Xiaoyi Guan

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Chemistry (Nanotechnology)

Waterloo, Ontario, Canada023

© Xiaoyi Guan2023



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision ofdhsrtixg

Committee is by majority vote.

External Examiner: Peng Zhang
Professor, Department of Chemistry,

Dalhousie University

Supervisor: KamTong Leung
Professor, Department of Chemistry,

University of Waterloo

Internal Member: Vassili Karanassios
Professor, Department of Chemistry,

University of Waterloo

Internal Member: Aicheng Chen
Professor, Department of Chemistry,

University of Guelph

InternatExternal MemberZbig Wasilewski
Professor, Department &fectrical and Computer Engineering

University of Waterloo



Aut hor 6s Decl arati on

This thesis consists of material all of which | authored eauthored: see Statement of Contributions

included in the thesis. This is a true copy of the thesis, including any required final revisions, as
accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Statement of Contributions

This thesis contains materfabm published journal paper that | authored ofacthored.
1 The content in Chapter 3 hbeen published in

Guan, X.; Srivastava, S.; Thomas, J. P.; Heinig, N. F.; Kang, J. S.; Rahman, M. A.; Leung, K. T.
DefectRich DopantFree ZrQ Nanoclusters and Their Siependent FerromagnetiséCS Appl
Mater Interface02Q 12 (43), 4899849005.

Guan, X. planned the idea and conducted the experiments including sample synthesis,
characterization, and magnetic property measurements. Srivastava, S. provided training in sample
synthesis. Thomas, J.P. provided support in TEM measurement. HeinigyNepreupport in XRD

and AFM measurement. Kang, J.S. and Rahman, M. A. provided training in SQUID measurement.
Guan, X. wrote and revised all the drafts. All authors discussed the results and contributed to the

writing of the manuscript.
9 Part of the content in Chapter 1 is ready for publication.
Guan, X.; Leung, K. TGasphaseCondensedNanoclusters an@iheir Size-DependenProperties

Leung, K. T. planned the idea. Guan, X. did the literature review and required work. Guan, X. wrote
and revised all the draftall authors contributedo the writing of the manuscript.

9 The content in Chapter 4 is ready for publication.

Guan,X.; Thomas, J. P.; Zhang.; FarkhondehH.; Leung K. T. Hf«Zr1xO; Solid Solution

Nanoclusters with Size and Compositi®pecific Bandgap

Guan, X. planned the idea and conducted the experiments including sample synthesis and
characterization. Thomas, J.P. provided support in bandgap measurement. Zhang, L. provided
training in TEM and STEM related characterization. Guan, X. wrote and realisbé drafts. All

authors discussed the results and contributed to the writing of the manuscript.

9 The content in Chapter 5 has not been published yet.



Abstract

Nanoclusters, generally defined as assemblies of a discrete number of atoohsonites in the size

range of 110 nm, have attracted a lot of attention due to their unique properties that bridge the gap
between isolated atoms or molecules and bulk materials. Nanoclusters possess distinct electronic,
optical, magnetic, and catalytbaracteristics, which are often profoundly different from those

observed in bulk materials or even larger nanoparticles. These notable differences arise from quantum
confinement effects, high surfat@volume ratios, and the specific atomic arrangemiartsese

nanoscale clusters that often include the presence of defects. The understanding and manipulation of
these properties are pivotal for harnessing nanoclusters in diverse fields, ranging from nanoelectronics
to catalysis, biomedicine, and advanceatenal design.

The oxides of group \B transition metals, notably Zsg@nd HfQ, have attracted significant
research interest due to their high dielectric constants, wide bandgaps, pronounced refractive indices,
and superior thermal stability. Additionally, oxygen vacancy defects within these oxides, particularly
in the nanocrystaltie forms, contribute to the manifestation of intriguing phenomena. The present
work delves deeply into the synthesis methodologies, precise characterization techniques, and the
multifaceted pplication potential of the Zrgand HiZrixO.( x O1) nanocl usters. Thr
exploration, we aim to elucidate the intricate relationship between the defects in the physical structure
of the nanocluster, composition, and their resulting macroscopic behaviors, with a special focus on
the ferromagnesim, providing insights that could pave the way for future innovations in
nanotechnology. Monosized Zr@anoclusters (NCs) are deposited over a large area by using gas
phasecondensatioollowed byin-situ size selection by a quadrupole mass filter. Thesesgizeific
NCs exhibit sukpxide photoemission features at binding energies that are dependent on the cluster
size (from 3 to 9 nm), which are attributed to different oxygen vacancy defect states. Teage do
free ZrQ NCs also show strong siziependent ferromagnetism, which provides distinct advantages
in solubility and homogeneity of magnetism when compared to traditional dilute magnetic
semiconductors. A defetiand hybridizatioinduced magnetic polan model is proposed to explain
the origin of this sizelependent ferromagnetism. This work demonstrates a new protocol of
magnetization manipulation by nanocluster size control and promises potential applications based on

these defeetich sizeselected ITs.



Using two metal targets in the gabasecondensatiotechnique, we synthesize, for the first time,
sizespecific hybrid HfZrixO.( x O 1) NCs that can be precisely t
while adjusting the Zr and Hf composition. The crystallinity of the hybrid NCs is found to vary with
the NC size obtained under specific deposition conditions, from amorphous for smallaN®s, to
single crystalline for 8.0 nm NCs, to corshell for NCs with higher Hf content and to
polycrystalline for largeNCs > 10 nm with high Zr content. For the singlgstalline HfZr1.4«O-

NCs, we observe, for the first time for NCs, the special orthorhorRb#2() structure found only in

the HfZrG; film prepared under extreme conditions. Surprisingly, the measured bandgaps of these
NCs are found to increase with the cluster size, in contrast to expected increasing band gap with
decreasing NC size. The XPS spectra clearly show that the Zr 3d conspcaeive attributed to
oxygen vacancy defects and substitution ofddfZr in the lattice. A new model involving Hf

induced polaron is proposed to describe the physical and electronic structures of these novel
bimetallic hybrid oxide NCs. This work establishes a general formation protocol for other hybrid
semiconductor NCawhile the HfZr1xO, (x<1) NCs with novel phase and polarization could provide
promising electrical properties for the next generationvaatile memory device applications.

To understand the behavior of the electrons within the defects of these NCs and explore their
electronic properties, we fabricate naglectrodes, including nano interdigital electrodes and
nanogaps. As one of the most crucial procedures in the eleatiexige fabrication, patterning is
studied by comparing the results obtained by maskless optical lithography, electron beam lithography,
and ion beam lithography with a gas fiéld ion source and with a SiAu liquid metal alloy ion
source. Helium ion beam lithography is found to offer the most refined feature resolution, while the
Siion beam lithography demonstrates its fastest patterning speed in creating nanofeatures,
particularly by taking advantage of its unique dir@aite capability. Using ion beam lithography, a
nancIDE with a 43nm gap is created witthirect writing ofAu** ion beam on a Pt film. This
technology also enables precise nanadmpceproduction with sharp edg that are crucial for
tunneling and electron hopping studies. The spacing of these nanogaps carilrefirtbrough ion
beam exposure. We also fabricate a simgleocluster device, for the first time, by integratingif
xO2 NCs into these nanogalevices. Such nanelectrodes serve as platforms for measuring the
electronic properties of NCs, with promising potential for other nano and quantum device

applications.
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scattering characterization of the NCs to reconstruct the scattering in@naifyinction of the

magnitude of the wave vector q in order to obtain the NC size distribution and relative volume
fraction by fitting these curves. In (b) and (c), the position of the magnetron spytetirce is

movable so that the nucleation and growth of the NCs at different distance from the source can be
£5] (1[0 1= o S 9



Figure 1.4(a) A schematic representation of a magnetron sputtering source usingustalied

hollow cathode sputtering source. (b) Representative temporal shape of the HiPIMS pulse with the
voltage labelled in red and the current labelled in black. (c) Surfzageis (top), light microscope

images (middle) and depth profiles (bottom) of a standard magnetron sputtering target (left) compared
to a FullFace Erosion magnetron (right). (d) Schematic diagram of the concept of Matrix Assembly
Cluster Source (MACS) arttie apparatus. The matrix is formed by condensing the evaporated target
atoms and buffer gas atoms simultaneously onto the matrix support grid (held at below 15 K by a
rotatable cold finger). The deposition is then triggered by high enerdyeam (1 keV)............... 13

Figure 1.5 &) Schematic diagram of the mechanism of a photoelectrochemical water splitting
reaction. An expanded view of a Ti@anocluster (NC, red sphere), consisting of Ti (green spheres),

O (pink spheres), and H atoms (brown spheres), is shown as the lower inset. The upper inset shows
the electrorhole pair generation in Tiupon U\Avis light illumination, which supplies holes*jh

for the oxidation of OHleading to Q@ evolution at the photoanode and electrons (@on traveling

to the counter electrode through an external circuit, for reduction leadinggeniration. (b)
Photocurrent densities as a function of applied potential obtained in a photoelectrochemical water
splitting reaction in a 5 M KOH electrolyte using Ti@anoclusters of different sizes (4, 6 and 8 nm)
and the posannealed Ti@NCs (6 nm). (c) Lineasweep voltammograms curves for electrocatalytic
HER with STO and the FETO electrodes in a 0.1 Ejueous solution of N&Q, under Ar from +

O8IV (0 0 0 S T PP 17

Figure 1.6(a) Measured (symbols) and fitted ferromagnetic hysteresis loops (solid linegjrofras

ZrO; NCs of different sizes obtained at 5 K. The right bottom insert presents theattidg

leading to ferromagnetism generation: an impurity band contributed by, ZZ4t) is generated by

the oxygen vacancy defects. This impurity band could merge and hybridize with the conduction band,
which triggers bandplitting into spirup and spirdown states. (b) Schematic presentation of the
formation of magnetic polarons in an unredamnsted ZrQ (1 0 1) surface. The missing oxygen

vacancy (\b) in the lower sublayer triggers four nearby Zr ions (the one belpig Mot shown) with

two excess electrons. The electron trapping in the oxygen vacancy could couple with the other
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holder for a 5 mm x 5 mm sample and (c) the Cryomech compressor to cool the helium gas to the
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Figure 3.1(a) Schematic representation of the Nanogen NC deposition system for producing a size
selected NC beam, which involves (i) generation of free atoms by DC magnetron sputtering, (ii) seed
formation by collision and atom aggregation into bigger clusters(i@nseam collimation via a 3

mm diameter entrance aperture and size selection of the NCs by a quadrupole mass filter. (b) Mode
cluster size (in diameter, left axis) and the deposition chamber pressure (right axis) as a function of Ar
flow rate (from 400 80 sccm in steps of 10 sccm) for different ALs (10, 30, 50, 70, and 97 mm). The
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Figure 3.4Measured (symbols) and fitted ferromagnetic hysteresis loops (solid linesyavas
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Only the Zr 3@ and Hf 4f;, features are used to identify the oxidation states. The NC cluster size
generally increases with increasing AL (i.e., from left panel to right panel) while the relative Hf
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Chapter 1

l ntroducti on

Atoms and molecules serve as the fundamental building blocks of our world. However, the manner
and extent to which these blocks assemble can result in significant differences in the resulting matter,
with properties transitioning from individual atoms ooletules to nanobjects to bulk materials,
especially in or near the gquantum regime. These
capture our primary research interest. The present work will center on the synthesis of zero
dimensional Zr@QandHfxZr1.xO. nanoclusters, followed by an-depth examination of their

morphologies, structures, and electronic states. Based on their unique properties, we further
investigate the potential use of these intriguing nanoclusters, with the emphasis on their eladtrical
magnetic applications. In this chapter, we provide an overview of nanoclusters, delving into their
synthesis methods and sidependent behaviors. We then discuss ferromagnetic semiconductors
along with their origin. We close this chaptetiwa brief review of interdigital electrodes and

nanogaps that serve as platforms for building future sicigkgter devices.

1.1 Nanoclusters

Nanoclusters (NCs) are aggregations of atoms or molecules that are typically smaller than a few tens
of nanometers in siZ&? In this special size regime, the electronic structure retains distinct individual
states instead of merging into bands. The high surfaca@xedume ratio (or specific surface area)

and quantum confinement effect could lead to unique properties aabpm@nomena, which could

be significantly different from those observed in bulk materials. Currently, there are huge varieties of
nanoclusters generated in metals and metal oxides as well as their mixtures. The noble metal NCs
with their hightemperaturestability and strong local surface plasma resonance have found
applications in light illuminatiori bio-sensing® and fuel cells.In the last two decades, there has

been a growing interest in the investigation of nanoclusters of transition metals and their oxides.
These NCs not only exhibit marked changes in their bandgaps from their bulk forms arising from the
isi ze ef Isoeoften containtdiseemibleaoxygen vacancy defects, resulting in various
oxidation and miejap states within the NCs. The presence ofgaid states and the diverse

structures composed of ordered arrays and assemblies make these materials promidatg<asdi

catalysts in photoelectrochemical water splittihand CQ reduction reaction¥,and as various
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sensors? '3 More interestingly, the high specific surface area could also introduce novel phases that

are not readily observable at room temperature, and these new (metastable) phases could exhibit other
fascinating properties, like ferromagnetism, not found in stpbasesIn short, NCs hold the key to
unraveling the evolution of electronic structure and other properties, providing insights into the

mechanisms underlying the properties that bridge the bulk phase and the atomic world.

Awell-k n own fupodt tsothr at egy of synthesizing NCs i nvi
molecules with precise size control in order to achieve better control over their structures and
functionalitiest* To date, there are many methods for synthesizing metal and metal oxide
nanoclusters, including hydrothermal methdself-assembly, wet-chemistry impregnation
method!® and gagphase condensatidd:*With the development of the cluster beam method, the
gasphase condensation technique coupled with size selection using a mass filter has emerged as a
powerful approach for synthesizing NCs. In this section, we will focus on this popular NC synthesis
technique via gagphase condensation with post size selection and provide an overview of the latest

research on NCs so produced and their-dg@endent properties.

1.1.1 Basic Steps of Gas-Phase Condensation Technique

Gasphasecondensatiotechnique has been used to synthesize NCs since the!1 880sis
technique, the target material is vapedinto the gas phadgy an energy or particle beam or some
other meansThe resulting gaseous atoms or moleculestsme carried by a buffer gas, usually Ar or
He, through a cool condensation chanfb#iowing the pressure gradient. In the chamber, the
gagoustarget atoms collide witbhnearother, losdheirthermal energy, and condense into
nanoclusters. With thexplosivedevelopment of nanotechnolpin the past decades, gplsase
condensation has become more advameebis now capable gfenerating avide variety of novel

NCs. This technique consists of the following four basic steéps:
1 Target material evaporation

Target material evaporation is the first step of thepghasecondensatiotechnique. It involves
generating the target material into gas phase. High vacuum condition is required to ensure that the
gasphase target remains of high purity. There are several common methods to evaporate the target
materials, including seeded sugmE nozzle source, thermal gaandensationsputtering sources,

pulsed arc cluster ion source and laser ablation sources, shown in Figiirehk seeded supersonic

nozzle source has an advantage of producing a high flux NC beam, but it is not compatible for targets
2



with high melting points. The laser ablation source has the flexibility of target selection, but it also
introduces complexity into the system. Among these sources, the sputtering source, especially the
magnetrorbased sputtering source, is widely usediahds been considered as the most promising
source due to its wide range of target selection, ease of operation, and ability to finely tune the gas
phase target generation ratédditionally, cosputtering of several target materials simultaneously

or sequentially can be easily achieved by magnetron sputtering to generate different types of

nanoparticle clusters, such as alloy, bimetallic and trimetallic NCs, with varioustedire

structures./ 2124
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Figure 1.1 Basic layout of sources for the galsase condensation technique: (a) seeded supersonic
source: a high pressure inert carrier gas takes the vapor of low melting point target material into the
condensation chamber, while the sudden expansion of the gasiowoi the target vapor into

clusters; (b) thermal evaporation source: a heated crucible is used to evaporate the target for further

cluster condensation; (c) sputtering source: a magnetron sputtering source is used to generate the
3



target gas vapor; (d) pulsedc cluster ion source: the evaporated plume is produced by a pulse arc
coinciding with the gas burst; (e) laser ablation source:-&N@ laser pulse focused onto the target
to evaporate the target material; and (f) micropkasiaster source: a pulse of high pressure inert
carrier gas is introduced to promote the sputtering yield.

