), ”undoped ZrO, thin films (0.18 emu/g),*°* Mn-doped ZrO- thin films (0.02 emu/g),%*! Mn-
doped ZnO thin films (0.05 emu/g),*** undoped ZnO nanoparticles (0.003 emu/g),?*? Cu-doped ZnO
nanowire arrays (0.2 emu/g),?*® undoped TiO, nanoribbons (0.2 emu/g),?** Fe + N codoped TiO>
nanorods (0.06 emu/g),?* Cr-doped TiO nanorods (0.07 emu/g),% V-doped TiO, nanotubes
(0.008 emu/g),?* and (Fe,Co,Mn)-doped mesoporous In,Os., (0.03 emu/g).*" Their high magnetic
saturation, along with Curie temperature well above room temperature, promise real-life spintronic
device applications. More importantly, considering the high compatibility of HfO, with CMOS
technology, the spintronic application of the nanostructures synthesized in the present work offers a
viable opportunity for realizing the idea of integration between semiconductor-based electronics and

spintronics to fabricate high-performance devices.
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4.2 Future Work

The present work demonstrates the crucial role of oxygen vacancies in inducing ferromagnetism in
HfO> nanostructures. One strategy to further improve the magnetic properties of the HfO-
nanostructures is to introduce more oxygen vacancies into their structure. This could be done by using
a metallic Hf target instead of an oxide target for the laser ablation. This would allow the amount of
oxygen vacancies in the final structures to be precisely controlled by manipulating the O to Ar ratio
in the processing gas mixture to provide different ambient environments during deposition. Using a
metallic target for the PLD synthesis could also facilitate growing HfO, 1D nanostructures due to the
elimination of the excess oxygen from the target.

Our present results show that the observed defects are mainly accumulated on the surface of the
nanostructures. Some earlier studies®*52 on the magnetic properties of HfO- thin films have
proposed that additional defects, including oxygen vacancies, could also accumulate at the interface
between the deposited film and the substrate. The substrates used in those studies (sapphire and yttria-
stabilized zirconium or YSZ) are different from the SiO, surface used in the present work. As they
have reported higher magnetic saturation on these substrates, an interesting future study could be
investigating the magnetic properties of the HfO, single-crystalline 1D nanostructures grown on other
substrates including sapphire and YSZ substrates. Such a study can significantly improve our
understanding of defect-induced ferromagnetism in DMSQOs and could be used as another strategy to

enhance the magnetic saturation of HfO, 1D nanostructures.

Another important subject that requires more investigation is the homogenous doping of the host
lattice, particularly for magnetic dopants. Generally, magnetic homogeneity of DMSOs is a
controversial issue in this field, raising some questions about the intrinsic nature of the
ferromagnetism observed in DMSOs. Fe-doped HfO; nanostructures produced in this work
apparently exhibit intrinsic ferromagnetism up to 10 at. % Fe doping with GIXRD patterns showing
no evidence of magnetic ion clustering in the lattice. Other helpful probes that can shed some more
light on the intrinsic nature of the ferromagnetism in doped HfO, nanostructures are depth profiling
by secondary ion mass spectroscopy (SIMS) and by XPS. These advanced surface analysis techniques
are particularly surface sensitive that they could detect any minor magnetic clustering near the surface
of the nanostructures that may be beyond the detection limit of XRD. Testing samples for anisotropic
magnetization, where the magnetization of the samples under parallel and vertical external fields are
compared, could also help recognize these intrinsic properties. The anisotropy of magnetic saturation

can rule out any extrinsic magnetic source such as segregated ferromagnetic impurities below the
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XRD sensitivity range.®® Another way to minimize the possibility of extrinsic ferromagnetism is to
use antiferromagnetic metal ions such as Mn and Cr for doping the HfO: lattice. While substitution of
these antiferromagnetic ions in the lattice can create defect-induced ferromagnetism, their clustering

within the lattice, even if it occurs, does not generate any additional extrinsic ferromagnetism.

The high Curie temperature of the doped/undoped HfO, nanostructures found in this work makes
these HfO, nanostructures very promising DMSOs for the fabrication of practical spintronic devices
that could operate above room temperature. Hfgg5F€0.0502 NC5 and Hfy.gF€0.1002 NC10
nanostructures with relatively high magnetic saturation are of particular interest for this purpose.
Therefore, another important future project could be magneto-transport characterization
(magnetoresistance and Hall effect measurements) of these materials for MTJ* and spin transistor?®®
applications. Furthermore, as HfO- is a wide-bandgap oxide, it could accommodate a large number of
defect states within its bandgap leading to super-efficient light absorption in the visible range of the
solar spectrum. If defect-rich HfO, nanostructures could be achieved by using laser ablation of a
metal target, exploring the application of such nanostructures for photocatalytic water splitting and
hydrogen production systems could be a very intriguing study.

Finally, the advantage of PLD synthesis in precisely controlling the composition of the final
products opens up a great opportunity to fabricate nanostructures of other complex oxide systems
with interesting properties. Of particular interest are solid solutions of hematite (a-Fe»O3) and
ilmenite (FeTiO3). Although a-Fe,O3 and FeTiOsz are both antiferromagnetic insulators, their solid
solutions with intermediate compositions interestingly exhibit strong ferrimagnetism with
semiconducting property. The unique advantage of this system is the capability of switching between
p-type and n-type semiconducting properties by simply adjusting the concentration of a-Fe;O3 in
FeTi03.240241 An exciting future project could be the synthesis of defect-rich nanostructures of o-
Fe,05-FeTiOs; solid solutions with novel magnetic and optical properties for spintronics and

photocatalytic applications.
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Figure Al. The corresponding EDS spectrum of the NWs Shown in Figure 2-9b.
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Figure A2. The GIXRD pattern of TiO, nanobelt grown by catalyst-assisted PLD.
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