1 Condensatiomandcluster growth

In Figurel.2a an aperture along a pressure gradiensé&ito condense the ggdhase target germs

into clusters. To help with the condensation, an inertggsa{lyAr) is introduced, not only for
sputtering the target material but also to facilitate seed form&tidre formation and growth of the
NCs by gagphasecondensatiomtechnique involve the following simplified mechanism, schematically
presentedn Figure 1.2 using the example of sizelected ZroNCs synthesis:

M+M+Ar+Arf+eY M+ Art + Ar (seed formation)
Mmw+ M ¥ (Bbgregation)
Mm+ s ubst my(ad) €esubstrate + §&nding and neutralization)

where Aris the buffergas, M m = 2, 3, é, n) i s afnmfaroresMn(adpisaal cl| us

metal cluster adspecies on the substrate.

Intense research has been directed towards understanding the growth mechanism of NCs within
the condensation chamber, encompassing facets of nucleation and transportation. This realm of
investigation can be categorized into two principal types of studies. Bhedtegory employs
molecular dynamics to simulate the interactions betweeiplgase atoms during collisions, yielding
highly precise and accurate pictures of nanocluster gréfi#ttiBased on this atomistic approach,

Monte Carlo simulations have focused solely ordefined system transitions rather than the
comprehensive trajectories of every individual parti¢fé.The second category of studies harnesses
computational fluid dynamics to model the flow and transportation of nanoclusters within the
condensation chambéf.>* In particular, these later studies delve into the ramifications of gas flow

rate and the positioning of the sputtering souaoe, examinasuch important variables as the distance

" Reprinted with permission frominns, C. Chapter 3 Production of Nanoparticles on Supports Using Gas
Phase Deposition and MBE. lhandbook of Metal Physicg&lsevier, 2008; Vol. 5, pp 491. Copyright 2009
by Elsevier.
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between the source and the exit aperture, commonly referred to as the aggregation lengémr8sth
of inquiries via molecular dynamics and computational fluid dynamics, have yielded noteworthy
resuls. Indeed, these investigations underscore the pivotal roles played by the pressure within the
aggregation chamber and the flow rate of the carrier gas. These factors signiiitlughce the

dwell time of nanoscale aggregates, ultimately leading to variations in the NC size distributions.
1 Massfiltering and sizeselection:

Both theoretical and experimental studies have provided ample evidence that NCs exiting the
condensation chamber tend to follow a size distribution resembling a Gaussiar?tofile.
Consequently, to procure the size distribution of these NCs and selectively isolate NCs of desired
mass (size) for further tasks suchrasitu deposition of monosized NCs onto appropriate substrates
andexsitu characterization, the integration of a mass filter becomes essential. Among the commonly
employed mass filters for NC deposition are the quadrupole mass filter (Eigayeand the timef-

flight mass filter, both of which offer significant utility in this contéxXt*These mass filters are
amenable to operation in both higgsolution and lowesolution modes, thereby enabling

appropriate compensation for the beam flux. The-tifaffight mass spectrometer is noted by its
remarkable resolution capabilities, extendipgto 10 atomic mass units (amu), albeit with certain
intricacies. On the other hand, the quadrupole mass filter exhibits a more streamlined configuration.
Through a straightforward manipulation of the DC/AC ratio, the quadrupole mass filter can be

effecively used to minimize any traetff between flux and resolutiof¥.
91 Deposition and oisubstrate modificatian

Monosized nanoaggregates are produced as they exit the mass fihee aeady for deposition.

Ideally, the NC beam can be deposited onto any vaaampatible substrafé However, conductive
substrates are preferred if a thick NC film is required, in order to prevent charging from the
negatively charged NCs. Additionally, the final NC depaosition can be modified by applying a sample
bias to control the landing energeticgl&m changing the substrate temperature during the deposition

process (e.g., by-situ annealingy?3’
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Figure 1.2 (a) Schematic representation of the Nanogen NC deposition system for producing a size
selected NC beam, which involves (i) generation of free atoms by DC magnetron sputtering, (ii) seed
formation by collision and atomondensatiomto bigger clusters, and (iii)) beam collimation via a 3

mm diameter entrance aperture and size selection of the NCs by a quadrupole mass filter. (b) Zr
nanocluster mode size (in diameter, left axis) and the deposition chamber pressure (right axis) as a
function of Ar flow rate ffom 40 to 80 sccm in steps of 10 sccm) for different aggregation lengths or
Als (10, 30, 50, 70, and 97 mm). The mode cluster size corresponds to the size (diameter) of the
maximum in the cluster size distribution. (c) Zr nanocluster size distributioeflested by the beam

current obtained at the collector of the quadrupole mass filter, for a fixed Ar flow rate (50 sccm) and
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different Als (10, 30, 50, 70, 90, and 97 mm), along with the mass of Zr NCs (right axis) for different
NC sizes.

1.1.2 NC Tuning

The magnetron sputterifgased gaphase condensation technique, coupled with a quadrupole mass
filter, offers a high degree of freedom to finely tune the NC beam with different sizes, phases,
structures, and compositioHsBased on the aforementioned synthesis mechanism, tuning can be
performed in each step to affect the final form of the NCs. Tuning the source could provide different
initiations for the subsequent condensation process. Simply adding more magnetromgputteri
sources with different targets becomes a powerful and flexible solution to create a wider variety of
NCs?2238By turning each sputtering source on and off individually in different time sequencing
manners, bmetallic (A+B) or alloy (AB) NCs can be synthesized from just two sources. Httl

have also demonstrated that different esinell structures can be precisely manipulated by

controlling the position of each sputtering source (i.e., each source has its own aggregatioff length).
Clearly, NCs with ternary, quaternary, quinary compositions and beyond can in principle be obtained

by adding more sources.

Manipulating the condensation process is key to synthesizing NCs with different sizes, phases,
and oxidation states. Several parameters can be adjustedtionfindie NC condensation, including
(Ar) gas flow rate, aggregation length (AL, defined as ihtadce between the targets and the exit
aperture), and cooling temperature of the condensation zone. Ar flow rate and aggregation length are
the two most important variables, which work together to change the dwell time and, thus, the NC
size distributior?®34lllustrated in Figure 1.2c, for a fixed Ar flow rate, a longer AL promotes a
longer dwell time, resulting in a bigger NC mode size and a wider size distriBUfigure 1.2b also
shows that, under the same aggregation length, increasing the Ar flow rate produces more sputtering,
more seed formation, and shorter dwell time, which results in a narrower NC size distribution and a
smaller mode size. Tuning the NC sdlistribution is especially important because it also maximizes
the deposition efficiency when the NC beam passes through the mass filter. Cooling temperature of
the condensation zone is more difficult to manipulate than the other two parameters, egiethi@ou
cooling rate could strongly affect the lattice structure. While water or liquid nitrogen has been used to

cool the condensation chamber walhere are some others report the use of cold fingers attached to
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the substrate to cool down the deposited NCSimultaneously introducing some reactive gases, such
as Q and HO, into the condensation chamber can alter the oxidation state or aggregation status of
the NCs. Indeed, introducing oxygen with a leak valve is a commonly used method to modify the
oxidation state of transition metal oxide NCs, such as.ti®haoet al. demonstrated that

introducing water vapor into the condensation germs acted as an adhesive component toform core
satellite Au NC complexe€.Alternatively, introducing He as another inert carrier gas could
significantly increase the gas flow speed inside the aggregation chamber, resulting in a narrower NC
size distribution with a smaller mode size. However, too much He may prevent seedofoanaditi

could result in the loss of sputtering atoms and low NC beam cdfrent.

As demonstrated in Figure 1.3, when combined withhligh vacuum (UHV) techniques,
various inflight modifications can be incorporated alongside rfiigsing. For instance, positioning
an additional magnetron sputtering source adjacent to the NCdileava for additional coating on
the assynthesized NCs, thereby enabling the realization ofsloe# or even corshellshell
structures within the NCS.Other insitu characterizations, such as tinesolved U\WVis
spectroscopy (Figre 1.3b¥ or smaltangle Xray scattering measurement (fig1.3c)* can also be
conducted. To facilitate these analyses, a window is incorporated near the sputtering source in the
condensation chamber, in order to facilitate the transmission of ultraviolet and visible lighayr X
Thesein-situ measurements provide insights into cluster growth and material transport. Furthermore,
the application of substrate bias can alter the kinetic energy upon which the NCs land on the
substrate, which is a particularly effective parameter given the intdrarge of the NCs. This
variation in the landing energy strongly affects the ultimate morphology of the NCs deposited on the
substraté® This is supported by Langevin molecular dynamics simulation, which shows that upon
reaching the substrate with distinct kinetic energies, the ensuing impact energy elevates the NC
temperature significantly, reaching thousands of Kel¥idonsequently, contingent on the substrate
bias, the NCs could undergo structural deformation amtlystallization. Under either a negligible
bias or a low bias condition, specifically with values lower than 0.1 eV/atom, the scenario can be
construed aene of soft landing, where the NCs experience no deformation upon impact,
consequently generating a loosely packed porous film. On the other hand, as the bias is increased
above this softanding threshold, the NCs experience a more forceful collisionthgtisubstrate,

culminating in the creation of a relatively dense fifm.
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path to providen-situ UV-Vis characterization of the assembling NCs. Positions 1 and 2 correspond

APreprinted with permission frofassidy, C.; Singh, V.; Grammatikopoulos, P.; Djurabekova, F.; Nordlund,
K.; Sowwan, M. Inoculation of Silicon Nanoparticles with Silver Atosi Re[2013 3, 3083.Copyright

2013 by Springer Nature.
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to the loss regions and Position 3 corresponds to the trapping Yégjdn:situ smallangle Xray
scattering characterization of the NCs to reconstruct the scattering intensity as a function of the
magnitude of the wave vector g in order to obtain the NC size distribution and relative volume
fraction by fitting these cunge In (b) and (c), the position of the magnetron sputtering source is
movable so that the nucleation and growth of the NCs at different distance from the source can be

studied®

1.1.3 Advantages, Limitations and Improvements of the Gas-phase Condensation

Technique

Gasphasecondensatiomffers several advantages over traditional NC synthesis methods. It provides
high flexibility in material selection and the ability to simultaneously incorporate multiple targets in
one condensation chamber. With the help of a DC or RF magnetron spustauiice, it can generate
NCs with most solid metals and metal oxides, particularly those with high melting point t&fgéts.
More importantly, this technique is capable of synthesizing NCs without using any solvents, ligands,
or linkers and therefore free of any contaminant. Compared to thehesiistry or hydrothermal

method, it allows fomoreprecise tunindor both size andompositionof the resulting NCs without
involving complicated operation and proceduredligtht modifications, coatings, and

characterization caalsobe easily achieved, allowing for precise control over the properties of the
NCs*2 Moreover, the technique can be used with any type of substrate that can withstand low
vacuum conditions, and the substrate preparation is relatively lessdimaming. Overall, gas
phasecondensatioiis a highly versatile method for producing NCs with tailored functionafibies

diverse applications.

¥ Reprinted with permission frorewes, J.; AiOgly, S.; Strunskus, T.; Polonskyi, O.; Biederman, H.; Faupel,
F.; Vahl, A. Impact of Argon Flow and Pressure on the Trapping Behavior of Nanoparticles inside a Gas
Aggregation Sourcé?lasma Processes and Polym2622 19 (1), 1i 11. Copyright 2021 by John Wiley and
Sons.
§ Reprinted with permissionfro@®h el emi n, A.; Pl eskunov, P.-QOglyksj;usal , J.
Ni kitin, D. ; Sol as$§, P. Kratochv?2] , J . ; Vai dul ych, M.
T.; Faupel, F.; Roth, S. V.; Biederman, H.; Choukourov, A. Nudeaind Growth of Magnetre8puttered Ag
Nanoparticles as Witnessed by TiResolved Small Angle >Ray ScatteringParticle and Particle Systems
Characterizatior202Q 37 (2) 1900436 Copyright2019 by John Wiley and Sons.
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Despite these advantages in-pagase condensation technique, there are several limitations that
could still impede the broader industrial utilization of NCs. Among these, a prominent issue is the low
NC beamcurrent!”*This predicament arises from the geometry of the magnetron and the buffer gas
inlet, which results in a significant proportion of the sputtered atoms undergesiegosition onto
the central target area paxsillision with the buffer gas. Consequenthpt®enomenon known as a
"racetrack" can manifest. The appearance of this racetrack on the target surface greatly diminishes the
sputtering yield, thereby inducing inconsistency in NC production. Given that only a small fraction
(~1%) of NCs manages to esedpom the plasma region, the dominant factor contributing to the NC
loss is caused by diffusion onto the chamber Walhis is supported by an additional computational
fluid dynamics simulation that confirms the presence of three distinct areas where the NCs could
become ensnared or lost due to the influence of vortexes and drag forces, as shown ir8bigfure
The exceedingly low NC beam current necessitates extensive hours of sputtering to generate a
compact NC film, thereby exacerbating the erosion issue encountered by the sputtering target and

further reducing the NC beam intensity.

Considerable advancements have been made in the last decade in enhancing the sputtering yield
and ensuring the consistency of the NC beam quality from its source. Augmenting sputtering yield
represents a direct approach to elevate the atom density afgeéwithin the condensation
chamber. Departing from the conventional planar magnetron sputtering sources, a novel hollow
cathode sputtering source with a tube target has been dé¥/igdsd tubeintegrated sputtering
engenders sebBustained sputtering devoid of magnetic field assistance, thereby conferring substantial
advantages in terms of sputtering yield and target utilizatiom(€ig4a). Alternatively, the
development of the fullace erosion (FFE) magnetron seeks to enhance target utilization by
employing moving magnets to sweep across the entire target surface (Fg)2’ This approach
mitigates the low sputtering yield linked to the challenge of "racetrack"” formation on planar
sputtering targets. Conversely, the employment of-pimlier impulse magnetron sputtering
(HIPIMS) enables heightened energy levels compared teeational DC sputterind.his engenders
not only an augmented influx of gabase atoms but also a denser plasma for seed formation, thereby
amplifying the NC yield (Figre 1.4b)38 Interestingly, HiPIMS exhibits differential effects on the
degree of ionization of the sputtered material, thereby influencing the final NC structure, particularly
in the case of bimetallic NCs. Furthermore, an innovative cluster source called theAdatmbly

Cluster Source (MACS) that uses an innovative operating principle has been pioneered bgtPalmer
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al. (Figure 1.4d)*® This involves the utilization of a cold finger mesh to condense a blend of metal
atoms and buffer gas atoms into a solid germ. Cold NCs materialize after the condensed matrix is
sputtered by an additional buffer gas (Aveam and subsequently deposited onto the substrate. More
significantly, the MACS maintains a robust potential to scale up cluster beam current to the
milliampere level in comparison to the nanoampere level achieved through the traditigplahgas

condesation technique.
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Figure 1.4 (a) A schematic representatiai amagnetron sputtering source usingedf-sustained
hollow cathode sputtering sourégb) Representative temporal shape of the HiPIMS pulse with the

™ Reprinted with permission froiniu, J.; He, S. H.; Wang, J. P. Higfield GasPhase Condensation Synthesis
of Nanoparticles to Enable a Wide Array of Applicatioh€S Appl Nano Mate202Q 3 (8), 7942 7949.
Copyright 20® American Chemical Society.
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voltage labelled in red and the current labelled in bt¢&) Surface images (top), light microscope
images (middle) and depth profiles (bottom) of a standard magnetron sputtering target (left) compared
to a FultFace Erosion magnetron (righitjd) Schematic diagram of the concept of Matrix Assembly
Cluster Source (MACS) and the apparatus. The matrix is formed by condensing the evaporated target
atoms and buffer gas atoms simultaneously onto the matrix support grid (held at below 15 K by a
rotatable cold finger). The deposition is then triggered by high enertjgeam (1 keV§?

1.14ASi-dependent 6 Properties of Nanoclusters

The sizedependent properties of nanoclusters constitute a compelling area of investigation that
profoundly influences their performance in potential applications. As outlined in the preceding
section, the method of nanocluster synthesis significantlyrgevkeir size, structure, and
composition. Tabld.1 summarizethe metal targetsised inmost of the popular NCs synthesized by
the magnetron sputtering based-ghase condensation technique (wittbaprehensive table and its
own bibliography given imAppendix A). Building upon this foundation, the subsequent analysis
delves into how these size variations intricately shape the distinctive characteristics and performance
of NCs. Unraveling the intricacies of siependent behavior is of paramount importance, as it
empowers researchers to engineer nanoclusters tailored precisely for a wide range of specific
applications, from catalysis to electronics to biology, and to energyecsion. In this section, we
embark on a comprehensive exploration of theieating realm of the sizdependent structure
propertyperformance relation in nanoclusters and itaéaching implications across diverse realms

of scientific inquiry and technological advancement.

AReprinted with permission froMayoral, A.; Martinez, L.; GarciMartin, J. M.; Fernandelartinez, I.;
GarciaHernandez, M.; Galiana, B.; Ballesteros, C.; Huttel, Y. Tuning the Size, Composition and Structure of
Au and CagoAuso Nanoparticles by HigiiPower Impulse Magnetron Sputtering in G3sase Synthesis.
Nanotechnologp019 30 (6), 065606 Copyright 2018 by IOP Publishing Ltd.
¥ JReprinted with permission froiduttel, Y.; Martinez, L.; Mayoral, A.; Fernandez, |. GRisase Synthesis of
Nanoparticles: Present Status and Perspectit®S CommuR018 8 (3), 947 954.Copyright 2018 by
Springer Nature.
8 Reprinted with permission frofalmer, R. E.; Cao, L.; Yin, F. Note: Proof of Principle of a New Type of
Cluster Beam Source with Potential for Sedle. Review of Scientific Instrumer2916 87 (4), 046103.
Copyright 201@y AIP Publishing.
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Table 1.1 Thetarget material that has been synthesizednatwclusters using the magnetron

sputtering gaphase condensation technique

Single Metal NC o Hybrid Metal/Metal Oxide NC

Single Metal Oxide NC*  » Multi-metal NC

ng AI0 xSi
Ti V |[Cr Mn Fe Co| Ni_ Cu Ge
X O x »® » ® Oix ® O x o
Zr Mo Ru Pd | Ag Sb | Te
®x O L3 » » »
foo Tao W Iro tho xAuo

Controlling the dwell time of collisions among galsase atoms and aggregates during the gas
phase condensation stage can effectively produce different size distributions of synthesized NCs
while simultaneously modifying their crystallinity and morphologgr example, ultramall size
selected ZroNCs synthesized through Zr metal NC formation followed by natural oxidation in the
ambient environment exhibit an amorphous structure at Jramételin size) andstartto form
crystalline structures at 5 nfiln contrast, TIQNCs from the same Group 1B show a crystalline
core surrounded by an amorphous shell when their size is larger thah@mthe other hand, HO
in the amorphous form is only observable in NCs below 10 nm due to surface energy relaxation.
These findings suggest that small grain size thermodynamically favors the formation of the
amorphous phaséFurthermore, Pearmaat al.demonstrated that Pd NCs showed a notable
deviation from a spherical shape with increasing cluster size from 887 to 10,00G attisss due
to different relaxation between clustuster collisions in the aggregation chamber. These novel

structures and morphologies that are markedly different from their bulk forms could lead to the
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emergence of new properties not found in their bulk phases and to potentially improved performance

in relevant applications.

In catalysis work, NCs emerge with their distinct advantages arising from their high surface area
to-volume ratio that has led to more active sites and enhanced surface reactivity. In additior, the size
dependent morphology, lattice structure and chersteéis could also significantly affect the
catalytic performance of the NCs. Conventionally, a substrate is required not only for retaining the
NCs into a certain region, but also for enhancing the charge transfer process resulting in better
performance. iBice the gagphase condensation is a physical vapour deposition technique that do not
depend on the nature of the substrate, many different substrates have been reported and they include
Si, MgO (powdel), FTO, andSTO (SrTiQ).8:22:5253

In the field of photoelectrochemical water splitting chemistry, NCs have been extensively studied
and employed for both oxygen evolution reaction (OER) and hydrogen evolution reaction (HER),
showcasing their broad functionality and versatility. NCs ofsiteon metals and their oxides have
been mostly used in the OER work, while noble metal NCs are used as photocathodes. Strong size
dependent performance has been observed in such catalysis work, where NCs with smaller sizes
exhibit higher catalytic activigs. For example, Yangt al.found that the sputtering power
significantly affects the morphology and size of Co:Sm NCs, and the NCs with the smallest size and
highest Co concentration exhibit the highest electrocatalytic properties in thé’ @&dRtionally,
Srivastavaet al.showed that sizeelected TiQNCs with sizes smaller than 6 nm exhibit higher
photoelectrochemical catalytic activity, shown in Figures 1.5a and® Whle Khojastelet al.
demonstrated that sizelected MnO NCs synthesized by-gésse condensation with sizes of 4, 6,
and 8 nm exhibit enhanced catalytic activities with decreasingdiz¢he HER work, the size
selected RISTO electrode exhibits enhanced electrochemical HER activity, with the maximum
performance found for A 30 in the range of r 1-45 between 1385 V and 136 V vs Ag/AgCl, as
demonstrated in Figure 1.8tAnion photoelectron spectroscopy also showed a shift in the LUMO
level of the Pt NCs as a function of size. Interestingly, Pt NCs and nanostructures are so versatile that
they can be used not only as a photocathode for HER but also as a promoter te thmprov
performance of other semiconductor NC photoanodes. Srivastavalso demonstrated that
introducing Pt NC promoters could significantly reduce the eledioda pairs generated in the

semiconductor TaQduring the OER and efficiently enhance giamnversiort.
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Figure 1.5 (a) Schematic diagram of the mechanism of a photoelectrochemical water splitting
reaction. An expanded view of a Ti@anocluster (NC, red sphere), consisting of Ti (green spheres),
O (pink spheres), and H atoms (brown spheres), is shown as the lower inset. The upper inset shows
the electrorhole pair generation in Tiupon U\Avis light illumination, which supplies holes*jh

for the oxidation of OHleading to @ evolution at the photoanode and electrons (@on traveling

to the counter electrode through an external circuit, for reduction leadinggeniration. (b)
Photocurrent densities as a function of applied potential obtained in a photoelectrochemical water
splitting reaction in a 5 M KOH electrolyte using tianoclusters of different sizes (4, 6 and 8 nm)
and the posainnealed Ti@NCs (6 nm)." (c) Linearsweep voltammograms curves for
electrocatalytic HER with STO and the/BfT O electrodes in a 0.1 M aqueous solution ofSa

under Ar from + 0.5V t61.8 VAAA

Two main characteristics have been identified to account for thelspendent photocatalytic
performance of NCs. The first one is attributed to the "geometric size éff&itice photocatalysis
is primarily related to reactions occurring on the surface, smaller NCs with a higher specific surface
area provide more reactive sites per unit area than larger NCs when they form a monolayer on the

substrate. The second feature ilves changes in the lattice structures and electronic states that could

™ Reprinted with permission frorivastava, S.; Thomas, J. P.; Rahman, M. A.; Heinig, N. F.; Leung, K. T.
Size Selected Ti@Nanocluster Catalysts for Efficient Photoelectrochemical Water Spliti6& Nan®014
8(11), 1189111898 Copyright 2014 American Chemical Society.
AAReprinted with permission froffisunoyama, H.; Yamano, Y.; Zhang, C.; Komori, M.; Eguchi, T.; Nakajima,
A. SizeEffect on Electrochemical Hydrogen Evolution Reaction by SiSjge Platinum Nanocluster Catalysts
Immobilized on Strontium Titanat&@op Catal2018 61, 126 135.Copyright2018 by Springer Nature.
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occur with the NC size. In perfect nanocrystalline NCs, the band gap inherently increases as the NC
size decreases, which could limit photon absorption. However, NCs are more likely to possess higher
defect concentrations compared to bulk materials. Téhefsets introduce midgap states,

consequently increasing photon absorption and enhancing the overall photocatalytic efficiency.

In addition to the photoelectrochemical water splitting reaction, NCs also provide catalytic
activities for other diverse reactions. The influence of both size and composition on selectivity and
efficiency is especially important to atesom synergies. Fanstance, Cagt al. utilized a dual
target gagphase condensation technique to synthesizeidk) Curich, and Au/Ceequal (with 1:1
composition) bimetallic NCs on agitated MgO pow#feklthough the total sputtering powers are
consistent for all the NCs, the Au/@gual NCs (4.6 nm) are larger than both Aich and Curich
NCs (~ 3.6 nm) due to surface agglomeration. Their study revealed that thedgqu@ibimetallic
NCs provide more active sites for oxygen group formation, leading to the highest catalytic reduction
of 4-nitrophenol by NaBkl Furthermore, 5 nm PdTi NCs show excellent selectivity and efficiency
for 3-hexenl-ol hydrogenatiort® The NCs produced using the galsase condensation technique
exhibit superior performance in hydrogenation experiments compared to materials synthesized
through traditional wet chemistrgethod.

The NCs with varying sizes give rise to novel structures and different levels of defects could also
have a significant impact on the spin alignment within the NCs, particularly in the context of defects
resulting from surface oxidation in transition meigide NCs. Early density functional theory (DFT)
studies have shown that oxygen vacancy defects in ME3 are more likely to form at low
coordination locations such as corners and etigéserefore, the number and type of oxygen
vacancy defects could vary depending on the size of theN@3. These defects also stabilize the
tetragonal structure of ZENCs at room temperature, while the most stable structure for bullki&rO
monoclinic?%® As illustrated in Figure 1.6b, in tetragonal Z2iCs, a single oxygen atom can trigger
the reduction of four nearby Zrions into Z¢#* ions, forming a resonance structure. The electron
hopping between the Zrion and the singleharged oxygen vacancy favors spin splitting and
ferromagnetic alignment, in marked contrast to bulk>Zv@hich is diamagnetic. This work also
shows that the ferromagnetism in the ZNCCs is sizedependent (Figure 1.6a), which is also related
to the surface defect concentratidimis behavior promotes another way of manipulating the
magnetic performance by size control. Similarly, the NCs of.Hi@other Group IMB metal oxide,

obtained by gaphase condensation are also reported to have a mixture of tetragonal and monoclinic
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structures that exhibit paramagneti¥tithese dopariree, ligandfree transition metal oxide NCs
could become strong material candidates for the next generation of spintfonics.

Other remarkable performance in biology, energy storage, electrical device applications have also
been demonstrated for the NCs obtained by thgpase condensation technique without delving too
much about their sizdependency. Mergt al.demonstrate that there is a significant change in both
density and morphologic effect for cell spreading onto sterile glass covers decorated with Ag NCs.
The cells change from their typically expanded morphology to a spherical one. Surprisingly, no
toxicity has been fand for those Ag NC& In the field of energy storage, the efficiency ofdtbrage
in Mg films can be significantly enhanced by depositing Pd NCs onto a Mg thifffllhe DFT
study also reveals that the transformation of cubic Pd into a hexagonal structure near the interface is
governed by the interfacial strain. Furthermore, the study indicates that prior hydrogen saturation of
the Pd NCs enhances their nanoportatieficy. Another area of applications for NCs is memristors,
which are tweterminal norvolatile memory devices that can maintain their resistances stased on
the bias and current passing through th&tfiTheir memory capabilities, low power consumption,
and scalability make them attractive for a variety of applications, including artificial intelligence and
neuromorphic computing, data storage, and enreffigient electronics. Since they hold the key to
the next evolution of storage devices, there is a strong interest to fabricate them at the rfAnoscale.
Vahl et al.successfully used the gphase condensation technique to embed 11 nm AgAu or 9 nm
AgPt NCs into a Si@dielectric matrix, forming a vertical sandwich ti&rminal device, shown in
Figure 1.6¢° The device exhibits a reliable pinched currenitage hysteresis loop at the level of
individual NCs, without requiring any additional electroforming steps. These studies utilizing these
ultrasmall NCs illustrate their immense potential for revolutigregsplications spanning catalysis,
electronics, medicine, and beyond. Leveraging the inherent advantage of precise size manipulation
facilitated by the cluster beam technique, their performance can be optimized to its zenith through

meticulous sizelependat investigations.
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Figure 1.6 (a) Measured (symbols) and fitted ferromagnetic hysteresis loops (solid linesjrofxas
ZrO, NCs of different sizes obtained at 5 K. The right bottom insert presents theiitidg
leading to ferromagnetism generation: an impurity band contributed by ZZt) is generated by

the oxygen vacancy defects. This impurity band could merge and hybridize with the conduction band,

which triggers bandplitting into spirup and spirdown states. (b) Schematic presentation of the
formation of magnetic polarons in an aoonstructed ZreX1 0 1) surface. The missing oxygen
vacancy (\) in the lower gblayer triggers four nearby Zr ions (the one belawisvhot shown) with
two excess electrons. The electron trapping in the oxygen vacancy could couple with the other
electron located in 2t via exchange interaction, generating the magnetic polaron. (c) Schematic

depiction of the typical setup of N@ased memristor. For a detailed assessment of memristive
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behaviour of single NCs, single stack SXIC/SiO, devices (with and without an additional Cr
wetting layer) are characterized byAEM.Y ¥ ¥

1.2 Magnetic Semiconductors

1.2.1 From Dilute Magnetic Semiconductors to Dopant-Free Magnetic Semiconductors

In the realm of soligstate physics, the manipulation of electron sgmificantly enhance the
traditional chargédased functionalities, paving the way for a novel paradigm in device
applications¢8 The advent of the giant magnetoresistance (GMR) effect has heralded an era wherein
the intrinsic spin of electrons is not merely a passive attribute but an actively coupled and
transportable entity in electronic devié&#n the context of semiconductors, specific compounds
such as EuO and EuS, illustrated in Figure 1.7a, encompass periodic magnetic eldimarttse
lattice.”® These materials have engendered significant scholarly attention, underscored by phenomena
such as the spin filtering effect and spin maggitical effect’! However, it is imperative to
underscore that the majority of semiconductors remain devoid of magnetic ions, culminating in their
intrinsically normagnetic nature, typified as either paramagnetic or diamagnetic, as shown in Figure
1.7c. Additionally, thecrystallographic attributes of these europium chalcogenides are markedly
distinct from canonical semiconductors such as Si and @aRsconfer magnetic attributes upon
quintessential nemagnetic semiconductors like GaAs and ZnO, strategic doping with magnetic
elements is employed, culminating in the formation of diluted magnetic semiconductors (DMSs),
depicted in Figure 1.713:3

¥V Reprinted with permission fromahl, A.; Carstens, N.; Strunskus, T.; Faupel, F.; Hassanien, A. Diffusive
Memristive Switching on the Nanoscale, from Individual Nanoparticles towards Scalable Nanocomposite
Devices.Sci Re2019 9, 17367.Copyright 2019 by Springer Nature
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Figure 1.7 lllustration of three distinct semiconductor categories: (A) a magnetic semiconductor

composed of magnetic elements; (B) a diluted magnetic semiconductor; and (C) a nhonmagnetic
semiconductor without any intrinsic or doped magnetic.i®hs

Early research in this field made significant progress by introducing Mn into GaAs. The
(Ga,Mn)As thin film is grown using loiemperature molecular beam epitaxy (MBE) to prevent
phase segregatidfIn comparison to other dopedWl compound semiconductors, such as-Mn
CdTe, which has a Curie temperature of < 4K, (Ga,Mn)As presents a notably elevated Curie
temperature, reaching 110 K. Subsequent research indicates thsynibssis treatments incling
annealing processes can significantly increase the transition temperature to proximall{# 200 K.
However, such a temperature remains unpractical for device operations within ambient conditions.
Transparent conductive oxides (TCOs), characterized by their wide bandgap (> 3 eV) that enables
light transmission up to the UV region, have garnered incdestsention due to their availability,
biocompatibility, and enhanced performaritin response to this growing interest, extensive studies
have been directed towards doping TCOs with magnetic elements, giving rise to what is termed as
dilute magnetic oxide (DMO) or dilute magnetic semiconductor oxide (DMSO). In the 2000s, room
temperatee DMSs (RTDMSs) were reported, specifically in Mn:ZnO and Co: X167’ Subsequent
research has broadened the scope of dopants from magnetic elementmtgnetic transition
metals like V and Cu. As those ramagnetic transition metals do not require any external spin from
the dopants, the doped lattice structure as vgetha defects created from the dopant must play an

important role in ferromagnetism. Leveraging the capability to manipulate spin and charge

888 Reprinted with permission fro@hno, H. Making Nonmagnetic Semiconductors Ferromagrigtience
1998 281, 9511 956.Copyright 1998 by Science
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independently, RIDMSs offer a wide range of potential applications, spanning from spintronics and
optoelectronics to magnetoelectronic devites.

With advances in nanotechnology and the synthesis of new TCO nanomaterials, the observation
of unanticipated roortemperature ferromagnetism in these nanomaterials has been striking,
especially given that their bulk counterparts remainmagnetic in thebsence of dopants. Notably,
among these dopafree ferromagnetic TCOs, oxides of all metal elements in tHg tvoup,
including TiQ,, ZrO;,, and HfQ, exhibit ferromagnetic properties in their nanostructured f3dH.

The manifestation of this ferromagnetism is significantly influenced by the specific nanostructure.
Figure 1.8 highlights the ferromagnetic attributes across variousnan@structure®. Further
characterization reveals that these nanomaterials possess a substantial concentration of oxygen
vacancy defects, and some even stabilize unique phases at room tempehasiteeen suggested

that the pronounced surface ateavolume ratio inherent to these nanostructures may be instrumental
in stabilizing defects and thereby inducing their ferromagnetic ber&itidhese dopaniree

magnetic semiconductors offer superior benefits, notably without any dopant segréga@aining

a comprehensive understanding and mastering control over magnetic interactions within DMS

materials are crucial for the continued development of spintronic de¥ies.
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Figure 1.8 (a) A schematic representation of the growing mechanistefettrich Zro;
nanostructures on Au islands coated oxidized Si templates. (b) The hysteresis loops between
magnetization (M) of agrown ZrGnanostructured yl ms and external
temperature. The top left inset shows the SEM images of the corresponding nanostructures (from top
to bottom): nanowires, nanospikes, nanopopcorns, and nanobricks. The bottom right insest @resen
schematic model of the formation of bound magnetic polarons (green circles) by singly and doubly
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charged oxygen vacancies (squares), where théanis are marked by open white circles and the

Zr3" ions are shown as solid white circl&s

1.2.2 Existing Models of Dilute Magnetic Semiconductors

The phenomenon of ferromagnetism in dilute magnetic semiconductors has been a focal point of
research since its initial discovery. Over the years, researchers hdoeyamd various models
attempting to elucidate the underpinnings of this intriguing behavior. However, despite these
endeavors, the precise nature and mechanisms of magnetic interactions within DMS are yet to be
fully understood®°The landscape of this study becomes even more complex with the subsequent
revelations of ferromagnetism in dopdrege TCO nanomaterials, including a range of structures from
nanofilms and 2D materials to 1D nanostructures and to OD nanoclusters, wigdhyaats of
complexity to the existing narrativé>°8#2Consequently, the true origin and mechanisms driving
ferromagnetism in these vaussystems remain subjects of active investigation and debate in the

academic community.

In the early stages of research, the Ruderidateli Kasuyd Yosida (RKKY) interaction was a
dominant theory. Rooted in the realm of impurity metals, this interaction offers an account of the
indirect exchange process mediated by conduction eleéfrtinwovides insights into how magnetic
impurities interact over extended distances within a metallic host, shaping the ferromagnetic
properties. However, the RKKY interaction is characterized by its oscillatory behavior as a function
of distance, which mans the spin parallel (ferromagnetic) and-patiallel (antiferromagnetic) can
change depending on their separaffofiherefore, the RKKY model is limited aftdcan complicate
the understanding of magnetic ordering when it is applied into the field of semiconductors, especially

in materials with varying magnetic impurity concentrations.

In the field of DMS, the Zener model has shawibeincreasingly relevant. This model pivots on
the pd exchange mechanism, highlighting the interplay between the localizgledtdon magnetic

moments, typically introduced by transition metal ions, and the valence band’fidieszener

Hkkk

Reprinted with permission frolRahman, M. A.; Rout, S.; Thomas, J. P.; McGillivray, D.; Leung, K. T.
DefectRich DopantFree ZrQNanostructures with Superior Dilute Ferromagnetic Semiconductor Propérties.
Am Chem So2016 138(36), 1189611906Copyright 2016 American Chemical Society.
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model underscores the carrireediated nature of ferromagnetism in DMS and points towards the
profound influence of doping and carrier concentration on the magnetic propéthesmaterial
Recognizing the need for a more generalized and quantitative appr@aiymethe complexities of
these interactions, the mefeald Zener model was formulated. By adopting the gpluital coupling

and the carriemediated exchange interaction, this model distills the essence of interactions into an
"average" behaor instead of just considering individual interacti§h® As a result, it cabe used to

explain longrange interactions and predict critical parameters, such as the Curie temperature.

With the discovery of more nemagnetic transition metaloped DMSmateria$, such as Cu
doped ZnO, there arose a need for a new theoretical framework to elucidate the ohigobeérved
ferromagnetisni® The bound magnetic polaron (BMP) model has been introduced to address this,
emphasizing the exchange interaction between the spin polarization of the dopant and adjacent
localized holesasshown in Figure 1.8 Concurrently oxygen vacancy defects are perceived as
localized holes, facilitating the formation of magnetic polarons. As the dopant concentration
increases, the prevalence of oxygen vacancies rises along with the magnetic polarons. These magnetic
polarons may evendlly overlap, bolstering the loaginge ferromagnetic order. Additionally, this
model postulates that the spins of oxygen vacancies could also establish exchange interaction and
form polarons to enhance ferromagnetism in the absence of dépahtough the BMPmodel has
become popular for explaining bdtiansition metatioped and dopatitee magnetic semiconductors,
there is a large number ohaccounted fononmagnetic TCO materialvith alargefraction of
oxygen vacancy defects.
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Figure 1.9 Schematic illustrations of the lofrfgnge ferromagnetic ordering in @oped ZnO via
bound magnetic polarons at (a) a low doping level of 0.05% and (b) a high doping concentration of
2% Cudoped ZnGtAAA

Thechargetransfer ferromagnetism model has been proposed to elucidate the behavior ef defect
rich transition metal doped DMSs, as illustrated in Figure ®.Bven that most transition metal
dopants possess multiple valence states, they can function as charge reservoirs, facilitating electron
hopping into oxygen vacancy defeéésThis electron injection elevates the Fermi level within the
local density of states, subsequently leading to the formation of an impurity band and causing Stoner
splitting 3”8t However, the applicability of this model is constrained by the multivalence states of the
dopants. Consequently, there remains a need for an alternative model to comprehensively explain

dopantfree magnetic semiconductors.

AA’Reprintedwith permission fromAli, N.; Singh, B.; Khan, Z. A; Vijaya, A. R.; Tarafder, K.; Ghosh, S.
Origin of Ferromagnetism in CDoped ZnOSci Re2019 9, 2461.Copyright 2019 by Springer Nature.
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Figure 1.10 Schematic representation of the chatrg@sfer ferromagnetism in defaath transition
metal doped DMSs. This mechanism involves electron transfer frothtMthe local density of
states (NE)) associated with the interfacial structural defects, raising the Fermi level to a peak in

Ns(E) and causing Stoner splitting of the defect band (indicated with red and blue.tblots)

1.23The ATwi n OxanddHG : Zr O

ZrO, and HfQ emerge as recently identifiddCOs with robust research potential following the
exhaustive study of Ti©Despite allreoriginaiedfrom the I\V-B group in the periodic table, ZsO

and HfQ exhibit greater similarity to each other in comparison to,T@ving to the lanthanide
contraction, Hf, encompassing more protons and orbitals, parallels Zr in radius, culminating in a
plethora of analogous physical and chemical properties between these twotRimtbsoxides are
characterized by relatively high bandg#ps eV for ZrQ and 6.0 eV for HfQ and dielectric

constant$4.8 and 4.0, respectivel$h Their bulk forms demonstrate stability in a monoclinic

structure at ambient temperature. With the escalation of temperature, a transformation to a tetragonal
structure is observed, and a further ilasgn temperature yields a cubic phase. Notably,znQl

HfO. both share the monoclinitetragonabnd cubigphaseswith the monoclinic phase being the

¥V YReprinted with permission frofRarvid, S. S.; Sabergharesou, T.; Hutfluss, L. N.; Hegde, M.; Prouzet, E.;
Radovanovic, P. V. Evidence of Chaffjeansfer Ferromagnetism in Transparent Diluted Magnetic Oxide
Nanocrystals: Switching the Mechanism of Magnetic Interactibn&m. Chem. So2014 136, 7669 7679.
Copyright 2014 American Chemical Society.
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most stable phase at room temperature. The monoclinic phase is transformed at higher temperature to
the tetragonal phase (Zr@t 117@C, HfO; at 172@C) and the cubic phase (Zré@t 237@C, HfO,

at 260@C).% Concomitant lattice constants for each phase are similarly obSeovegrevious DFT

studies’ Furthermore, their low thermal conductivity and elevated mechanical strsagdthem

prime material candidatdsr diverse application®¥. These multifarious similarities lead to their

commonc har acterizatdon as ntwin oxides

These twin oxides exhibit parallel applications based on thin films and nanostructures. Their thin
films are employed in optical coatings, waveguides, gas sensors, and gate dicierinsgally,
both ZrQ and HfQ in their bulk forms are diamagnetic. However, they are also being explored as
DMS materials, such as Fe, Co, andddped ZrQ and Sc, Ti, Taloped HfQ.%8%° As these
compounds are synthesized into various hanostructures frorrthiarfiims to nanowires and
nanoclusters, they begin to demonstrate unique ferromagnetic properties without anyxdépants.
Notably, these hanomaterials exhibit a plethora of defects that are not typically observed in their bulk
counterparts. Furthermore, owing to the comparable lattice spacings of these two oxides, they
demonstrate enhanced mutual solubility. Some reseaggfests that by combining these two oxides
into a solid solution (as in HfZr{, a distinct orthorhombic structure could emef§dhis unique
lattice bonding mechanism may induce internal polarization, potentially leading to concurrent
ferroelectric and ferromagnetic propertt€s'©?

The study of Zr@ HfO,, and their mixtures is of paramount importance to contemporary
materials science research. The analysis of defects, especially in the nanocluster, provides invaluable
insights into the intrinsic properties of these materials and their behavior undeis\aialitions.
Such defects often play a pivotal role in influencing electrical and magnetic properties, which can be
harnessed for technological applications. Furthermore, the ability to tune the composition of these
materials opena plethora of opportunities to optimize their properties for specific applications.
Figure 1.11 demonstrates the thickness and composition dependence of the ferroelectric performance
of HfxZr1.xO; film prepared by atomic layer deposition. By carefully tuning the composition of ZrO
and HfQ, researchers can tailor the characteristics of the material to meet the desired criteria.
Considering their promising attributes, Zr&nhd HfQ, both individually and in combination, stand
out as new material candidataghe future development of electronic devit®3% Their versatility

and adaptability make them strong contenders in the evolving landscape of modern electronics.
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Figure 1.11 Polarization versus electric field graphdH#f..ZrO- films prepared by atomic layer
deposition as functions of composition (x values of 0.00, 0.19, 0.43, 0.70, 1.00) and film thickness
(approximately 9.2, 14.2, 19.2, 24.2, and 29.2 ¥#).

8888 Reprintedwith permission fronPark, M. H.; Lee, Y. H.; Kim, H. J.; Schenk, T.; Lee, W.; Kim, K. Do;
Fengler, F. P. G.; Mikolajick, T.; Schroeder, U.; Hwang, C. S. Surface and Grain Boundary Energy as the Key
Enabler of Ferroelectricity in Nanoscale Hafilimconia: A Comparison of Modend ExperimentNanoscale
2017, 9 (28), 99739986.Copyright2017by Royal Society of Chemistry.
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1.3 Interdigital Electrodes and Nanogap Devices

1.3.1 Interdigital Electrodes

One of the great challenges in studying nanoclusters is the development of appropriate nanoscale
device dies to capture and secure these nanoclusters for meassrenezdigitd Electrodes (IDES)
represent a specializethss of devicstructures composed of tightly spaced metal or semiconductor
fingers, resembling the interlocking teeth of a cdffifhis unique configuratiothatdefinesthe

IDEs underlies their broad range of applications across diverse fields. IDEs typically consist of two
sets of parallel fingers, with each set linked to a separate electrode. The critical feature of this design
is the close proximity of the fingers, whicharimizes the available electrode length for interactions

with specific substancehlat are targeted to be captured and sec@edsequently, these structures

result in a substantial enhancement in signal deteetnd sensitivity, positioning IDEs as a pivotal
device structur@ot only for naneobject characterization but indeed &mvanced sensing system and

electronicg07109

Sensing plays a crucial role not only in industrial processes but also in daily life, ranging from
humidity measurement to toxic gas detectiiii?®11%As electronic devices evolve to become more
sophisticated, there is an increasing demand for sensors that are compact, quick in response, and
energyefficient1%®In this contextIDEs emerge as an ideal device architecture for such applications.

By incorporating specific active sensing materials between the electrode fingers, a variety of sensors
can be fabricated. These sensors can detect various targets, including wateatiferiremidity
measurement) and inorganic hazards such as CQa8@ONO'Y 13 During a typical sensing

operation, the chemical signal from the targeted gas modifies the electronic state of the active sensing
material. This, in turn, affects the electrical signal between the electrodes. The variations in this
electrical signal can amifest as changes in capacitance, resistance, or impedahice.same

working mechanism can be extended to biosensing applications. When integrated with the IDE
platform, a diverse array of biosensor systems can be developed, encompassing applications such as
antigen and biomarker detecti®fi!**Furthermore, latbn-chip designs that leverage the IDE

platform pave the way for advanced detection methods and dielectrophoretic transport within
microfluidics, a capability rooted in the uniformly distributed electric field across the IDE fit§ers.
Beyond the traditional parallel straigimgered configurations, séhaped interdigiteelectrodes have

been specifically engineered to enhance the efficiency of blood cell separation in microfluidic chips,
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notably for PSAprostate specific antigedptectiont'® Moreover, by coating the Pt electrodes with
an AbO; protective layer, nanthick IDEs can be adapted for use in langals@sed highemperature

surface acoustic wasensinglevices'!’

Beyond their applications in sensing, IDEs are also integral to advancement in electronics. Their
compact nature and precisely defined geometry make them essential in the fabrication of electronic
components in micro to hanoscale. Innovative energy stoi@gees such as supercapacitors bridge
the gap between traditional capacitors and batteries, positioning them as prime candidates for
powering compact portable electronic devit®s®Leveraging the extended electrode length per unit
area, IDEs combined with electrolytes can be fashioned into 1sigercapacitors. The interlocking
finger design of IDEs not only minimizes current leakage but also facilitates easy integration into
miniaturized devices, offering a clear advantage over traditional vertical-gletafolytemetal
sandwich structures. Furthermore, the energy density of these snjpeocapacitors can be
augmented by reducing the electrode width and interspacing, whiléreneperational stability®®
Concurrently, Dinget al. have demonstrated that by vertically aligning the lowbme electrodes
with higher ntype electrodes, such as GaN, as the IDE architecture, photodiodes can be*¢reated.

Recently, Zhangt al. present another intriguing nanoenergy harvesting device by
incorporatingPoly(vinylidene fluoridetrifluoroethylene) copolymer (P(VDFrFE)) nanofibers into
IDEs!? As illustrated in Figure 1.12, the P(VBRFE) nanofibers function as electrospun materials
separated by the electrodes. When the IDE is compressed, the uneven distribution of the nanofibers
results in the generation of an output potential. The devicemnats an output voltage of 0.14 V
and a current output of 0.59 nk. a short, dvices crafted with the aid of IDEs provide improved
performance, energy efficiency, and miniaturization, underscoring their significance in the advances

of modern electrans.
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Reprintedwith permission fronZhuang, Y.; Han, S.; Liu, W.; Wei, X.; Xu, Z. An Interdigital Electrode
Type Sensor Based on P(VBFFE) NanofibersJ Alloys Comp@02Q 831, 154657 Copyright 2020 by
Elsevier.
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1.3.2 Nanogap Devices

Characterized by theaxtremely smalkeparations on the nanometer scadamogapleviceshave

become docal point ofmodernresearch in the realms of nanoscience and nanotechnology. These
nanayapdevices with atypical width less than several tens of nanometers, are intriguing nasjust
fundamental circuit building blocks but alas anmportant platform fotrapping andtharacterizing
material athenanoscale. Theinherently small dimensions make them ideal platforms for exploring
guantum phenomenparticularly quantum tunnelling effecend forfacilitating the study of electron
transport across individual molecufésMoreover, in the burgeoning field of plasmonics, nanogaps
play an indispensable role, allowing for the confinement and enhancement of electromagnetic fields,
thus leading to applications in advanced sengsitgselective chemical reactions and plasrhased
optical trapping?? Given the myriadf applications, the effort in fabricating and studying nanogap
deviceshas intensifiedas thansights derived from such studies can profoundly impact areas ranging
from biosensing tanolecular electronice x t endi ng Mo or @ansscaleaw wi th fut u

technologies124

Over the years, a plethora of methods have been developed and refined to fabricate nanogaps with
high precision and reproducibility. Broadly, these methods can be categorized idwoand
bottomup approaches. Tegown methodologies, including eleatrbeam lithographypcused ion
beam milling and mechanical controllable break juncéoadriven by external tools and instruments
to carve out structures with the desired nanogaps on substfdté3hese approaches offer the
advantage of direatrite patterning with reasonable control over the gap dimensions. On the other
hand, bottorrup strategies, such as electrochemical plating and electro migidtiéteverage the
intrinsic properties of materials and molecules to autonomously assemble or grow structures that
define the nanogap. Each of the techniques has demonstrated promising outcomes and is
characterized by its unique attributes, and multiple meticad be synergistically employed to
achieve the desired configurati&i.

1.4 Scope of the Thesis

Our primary focus is tovestigatehe formation anehducedpropertiegprovided byoxygen vacancy
defects within sizeselected group NB transition metal oxid®Cs In particular we aim to discern
the relationship between these defects and the unique propéttiesnanocluster©ur ultimate goal

is to harness anmbntrolthese defects to optimize therformancesf NCsfor selectedapplications.
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Our approach involves: (a) Creating and fineingsize selecteddefectrich NCsvia a gagphase
condensatiotechnique, using mormetalTCO ZrG, andbimetalic or hybrid HiZr1.4O, as

examples; (b) Conducting a detailed analysis of th&3g focusingon their morphologies, lattice
structures, and oxidation states; (c) Exploring possible applications genersteddgefects and

their sizedependenproperties To deepen our understanding of the electrical characteristics of these
defects for potentiatlectronic applications, we develop nanoelectrodes, specifically intekdigita
electrodes and nanogdpvices utilizing adiverseset oflithography methods. In this chapter

(Chapter 1), we provide an extensive revie@s generated by the gghasecondensation

technique, elaborating on their formation, sitependent properties, and multifaceted applications
along with a detailethble and its owbibliography.After emphasizing the importance NCs, this
chapteralsobriefly discusses dilute magnesemiconductors, and brings attention to the origin of the
ferromagnetism in dopatfitee magnetic semiconductors. Finallye provide an overview afecent
progress in crafting interdigitelectrodes and nanogdpvicesfor varied applications. Chapter 2

gives anntrodudion tothegasphasecondensatiotechniqueused heréor producing defeetich
sizeselected nanoclusters, and briefly disestise tuning parameterghis will be followed bya

brief overview of the characterization methods used to exatméneorphologes physical and
electronicstructues(including chemical state compositions) of NCs, along with a description of
magnetometry used to study the magnetic properties of thesaCaso presemtetailsabout the
clean room facilities anlithography methodsncluding the advanced ion beam lithography
techniquepsedfor device fabrication.

Our data are presented in Chaptets $1 Chapter 3, we employ a straightforward DC
magnetrorsputteringbased gaphase condensation system to synthesize dabédcZrO, NCs with
selected sizes of 3 nm, 5 nm, 7 nm, and 9 nm. Subsequent size selection is achieved using a
guadrupole mass filter. The-deposited Zr@NCs display a unique tetragonal structure, a form
typically obtained at extremely high temperature in their bulk phase. Additionally, these NCs exhibit
suboxidization photoemission features the metal ions that vary according to their size, which can
be attributed to distinct oxygen vacancy defects. Most notably, the pristinéd®D®exhibit size
dependent ferromagnetism, with enhanced solubility and magnetic uniformity in comparison to
conventional magnetic semiconductors. A model centered on defiedthybridization is proposed to

elucidate this observed sirelated ferromagrissm. This study highlights a new approach to
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modulating magnetization via size control and suggests potentigbapad nanotechnology
applications for these sizelected NCs.

In Chapter 4, we expand our explorationof ZMOCs by i ntroduci ngtoi ts
craft hybrid HiZr1.xO, (x<1) NCs. These hybrid nanoclusters, with sizes ranging from 5 nm to 14
nm, are synthesized using a estep gagphasecondensatiotechnique. Their sizes and compositions
can be precisely adjusted, as evidenced by thorough morphological and chemical analysis. The
crystalline nature of these NCs is dependent on the conditions of depdsitpamnticularthese NCs
manifest as amorphous sttures for sizes < 6 nm, adopt a single crystalline form betwdémén,
andevolve into a corshell structure with a predominant Hf contenaissume a polycrystalline state
with a higher Zr concentratidior sizes> 10 nm. Interestingly, a unique orthorhombic structsire
foundin the singlecrystalline HfZr1.xO» NCs, analogous to thefBrO- film. Their bandgaps exhibit
sensitivity to both size and composition. XPS evaluation further pirgaistinct chemical state
deviations, predominantly within the Zr 3d region, attributable to oxygen vacancy defects and alloy
interactions. We propose a model emphasizingndiiced polarons to elucidate the distinct
properties of these NCs. This investigatnot only provides a blueprint for the fabrication of other
hybrid semiconductdlCsbut also underscores the potential of these specifier0, NCs in
advancing the capabilities néw singleclusternon-volatile memory devices.

In Chapter 5, we delve deeper into the electrical analysis of these novel NCs by conducting a
comprehensive study on the fabrication of natextrodes. This includes the development of
nanascaleinterdigitd electrodes (nantbEs) and nanogagevices achieved throughelected
lithographic techniques for precision patterning. We perform a comparison of maskless optical
lithography, electron beam lithography, and ion beam lithography for IDE fabrication. Of these, ion
beam lithography offers superior fieXity, while maskless optical lithography excels in patterning
interconnections. The nafilDEs we produce are subsequentbedfor crossarray memristor
applications. We enhance the refinement of the #iBEs and nanogageviceshy utilizing the
directwrite capability of ion beam lithography, which allows for meticulous control of the gap
spacing based on the exposure dose. By depositing the k. NCs into the nanogap, we
successfully construct a singttuster device, setting the stage for futelectrical evaluation of the
NCs.
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In Chapter 6, wsummarizeour findings from the current research and ofi@ne suggestions

for futurework.
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Chapter 2

Experi mental Techniques

This chapter provides an overview of the methodologies used for the synthesis and characterization of
nanoclusters (NCs). It also illustrates the fabrication techniques employed for the nanoelectrodes that

are vital for the nanoclustérased device applitans.

2.1 High Vacuum Nanocluster Source

In the present work, the metal/metal oxide nanoclusters are synthesized by using a magnetron
sputtering based gamhase condensation cluster source, followed Hiight size-selection up to 2%
accuracy using guadrupole mass filter. The entire Nanogen 500 system (Mantis Deposition Ltd) is
housed in th&@Prep 500 Modular Sputtering System (Mantis Deposition Wit a base pressure of
5x10° mbar, shown in Figure 21#%131The Nanogen system is equipped with a trio DC magnetron
sputtering source, with the power individually controlled to each of the three sputtering heads (for
sputtering target size of 25 mm dia and 3 mm thick). This provides a huge advantage in sygthesizin
multi-composition NCs with up to three material components in a combinatorial fashion. The trio
sputtering source can also be positioned at a range of distance from the exit aperture of the Nanogen
chamber, which defines the aggregation length. MoretiveNanogen system is equipped with a
guadrupole mass filter for size selection with a current to monitor of the NC beam flux. In addition to
the Nanogen system, the QPrep ultrahigh vacuum system also contains 2 DC and 2 RF magnetron
sputtering sourcesnd a quartz crystal microbalance that can be used to measure the deposition rate
in real time. These four sources can be used to deposit high purity thin films of a wide range of
materials including metals and oxides, and to enablieposition with the Bhogen cluster beam to
produce exotic nanostructures. There are several key parameters for tuning the Nanogen source to
optimize the deposition, including sputtering power, carrier gas flow rate (Ar or He), aggregation
length, AC/DC voltage ratio of the gdrupole mass filter, deposition temperature and substrate bias
(Chapter 1). In our work, we have successfully optimized the cluster beam to achieve cluster size

ranging from 2 nm to 20 nm.
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Figure 2.1 Photographs of (a) QPrep 500 Modular Sputtering System (Mantis Deposition Ltd)
equipped with a loatbck sample transfer system, two DC and AC magnetron sputtering sources and
a Nanogen cluster source, along with sample heating facility and a quartt roigstéalance and

(b) the side view of the deposition system, showing the Nanogen nanocluster source at the back. The
Nanogen source is composed of a trio DC magnetron sputtering head (lower right) and the size

AAACOPYright 2013 by MANTIS Deposition Ltd.
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2.2 Clean-Room Facility

2.2.1 Pattern Generation by Direct-write Maskless Optical Lithography

Optical lithography isvidely used in almost all industridlevicefabricationprocessedue toits fast

speed and no vacuum requiremevien thouglhe wavelength of the photon limits gpatial

resolution in defining theltimateminimal feature size-urthermoremaking theappropriatenask

for optical exposureauld be tedious and rather tinsensumingIn this work, we employ a novel
maskles®pticallithography system§F100 XPRESSIntelligent Micro Patterning Ltd) tdirectly

write the patteriin the device fabrication process, shown in FigugeZ.The system uses a

proprietarymatrix of mirrors to represent each pixel of the pattern created in bitmap (.bmp) tigrmat

usingthe MicrosoftPaint software. The mirror matrix is mount on the light mdth 365 nm UV light

from the filtered polychromatic light source using an UsHidoulb. By controlling ON and OFF of

individual mirrols, the system can conveniently write the pattern without any mask. Beéore

exposure, a higherformanceositivephotoresist Shipley S1805 (Microchem Corp.) is coated @n

Si substrate using a spin coater (Laurell Tech. Corp.) at 4500 rpm for 40 s followed by baking on a

hot plate at 120e C f ctepis6oinpleted, th® samm@e istdavelopgdantthiee r n v
MF-24 developer (Microchem Corp.) for 30 s to dissolve the UV exposedTdareaeveloped part of

the pattern is then removed by rinsing with filtered high s i st i vity water (18.2 N

resulting patterned substrate is ready for the metal deposition aoff pfocesses.

Figure 2.2 Photograplof the clean room facility, composed of (a) a clean room fume hoodawith
spin coater and hot platéor substrate preparation before lithography exposure, and (b) an Intelligent

Micro Patterning SR.00 Xpress maskless optical lithography.
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2.2.2 Metallization by Magnetron Sputtering and Lift-off

In the next fabrication stefhe patterned substrasesubjected to a metal deposition prodegsising

a Leica EM ACEG600 tabletop DC magnetron sputtering systershown in Figure 2.3 his system

is equipped withwo DC magnetron sputteririgeads allowing for the alternating deposition of two
different materialslt is alsofitted with a quartz crystal microbalantefacilitate reattime

monitoring of the film thickness during depositidrnis system offers rapid vacuum puwdpwn
userfriendly operdion, andflexible deposition of higkpurity metal films.During the depositiorthe
metal film will bond to the bare substrate areas not covered by photoresist. After deposition, the
substrates undergo a lifff process to remove the photoresist, leaving behind the metal film in the
desired patterns. To finalize the electrode faltibogprocess, the substrate is rinsed with high
resistivity water and dried with nitrogen. This protocol enables us to fabricate a pattern of metal
electrodes on the Si substes with high productivity and reproducibility.

(@) |

/ [FCARMACE

' |
SXE° Quartz Crystal

Microbalance

|

Figure 2.3 Photographs of (a) the full view and (b) the functiam@mhponents of Leica EM ACE600

tabletop DC magneton sputtering system.
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2.3 Electron Beam Lithography and lon Beam Lithography

2.3.1 Scanning Electron Microscopy and Electron Beam Lithography

Scanning electron microscop$EM) is one of the most essential characterization techniques for
nanomaterials and nanodescEquippedwith a fieldemissiorelectronsource theMerlin SEM
microscopgCarl Zeiss, SMT, Figure 2.4) employge advanced Gemiti electron optics column,

which can accelerate the electron fro@®Y up to 30 kV to meethe most demandinighaging
requirementsit both low beam energy for fragile and lkmonductivity materials and high beam

energy for high resolution morphology studiBsiring the operation, theEM directs a focused

electron beam using electromagnetic lensegh@slectrons penetrate and interact with the sample,
they produce different types of signals, including secondary electrons (SE) and backscattered
electrons (BSE)whichare collectedy specialized detectorm particular secondary electron

detectors capture signals responsible for revealing surface topography, while backscattered electron
detectors provideontrastdased orelementatompositions in the speciméfi.To achieve clear and
undistorted images, the sample must be either inherently conductive or coated with a conductive layer
(such as goldio prevent electron accumulation and charging. Furthermore, the SEM chamber
maintains ahigh vacuum environment, ensuring that the electron beam remains uninterruptbd and
sampleuncontaminatedponinteracton with theelectron beamin our projects, the Merlin SEM

usednot onlyfor imagingstudes ofthe distribution and surface morphology of the deposited NCs

and of the quality ofhefabricatednanodevices, but aldor electron beam lithography (EBUsed

for patterning in fabrication of theanoelectrodes. To activate thdvancedithographic capability, a
NanaPatterning and Visualizeon Engine (NPVEJrom Fibics, Incand aproprietaryfast beam
blankerfrom Spellmarareused
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m Electron Column

Figure 2.4 Photograph of the Zeiss Merlin fiemission SEM used for advanced imaging and EBL.
This instrument is equipped with bothlens and oubf-lens (SE2) secondary electron detectors, an
in-column foursector backscattered electron detector (BSD), andtegrated energgispersive X

ray spectrometer system from Octane, EDAX Inc.

2.3.2 High Performance lon Beam Lithography

A Raith IONLine high performance ion beam lithography (IBL) system is used in this work for
creating ultrasmall features in our nanodevices (Figure 28\ SiAu liquid metal alloy ion source
is used to produce SiSi™*, Au*, and Aud* ions for patterning with an ion beam energy up to 45 kV,
The choice of the ions can be made by simply adjusting the ExB mass filter. ThHatiserometer
stage in this system significantly improves the alignment for both lateral write field andyeveBg
either patterning on a photoresist or direcite without any photoresist by using the ion beam for
ion-milling and/or machining on the substrate, IBL provides asththe-art technique in

nanodevice fabrication and nanomachining. The system is also equipped with a gas injection source
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system for metal deposition by kimduced chemistry with appropriate organometallic materials and
with dual nanomanipulators fam-situ electrical characterization. This novel IBL system is the only
one in Canada and one of just five in the world, with two each in the United States and European
Union.PMMA A2 (MicroChem Corp.) is used as the positive photoresist for ion beam lithography
and also for thelectron beam lithography. The photoresist is sqmated at 4000 rpm for 35 s on the
Si substrate fébwed by baking at 186C for 90 s on a hot plate. After the ion (or electron) beam
exposure, the predefined patterns are developed using MIBK/IPA (MicroChem Corp.) in a 1:3 ratio
for PMMA, then rinsed in IPA to remove the residual PMMA and developer and finally dried with

cleannitrogen.

SiAu LMAIS /
Extractor

Condenser Lens

Beam Limiting
Aperture

ExB filter

3 ; Contrt;[;er
. Rack

Mass Limiting
Aperture

Beam Blanker
In-Column Faraday
Cup

Stigmator

Dual Stage
Octopole Deflection

Objective Lens

Figure 2.5 Photograph of Raith IONLine high performance ion beam lithography system to generate
nanopattergby either patterning on a photoresist or dinedte ion milling on the substrate. This
system is equipped with a SiAu liquid metal alloy ion source, a laser interferometer stage, a gas
injection source and dual nanmanipulators. The right inset shoviretschematic diagram of the

advanced ion optics columhy ¥ ¥ ¥

V¥ ¥ Wivw.raith.com Copyright 2011 by Raith @bH.
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2.3.3 Helium lon Microscopy and Helium lon Beam Lithography

TheOrion plushelium ion microscope (HIM)Yrom Carl Zeiss SMT Incis similarto a scanning

electron microscope (SEM3xcept thatt uses a helium ion beam for illuminatiorstead ofan

electron beanfFigure 2..1% Its standard peratingprocedurdncludes setting the extractor to an

optimal imaging voltage, typically between 35 to 40 &Ywhichthe most luminous trimegroduced

by thegasphasdield-ionizationion source is achieved. The setup atsxtudesa 10 e€-m beam
limiting aperture, a 5 mm working distance, and a helium gas pressure of 2wbHD. With these
conditions, the beam current is approximately 1 pA, and the spot sifeSsm considerably

smaller than the few nanometers spot size achievétiiehe best SEM like the Merlinmagesare
collectedby usingan external EverhdrThornley secondary electron detectrt3’

The relatively massive helium iohave a much shorter de Broglie wavelength than electrons
with the same energy, which reduces diffraction around the aperture and maintains a small focusing
spot. The smaller energy and radial dispersions of the helium ions alleviate chromatic and spherical
aberrations, respectively, further improving the focusing spot. As a result, an ultimate focusing spot
on the sample surface has been predicted to be as small as 32%mthermore, due to the less
scattering of the He ions with the substrate surface, the He ions interact with a substrate in a much
more localized and confined manner when compared to the electrons, which provides a much higher
resolution (typically 0.3 ninand a considerably greater depth of view compared to even the best
SEM like the Merlin (typically 0.8 nm).

Additionally, the Orion plus HIM is also integrated with the NPVE system from Fibics Inc. (same
as that used in the Merlin SEM), allowing for nanopatterning and nanomachining at high spatial
resolution as well as precise helium beam control to achievetgieses in the designated direct
write field. In the present work, this HIM has been employed to pattern the cfoggedelectrods
for the nanenterdigitd electrodes application.
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Figure 2.6 Photograph of the Orion plus helium ion microscope. Equipped with the integrated Nano
patterning and Visualization Engine (NPVE) by Fibics Inc., this HIM can also be used to perform
helium ion beam lithography for nanodevice fabrication

2.4 Surface Morphology, Lattice Structure and Chemical State Composition

Characterization

2.4.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful nanoscale imaging techniquésthased on the
interaction between a sharp probe, typically a silicon nitridégptip as usedn our work and the
surface othesample!® As the tipis moved or "scamed' across the sample surface, it responds to
minute force interactions, either through deflection or oscillation changes. These changes can be
registeredby themovement of daserbeam deflected from the back of the tip onto a photodetector,
which isthen translated into topographical or other propesigted imagethatoffer detailed view
of the sample @henanoscale level. In our study, AFM is condudbgdisingthe Dimension 3100
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Nanoman Nanoscope Iwvom Digital InstrumentgFigure 2.7. During the analysis, the samples are
meticulously scanned in the tapping mode with the silicon nitride tip. Although AFM boasts
impressiveprecision, its lateral resolutiaa typically limited by the size of the tipyhich can be
larger than some of our observed nanoclusters. To navigate this challenge and obtain accurate
measurements, we focus on the vertical height profile. This method capitalitesesneptional
height resolutiorf a few amgstroms (A) enabling the AFMor precise measuremeoftthe size

distributionof the nanoclusterand the thickness dfienanocluster thin film.

Figure 2.7 Photographs of (a) Digital Instrument Dimension 3100 atomic force microscwpg)

its key components.

2.4.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a powerful imaging technique that relies on the
transmission of a higenergy electron beaftypically 200 kV)through an ultrghin samplg< 100

nm thick) As these electrons pass throdlgd samplethey interact with theolumns of atoms in the
sample The resulting diffraction and interference patterns provide invaluable information about the
sample structure on an atomic sc4fdn our studies, a Zeiss Libra 200 MC microscigigure 2.8,
operated at an electron acceleration voltage of 2Q@skiedfor TEM measurements. With the
correctedomegaenergyfilter, this tool offersexcellent imaging capabilities, provididgtailed

insights into therystalline structure of materiagsmdenabling precise identification of crystal planes
in anindividual nanoclusterThe TEM sample is prepared by ditgatepositing the NCs onto a lacey
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carboncoated copper grich the Mantis QPrep systerurthermore, this TEM is also equipped with

a highangle annular dark field (HAADF) detector and an energy dispersive spectroscopy (EDS)
system The HAADF detector provides detailed insights into the morphology of the NC in the STEM
(Scanning TEM)node while the EDSsystemis used fordetermining theelementatomposition of
individual NCsbased on their characteristic electinduced Xray emission lines

200 kV Electron Source

Sample Holder

HAADF Detector
P

Corrected Omega Beam Corrector

]

g g

Figure 2.8 Photograph of the Zeiss Libra 200 MC transmission electron microscope, operating at 200
kV.
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2.4.3 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is a powerful and nestestructive analytical technique primarily used to
identify and quantify the crystalline phases in a materiatastudy its structural properties. When a
monochromatic Xay beam strikethe atoms insida crystalline sample, the-bay undergoes
diffractionin specific directions with varying intensitidsach crystallingphaseproduces a unique
diffraction patterrthatacts as itgfingerprin®d, allowing forits structuralidentificationaccording to

Br adaywd™sA PANal ytical MRD exupped with&dK 0 f s dRigireoene t e r
2.9)is employed in a glancing incidemsetupin the present workGlancinginciderce XRD is a
specialized setugatis particularly useful foexaminingthin films and surface layers. In this
technique, the Xay beam is directeandparalleled by using aCu X-ray mirror,at a very shallow
incidenceangleto the sample surfag®.3° for our NC samp#, thusenhancing the sensitivity to the
surface and neaurface regionshe diffracted beams are collectedhiparallel beanoptical setup
thatincorporates a parallglate collimator

Parallel Plate
Collimator

Four-circle |

‘Goniometer

Figure29 Phot ograph of t he ProX-mag diffactometar] EQUipReD witkéa p e r t
four-circle goniometer, the system is set up in a parallel beam configuration, utilizingsgnnXrror

for the incident beam optics and a parallel ptatdéimator for the diffracted beam optics.
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2.4.4 X-ray Photoelectron Spectroscopy (XPS)

Thechemicalcomposition and electronic states of the NCs are characterizeddyphiotoelectron
spectroscopy (XPS) using a Therv® Scientific ESCALab 250 Mircoprobe and alspeaently
installedThermo Scientific Nexsa G2 surface analysis system. When the sample is irradiated with
monochromaticK-ray beam electrons fronthe surfaceregion of the samplare ejected. These

emitted photoelectrorgedominantly come from the topmosiL@ nm,makingXPS a highly
surfacesensitivetechniquefor identifying surfacecomponentsia their characteristichemical

states*? A hemispherical electron energy analyzer is used to determine the kinetic energy of these
photoelectronswhich is then used to calculétee binding energgf the chemical statesing the

Einstein equation.
% %7 % 3

where E is the binding energy of theghemical statek, 4s the Xray photon energy (1486.8 eV for

Al KU in the ESCALab 250 and Nexsa G2), & is the
is the kinetic energy of the photoelectron meas:t
dependent on both the spectrometer and the material. The resulting binding energy spectrum reveals
details about the chemical state=l their compositionsind the electronic structure of the sample

surface Furthermorebinding energy features with special chematafts (or changes in the binding

energy associated witbcal chemical environments) foufol the metal ions in the NCs can be

associateavith oxygen vacancy defects. XR&ereforeoffersinsights into the presence,

concentration, and nature of these defects, making it invaluable for studying materials where oxygen

vacancies play a critical role in determinithgir properties.

The Nexsa G2 surface analysis system is also equipped with a helium UV light source,
enablinganalysis byltra-violet photoelectron spectroscopy (UPS). TURS techniqués
instrumental in determining the wofilinction of the sample. Additionally, the electron flood gun in
this system serves a dual purpose. While its primary functiaseidto neutralizeany charge on the
sample surfaceyhich is especially important for a n@onducting samplet can alsde usedis a 1
kV electronsourceto facilitate reflecton electron energy loss spectroscopy (REELS) study. REELS
operates by directing a primary electron beam onto a specaméthhen measuring the distribution of
secularly reflecteatlectronsas a function of the energy loss suffered by the primary electron&am

The bandgap of the specimen can be calculated from the energy loss distribution curve.
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Figure 2.10 Photograph of the Thermo Scientific Nexsa G2 surface analysis system. This highly
compact system is capable of multiple techniques including XPS, UPS, REELS and ISS (lon
Scattering Spectroscopy).

2.5 Magnetic Characterization and Electrical Measurement

2.5.1 SQUID Magnetometry

The magnetic properties of Zs@nd H{Zr1.xO> NCs are examinebly using a 7Tesla Quantum

Design EverCool Magnetic Property Measurement System (MPMS) that operates based on the
Superconducting Quantum Interference Device (SQWibjating Sample Magnetometry (VSM)
technology(Figure 2.1). This advanced technology harnesses the principles of superconductivity and
the quantized magnetic flux the Josephson junctions, which are thin insulating barriers between

two superconductors. When a magnetic fieldgplied, the resulting magnetic flux alters the current
voltage characteristics of these junctions, allowing for highly sensitive magnaierty

measurementg4

The magnetic moment efsampleis measures a function ofemperature from 1.8 K to 400 K
with a remarkable sensitivity of 1x2@mu. To maintain superconductivity, both the SQUID and the
encompassing magnegquirecooling with liquid helium. An integrated pulsebe cryocooledewar
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systemprovidesthis essential cooling medium. Furthermore, liquid helium ensie¢the sample
chamber remains #teoptimal low temperature. For effective measurement, the sample must not
exceedadimension of 5x5 mAto fit within thebore of themagnet. Proper positioning ensures the
vibrational motiorof the sampleccurs within theuniform field regionof the magnetDue to the
high-sensitivity of SQUIBVSM technique, nly plastic tweezers and quadampleholders are used
during sample preparatiaand magnezationmeasurementn order toprevent anyaccidental

magnetic contamination.

System
Control
Electronics

- Control
Computer

7 Tesla
Superconducting
magnet

\~;

Figure 2.11 Photograph of (a) the Quantum Design EverCool Magnetic Property Measurement
System (MPMS) Vibrating Sample Magnetometer (VSM) that operates based on the Superconducting
Quantum Interference Device (SQUID) technology, (b) the VSM sample rod and quarte sampl

holder for a5 mm x 5 mm sample and (c) the Cryomech compressor to cool the helium gas to the
liquid phase.

2.5.2 Probe-station with B1500 Semiconductor Characterization Platform

Eachfabricateddevice is tested using a semiconductor device analyzer from Agilent Technologies
B1500, paired with a Signatone S1160A probe stasisnljustratedn Figure 2.12During the tests,

tungsten probes withzae m t i p wi dth establish contact with
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consistently carried out at room temperature. The prevalent testing approach employzraebgual
method. For DC measurements, one probe is energized with a voltage, while the other is grounded,
enabling the measurement of the current between the elextrudigitionally, this semiconductor
measurement system is equipped with a-fthannel AC measurememiodule ranging from 1 Hz to

5 MHz. This feature is crucial for capacitance measurements, especially when characterizing IDE

basedhanalevices.

o
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# Semiconductor
Device Analyzer
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Figure 2.12 Photograph of the DC measurement setup for the nanogap electrodes. The device is
connected by using the Singatone S1160A probe station to the Agilent B1500 semiconductor device
analyzer. The togeft inset gives a closep view of the electrical measuremeetup where two

probes are connected to the two contact pads of the device.
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Chapter 3
Def eRdtcDop altee Mam®ocl usters and Thei
Deendefnetr r omag#®®t i sm

3.1 Introduction

Nanoclusters (NCs) are defined as small aggregations of atoms or molecules generally less than 10
nm in size>*%and they are considered to be the link between free atoms or molecules and the bulk.
In this interesting size regime, individual states in the electronic structure have not fully merged into
bands and remain intact as multiple distinct states. NCs aabal®garded as giant molecules, and
they hold the key to understanding the evolution of electronic structures and other properties from
single atoms or molecules to the bulk phase with increasing size of the NCs. Because of a
significantly higher surfacareato-volume ratio (or specific surface area) compared to their bulk
phase, NCs have also attracted a lot of attention in strifacen researcH:® The high air stability of

noble metals such as Au, Ag, and Pt makes their NCs especially attractive to such applications as
catalysis’ fuel cells!*” and biosensing® The study of transitiometal/ metal oxide NCs has also
become popular in the past two decades. In addition to the different band structures from the bulk
phase, these NCs exhibit notable defects in various oxidation states, which could become dominant
and lead to miegap state§®144These semiconducting oxide NCs with rgjiap states and structures
consisting of different ordered arrays and assemblies are strong candidates for applications in light
illumination® and magnetic sensol®.Just as important is the band gap manipulation in Si for
microelectronics and in GaAs for photonics, the understanding and control of defects with size
specific NCs over a wide size range are essential to achieve viable applications based on these novel

monosized semiconducting oxide NCs.

To date, there are a number of methods to synthesize trafmsigiah NCs, which include
hydrothermal metho#? self-assembly,and gagphasecondensatioff®5*With a better
understanding and continued advancement of the cluster beam techhimsphasecondensation
along with sizeselective mass filtering technique has become one of the most promising methods to

synthesize NCs. Based on a wedlveloped magnetron sputtering system with an adjustable

$8888This Chapter is made from one of my publicatidReprinted withpermission fronGuanet al, ACS Appl.
Mater. Interface202Q 12, 4 8 9 9 8CogyBAgbtRO2Z0American Chemical Society
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condensation zone, this technique enablestfineng of the cluster size with highly reproducible

results. By coupling with a quadrupole mass filter, the system can produce a broad monosized NC
beam over a large deposition af@4>*1%4As multiple targets can be placed into the magnetron
sputtering system to generate plasma from these targets simultaneously or combinatorically, it is also
possible to synthesize a variety of alloy NCs for a wide range of research and technological

applications?*

Recently, ZrQ@has become an attractive material alternative te fa©applications such as
photoelectrochemical water splittfiignd fuel cell$>° Bulk ZrO, does not have any magnetic states,
whereas an undoped Zr@lm obtained by pulsed electron beam deposition in a partial oxygen
environment has been found to have a tetragonal structure, showing ferromagnetic properties at room
temperaturé® Similarly, other undoped transitianetal oxides (Tig"*® and HfG®%) with surprising
ferromagnetic properties have also been reported. Recently, we showed thafrdepaetfectich
ZrO, nanowire and nanobrick films exhibit strong ferromagnetic properties at room tempé&rature.
Unlike the conventional dilute magnetic semiconductors (DMSs) such aped GaAs or InAs,
these undoped ferromagnetiansition metabxide nanostructured films have a significantly higher
Curie temperature ¢} than those of conventional DMSs with ¥ 200 K’8 For materials with
promising magnetic applications at room temperature, their Curie temperature should be greater than
500 K1%¢ Although some transparent oxide DMSs, such addped 1n0; films®*” and Cedoped
TiO; film,**® have generally highdand could therefore serve as a viable material alternative for
roomtemperature spibased electronic applications, the solubility of the dopants remains one of the
biggest challenges that limit their potential application. Furthermore, the nonuniform distribution of
the dopants caused by their natural tendency to form aggregates ladmgriogeneous magnetism
within the materiat®®'%°As defects in crystalline structures appear to play an important role in
dopantfree ferromagnetic oxide$€2'these oxides could have the advantage of uniform
magnetization. With the origin of these ferromagnetic properties remaining under debate, the study of
defects and the important role that they play in these oxides is therefore fundamentally important to

the development of future magnetic devices and-bpsed electronics.

Here, we produce sizecific ZIQNCs over t he 271 16tuningnsashiezceé r egi m
in the gagphasecondensatiotechnique by using a magnetron sputtering source coupled to a
guadrupole mass filter, and the NCs so produced can be deposited uniformly over a large area (2 in.

dia.). The asleposited monosized Zs®ICs (3, 5, 7, and 9 nm in diameter) are oxydeficient, and
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these oxygetvacancy defects introduce strongly sgependent ferromagnetic hysteresis. To account
for the origin of this ferromagnetism, we propose an improved magnetic polaron generation model
involving defectband hybridization. In addition to thésze dependerierromagnetism, the high
dielectric constant of Zrg£also attracts a lot of interest for use as a gate oxide in high electron
mobility transistorg®'-162Biocompatibility and excellent surface charge properties further make zZrO

NCs a strong material candidate for nanobioseri§brs.

3.2 Experimental Details

ZrO; NCs are directly deposited on hydrogemminated Si(100) substrates by using a magnetron
sputteretbased NC generation system (Nanogen 50, Mantis DepositiorfLthg silicon substrates

are cleaned by higperformance liquichromatography gradecetone and isopropyl alcohol, each

with 10 min of ultrasonication, followed by 5 min of etching in hydrofluoric acid (2 vol %) to remove
the native oxide layer, thoroughly rinsed in filtered ultrapure-niggistivity water after each step,

and finally died under a nitrogen stream. The resultinglé r mi nat ed Si (HT Si) sub
transferred to a high vacuum chamber with a base pressure of 1.5mbHD. The Nanogen source is
equipped with three 1 in. dia. DC magnetron sputtering heads, the power output of which can be
individually controlled. The zirconium targets (99.9% purity, ACI Alloys) are sputtered by Ar

plasma. The sputtered atoms enter rdensation zone (equipped with a cooling jacket), where the
atoms collide with one another acondensénto clusters® The NCs can be transported by diffusion

or carried forward by the Ar buffer g&&.As the broad beam containing NCs with a large size
distribution is collimated through the condensation aperture, it undergoes mass selection in the
guadrupole mass filter region. An appropriate set of AC and DC voltages is applied to the quadrupole
mass flter to allow the passage of NCs with the preselected-toadsarge ratio. The size selection
process produces a monosized NC beam up®arhQ with a 2% deviatiohAs no bias is applied on

the substrate, the clusters are deposited on the substratesoftitiandingcondition. In the present

work, we focus on clusters smaller than 10 nm and investigatetitesizedependency of their

magnetic properties.

The surface morphology of the deposited NC film is characterized by field emission scanning
electron microscopy (SEM) with a Zeiss Merlin microscope and by atomic force microscopy (AFM)
using a Digital Instruments Dimension 3100 Nanoman Nanoscope opendipping mode. The

crystalline structure of individual clusters is determined by transmission electron microscopy (TEM)
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with a Zeiss Libra 200 MC microscope with a corrected Omega filter operated at 200 kV. The TEM
specimen is prepared by depositing the clusters directly300-mmeshcopper grid with a lacey

carbon film using the Nanogen source. The crystal structure of the NC film deposited on a Si
substrate is measured by glaneingidence Xr ay di ffraction in a PANal yti
di ffractometer equiapdmeaalleway deanaset wpetated asan maidene
angle of ¥ = . A o wehegieal btalebrspeditiencot tree NC film is
characterized by Xay photoelectron spectroscopy (XPS) using a Thevi@dScientific ESCALab

250Mi croprobe with a -nagsoua (1486.6neV). The XPS featuted arfitted

by using the CasaXPS software after appropriately removing the Shirley background. To characterize
the magnetic properties at different temperatures, the K63 are deposited onto a 5 x 5 frfBn

substrate to allow the sample to be mounted on a quartz sangse foo superconducting quantum
interference device (SQUID) magnetometry in a Quantum Design MPMS SRSND After

appropriately removing the diamagnetic contribution from the Si substrate and the sample holder to
the signal, the magnetization of the Z200C film is normalized by mass, as converted by volume
estimation using AFM data (without considering the filling factor, shown in Figure S4) and a bulk
density of 5.68 g/cf Care is taken to prevent magnetic crosstamination by using only plastic

tweezers and quartz sample holders in all our sample preparation and data collection processes.

3.3 Results and Discussion

The formation and growth of ZBEONCs, obtained by using a magnetron sputtbeesed source and a

condensation chamber, involve the following mechanism:
- - 10'!'"0 Ao 'O ! OOAMEA O AGET 1

- - 0 - (aggregation)
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where Ar is the buffer gas, Mm (m = 2, 3,..., n) is a free metal cluster spegi@sl)Ns a metal

cluster adspecies on teabstrate, and MDx(ad) is an oxidized cluster adspecies on the substrate. As

the free Zr atoms start to form nucleation seeds upon collision with one another and with the buffer

gas within a restricted region from the sputter target, the seeds grow into bigger and b&jges &b

more free atoms become attached to the seed sttf&@mth the aggregation length (AL), defined as
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the separation between the top of the sputter target and the exit aperture3Ea)r@nd the Ar gas

flow could critically affect this cluster formation process. Figdiid shows that increasing the Ar

flow at a fixed AL promotes the growth of clusters with a smaller size. The buffer gas is therefore not
only important for generating plasma to sputter the Zr target and for carrying the clusters forward to
the deposition cimber and onto the substrate but also crucial for facilitating the seed forthation

leads to the cluster beatrecoming negatively chargédt*A higher Ar flow rate promotes the

formation of a larger amount of seeds and causes a smaller dwell time for the seeds to pass through
the aggregation chamber and therefore reduces the extent of the NC growth for a fixed AL, both of
which effectively redoe the overall size of the NCs. On the other hand, increasing the AL for a
selected Ar flow would increase the dwell time of the NCs passing through the chamber, therefore
promoting a larger mode cluster size and a broader@aassian size distributiofigure3.1c).

Figure3.1b also shows that increasing the Ar flow from 40 to 80 sccm reduces the cluster diameter at
a greater rate for a larger AL than a smaller AL. As a smaller AL has already limited the dwell time
for nucleation, the effect of the Ar flow becomes less prontirla contrast, the Ar flow for a larger

AL appears mare effective in changing the dwell time. By optimizing both the Ar flow and the AL,

the desired size of the NCs can be tuned from 2 to 10 nm (in diameter), and the smallég N@ (o

in mode size) is obtained for an AL of 10 mm at an Ar flow of 80 sccm. By either passimg @e
deposition chamber or exposure to the ambient air atmosphere, the Zr NCs could be easily oxidized
during the deposition process or upon removal fronchizenber®® Further details of tuning the

dimensions of the clusters with various parameters are discussed elseiherg 4164165
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Figure 3.1 (a) Schematic representation of the Nanogen NC deposition system for producing a size
selected NC beam, which involves (i) generation of free atoms by DC magnetron sputtering, (ii) seed
formation by collision and atom aggregation into bigger clusters(i@nseam collimation via a 3

mm diameter entrance aperture and size selection of the NCs by a quadrupole mass filter. (b) Mode
cluster size (in diameter, left axis) and the deposition chamber pressure (right axis) as a function of Ar
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flow rate (from 40 to 80 sccm in steps of 10 sccm) for different ALs (10, 30, 50, 70, and 97 mm). The
mode cluster size corresponds to the size (diameter) of the maximum in the cluster size distribution.

(c) Cluster size distribution, as reflected by tlearn current obtained at the collector of the

guadrupole mass filter, for a fixed Ar flow rate (50 sccm) and different ALs (10, 30, 50, 70, 90, and

97 mm), along with the mass of Zr NCs (right axis) for different NC sizes. SEM imagesdfiZgO

with seleced sizes of (d1) 3, (d2) 5, (d3) 7,and (d4) 9ndasposi t ed on HT Si subst
by using appropriately optimized deposition parameters and quadrupole mass filter operating

voltages.

Figure3.1d11d4 shows t he SEmMbrphology ofsizeselected ZrgNE s ur f ac e
films. The NCs are directly deposited on HT Si s
deposition parameters (AL and Ar flow) and with the quadrupole set to filter the selected mass (i.e.,
the peak position of each size distribution curve)déntly, the asdeposited NCs are dispersed on
the substrate into groups or islands of clusters, and these islands of clusters are spread over the
substrate producing a NC film with increasing deposition time. The NCswamd fo have aear
sphericakhape, and they also appear very similar to one another in size, which confirms that the

guadrupole mass filter provides good size selection with a narrow size distribution.

Figure3.2 shows the lownagnification TEM images of groups of Zr@Cs (with different mode
sizes as set by the Nanogen). The center insets depict the narrow size distributions of the NCs
produced by the Nanogen, thus demonstrating its excellent size selection. Togheemal shape of
the NCs also indicates that tkas no discernible deformation of the 2iCs deposited under the
softlanding conditiorf:° From the higkresolution phase contrast TEM images (FigRige top right
insets), the ZroNCs showwell-definedcrystallinity for the NC size of 5 nm or above. The
interplanar spacings of the 5 nm (and 9 nm) and 7 nm NCs are found to be 2.95 and 2.59 A,
respectively, which are in good accord with those of the (1 0 1) and (0 0 2) planes of the tetragonal
ZrO; lattice. The degree of crystallinity of the tetragonal ZNT film is also confirmed by our XRD
profiles (Figure S1). On the other hand, the 3 n@sidppear to be amorphous, likely due to the short
dwell time available for the crystalline growth. This is also supported by the corresponding fast
Fourier transform (FFT) patterns of the TEM images of individual NCs (FBj2rdottom right

insets), which show a notable contrast between the spot pattern of the crystalline 5 nm NC (Figure
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3.2b) and the ring pattern of the amorphous 3 nm NC (Fig2a. These amorphous NCs with
ultrasmall size could contain a higher density of defects that would likely give rise to stronger
magnetic propertie®’ It is of interest to note that for bulk Zs@he most stable phase is the
monoclinicphase, followed by the tetragonal and cubic phases. Because of the difference in the
surface free energy of the nanostructure within thel€ubm size regime, the tetragonal Zi0Cs

can be formed and become stable at room temperatife.

o8 nmim =

Figure 3.2 TEM images of a group of ZeEONCs deposited on a TEM copper grid with a lacey carbon
film obtained at low magnification with mode sizes of (a) 3, (b) 5, (c) 7, and (d) 9 nm, along with the
individual NC of each size obtained at high resolution (top right insets) and the corresponding
simulated diffraction patterns generated by FFT (bottom right insets). The NCs so obtained exhibit a
very narrow size distribution, as shown in the respective center insets (where the bar label shows the
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number of NCs with the corresponding mode size in the TEM image), as selected by the quadrupole

mass filter in the Nanogen source.

Figure3.3 shows the XPS spectra of the Zr 3d and O 1s regions of-ttepasited ZrQNC
films. The survey spectra (Figure S2) indicate the presence of Zr, O, C, and Si. It should be noted that
the presence of a minute amount of carbon in the form of a carbonaceous layer is often found on
samples due to normal handling in air. Evidentigré are no features corresponding to Mn 2p at
638.3 eV, Fe 2p at 706.8 eV, Co 2p at 779.4 eV, and Ni 2p at 852.6 eV, which confirms that the
ferromagnetic signals aregerated by the ZEONCs and not any magnetic impurities. The
predominant Zr 3¢b feature at 183.4 eV and the prominent O 1s feature at 531 eV (Bi§ure
correspond to the Zrcation in stoichiometric Zr® The residual intensities between thé"and
metallic Zp peaks can be attributed to oxyegeficient ZrQ (Table3.1). Evidently, the residual band
corresponding to Zrgshifts from 181 eV to the binding energy position of metallic Zr (at 178.9 eV)
with decreasing intensity as the NC size increases fromt® 9 nm. Based on the binding energies
of Zr** (179.8 eV), Z#" (180.9 eV), and 2t (182.1 eV), we attribute the Zx®and to a combination
of these oxidation states, which are used in the fitting (Fi§i3)é%” More details of the composition
of the residual features are given in Table S1 (Supporting Information). For the 3 and 5 nm NCs, the
ZrOy features consist largely of Zrand Z¢* contributions. For the larger 7 and 9 nm NCs, the
respective Z* residual intensities have become extremely low, and the predominant contributions are
Zr?>* and Z**. For the O 1s spectra, after removing the.38ature at 532.9 eV, the remaining feature
at 533.5 eV can be attributed to oxyepaficient ZrQ. As the depositiorsiperformed in a low
vacuum condition, the aggregated Zr NiEs oxidized in ambient conditions, which could produce
nonstoichiometric oxide staté§Vhile the surfaceo-volume ratio increases with decreasing NC size
from 9 to 3 nm for an individual NC, the total specific surface area increases with decreasing NC size.
As the formation of Zr@could be caused by the presence of oxygen vacancies at locations with low
coordination (i.e., in the neaurface region) in the NCs, the smaller NCs are more favorable to
introduce oxygen vacancies. As the surface of the NC becomes oxidized with gstateasmore
discernible ferromagnetic properties are expedf the surface is populated with oxyggeficient

sites.
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Figure 3.3 XPS spectra of the Zr 3d region (left column), along with the expanded viewfafdate
residual intensities of the Zr ggregion (middle column), and the O 1s region (right column) otZrO
NCs of different sizes (3,5, 7, and9nmdaes posi t ed on HT Si Ssubstrates.

As the substrate has significantly greater mass than the deposited NCs, the main contribution to
the sample (NCs substrate) during the SQUID magnetometer measurement is expected to be
dominated by the silicon substrate. After subtracting the diamagnetic signals from the silicon
substrate and quartz sample holder (Figure S3a), we observe a hysteresis loop indtierespe

magnetization curves of the NC films. In order to perform quantitative analysis of the loop, we
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minimize the effect of noise by employing a cufiteng procedure developed by von Dobenetk
al.1®81%Thijs procedure is based on the symmetry of the loop and the use of hyperbolic functions, the
details of which are provided in the Supporting Information (Figure S3). The magnetization is
normalized by the mass of the NC film, which is estimated fromahene of the NC film (Table

3.1) obtained from the NC film thickness measurements (Figure S4).

Table 3.1 Comparison of ZrQChemicalState Content, Saturated Magnetizatior)(Memanence
(M)), and Coercivity (k) Measured at 5 and 300 K for ZrC Films of Different NC Sizes.

NC size (dia.) 3nm 5nm 7 nm 9nm
Number of Zr atoms 606 2809 7696 16383
Mass 10° amu) 55.3 256 702 1490
Surface to volume ratio (nm?) 2.00 1.20 0.86 0.67
NC film thickness (nm) 4.9 6.1 35.2 34.6
Sample volume &107 cm®) 1.20 1.49 8.62 848
Sample mass (ug) 0.68 0.85 490 482
Relative residual intensity in Zr 3d 10.6% 8.6% 5.7 4.%%
content
5K Ms (emu/g) 1.91 0.54 0.16 NA
M.(emu/g) 0.20 0.11 0.05 NA
Hc (Oe) 120 125 162 NA
300K  Ms(emud) 1.80 0.46 0.13 NA
M, (emub)) 0.12 0.07 0.02 NA
He (Oe) 77 79 94 NA
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Figure34aandbs how magneti zation as a function of mag
monosized Zr@NC films, withthe three smallest NC sizes (3, 5, and 7 nm), obtained at 5 K and
room temperature. Evidently, all the NC films start to reach saturation at308though the
magnetization curves measured at room temperature appear noisier than those at 5 K, they clearly
follow the characteristic ferromagnetic profile (after the respective contributions from the substrate
and the sample holder have been appatgly removed). The magnetic saturatiorsyMemanence
(My), and coercivity( ar e cal cul ated from the correspondin
summarized in Tabl&é.1. Among the monosized NCs, the 3 nm ZNEZs exhibit the strongestM
and M, both ats K and 300 K. The Mvalue for the 5 nm NC&.54 emu/g at 5 K) is found to
decrease significantly to 28% of that of the 3 nm NCs (1.91 emu/g at 5 K), anmhtihues to
decrease as the NC size increases to 7 nm (0.16 emu/g at 5 K). However, the 9 nm NCs start to show
bulk-like properties without any ferromagnetism (Figure S3d). The changes in magnetization are
likely due to the changes in the defect conaitin and in the NC packing density on the substrate.
As the NCs are deposited on the substratleusoftlanding condition, they are expected to be
loosely packed and stacked on the substrate without deformation. There is therefore more space
among the larger NCs, which reduces their material density. On the other hanfhudd to
increase slightly from the 3 nm Zs@®ICs (120 Oe at 5 K) to 5 nm (125 Oe) and to 7 nm NCs (162
Oe). For the 9 nm NCs, the nearly linear and noisy magnetization curve (Figure S3d) suggests that
these larger NCs start to essentially follow the bulk (paramagnetic) pEfidept for the smaller
corresponding values, the trends indvid H observed for the magnetization curves measured at 300
K generally follow those at 5 K with respect to the changes in the NC size, which suggests that there
is no phase change between 5 and 300 K. Furthermore, it should be noted that we have also
performedpost annealingf the asgrown ZIQNCsinQi n or der t o fiheal 6 (or r
of) the oxygen vacancy defects. Thesst annealedamples do not exhibit any ferromagnetism,

which confirms that the observed ferromagnetism comes from the oxygen vacancies
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ZrO, NCs of different sizes obtained at (a) 5 and (b) 300 K. (c) Schematic presentation of the
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Zr 4d°
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Zr 4d?

formation of magnetic polarons in an unreconstructec Zt@ 1) surface. The missing oxygen
vacancy (\) in the lower sublayer triggers four nearby Zr ions (the one belgig Mot shown) with

two excess electrons. The electron trapping in the oxygen vacancy could couple with the other
electron located in 2t via exchange interaction, generatimggnetigpolaron. (d) Schematic diagram

of bandsplitting leading to €rromagnetism generation: an impurity band contributed by ZZ4tt)

is generated by the oxygen vacancy defects. This impurity band could merge and hybridize with the
conduction band, which triggers basglitting into spinup and spirdown states.

To date, there are only a few theoretical studies on magnetic ordering and the origin of magnetic
semiconductor oxides. In the bound magnetic polaron (BMP) maodel, which is highly applicable to
materials with transitiometal dopants, magnetic coupling engrated via exchange interaction

between the donors and local magnetic ions, resulting in a cloud of polarized spins anrchitesiso
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ferromagnetic alignment®In a dopanfree semiconductor oxide material, the grain boundary

defects that are proposed to correspond to oxygen vacancies have strong effects on their interactions.
The magnetic exchange interaction is enhanced by a high concentration of the oxggey va

defects overlapping among the BMPs. However, this model could not explain how this
ferromagnetism could exist at room temperature or in some other nonferromagnetic materials with a
high concentration of oxygen vacancié&tin the chargdransfer ferromagnetism (CTF) model,
developed as an extension of the BMP model, the high defect concentration contributes to an impurity
band. Electron hopping between the impurity band and the charge reservoir created by the dopants
leadsto splitting of the spin stat€d°¢15’As the ZrQ NCs obtained in the present work do not have

any dopant, the observed ferromagnetism for the clusters of different sizes is therefore related to
oxygen vacancy defects. The presence of oxygen vacancy defects is in good accord with the XPS
residual intensies of the Zr 3d feature between 179 and 182 eV and the O 1s feature between 532
and 536 eV attributed to Zk@Figure3.3).

Based on the previous theoretical studies involving the BMP and CTF models and our XPS
analysis, we propose a band hybridization model to explain thelspendenterromagnetism of the
ZrOz NCs. Unlike Tiin TiQ and Zn in ZnO, the Zr atoms in the ZrQulk are not easily reduced
from Zr** to a lower oxidation state (i.e.,*ZrZr?*, or Z**).1* However, in the presence of a high
electric field or a surface, it is possible fofzo be reduced to a lower oxidation st&te€’In a
recent density functional theory study®1%%oxygen vacancies are found to have a lower formation
energy in a ZroNC than the bulk Zr@ which makes the ZrNC more favorable to host oxygen
reducible structures. Because of the presence of these oxygen vacancy defects,ttieagobal
phase could become stabilized at room temperature. The oxygen vacancies are more easily formed in
a lowerdimensional structure such as the surface of the clusters. There is therefore a higher relative
concentration of oxygen vacancy defects.(iZrQ) in the NCfilm with smaller NCs because of their
higher surfaceo-volume ratio (when compared to a uniform film or powders). In the tetragonal ZrO
structure, one missing oxygen atom (i.e., an oxygen vacancy defect) could trigger the reduction of one
of the nearby Zt ions to Z#*, leaving a resonance structure that contains a singly charged oxygen
vacancy and a Ztion. The excess 4d electron in the lattice starts to form a magnetic polaron due to
the exchange interaction (Figuseic). As the Zt ions become #charge reservoirs as a result of
this defect formation, an impurity band arises between the conduction band and valence band.

Hybridization between the impurity band and the conduction band causesiiiiy that leads to
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spinup and spirdown states, which favors the ferromagnetic ordering (Figdd >"# As the size

of NC increases and approaches the bulk, there are more nearby missing oxygen atoms (i.e., >2
atoms/unit cell), and more Zy Zr'*, or even Zt (metallic) states are introduced. Although there is a
higher concentration of defects along with more unpairsddall electrons, too close overlapping of

the electron wave functions (leading to exchange interaction) could induce antiparallel aligranent an
therefore give rise to antiferromagnetism. In addition, the excess electroAsan@Zf occupying

the orbitals individually may lead to paramagnetic property as well. Hence, when the NC size
increases from 3 to 9 nm, the concentration &f decreases (as revealed by the XPS spectra in
Figure3.3) and less magnetic polarons are produced, which in turn leads to weaker magnetic
saturation. The present model is found to be consistent with the recently reporednfaigte

calculations on even smaller clustegs3(nm)>’

Our ferromagnetic NCs are novel and unique because they represent one of the ratfieedopant
DMS materials. Our ZreNCs only require less than 2000 Oe external field to reach saturation. The
sensitivity and saturation (1.8 emu/g) are much higher than most of the magnetic transparent oxide
materials, including undoped Zz@m (0.18 emu/g);"* Mn-doped ZrQ thin film (0.02 emu/g},?
and Cudoped ZnO nanowire film (0.2 emu/d§.In addition to presenting further insights of the
ferromagnetic property of these NCs, our magnetic, AtOs also promise some potential
technological applications. In cancer theragnostic, these ultrasmall NCs combined with designer
surface chemistries are highly appealing to diagnostic assays and MRI contrast*gents.
Furthermore, as the ferromagnetism of ZNLs are strongly sizdependent, the magnetization can
be manipulated by controlling the size. These magnetic NCs with a high dielectric constant could

potentially serve as tunnel junctions in future nanoscale spintronic dé&vVices.

3.4 Conclusion

In summary, we have successfully synthesized and deposited -dicgmasizeselected Zr@NCs of

3,5, 7, and 9 nm in size on silicon substrates. These monosized NCs exhibit strolegpeiment
ferromagnetism. Together with the naturdhef nanostructures, the brtiitt oxygen vacancy defects

near the surface of the NCs are found to be responsible for the magnetic properties. Our XPS study
further shows that there is a correlation between the magnetization®aedrent of the NCs. The
present study establishes a strong link between the proposed mechanism involvirgdiedect

band hybridization and the observed magnetization properties. This work also demonstrates a novel
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approach to synthesize dopdrge magnetic semiconductors and to manipulate the magnetization by
size control. The simplicity of the technique and the rdemperature deposition promise high
reproducibility and a wide substrate choice that are attratctisebroad range of applications, such as

tunneling junctions and future spintronics.
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Chapter 4

HfZ ixO2Sol i d Solution Nanoclusters wit

Composition

4.1 Introduction

Zirconia (ZrQ) and hafnia (Hf@ have been regarded as new technological materialsmiitjoie

physical and chemical properties. They are both group etal oxides. Both Zr£and HfQ have
relatively | arge bandgaps (5 :delecegic/constants (4Bal e V,
4.0, respectively). They have therefore been used as an emerging class of gate electrode®faterials.
Bulk ZrO, and HfQ are very stable in the monoclinic phase at room temperature. The monoclinic
phase is transformed at higher temperature to the tetragonal phasat(Zt@0eC, HfO, at 1720e C)

and the cubic phase (Zz@t 2370e C, &l 2600e C9Both zirconia and hafnia are also very

similar in other properties such as relatively high stiffness, low thermal conductivity, and
biocompatibility, maki ™t hem known as f#fitwin

Recently, creating nanostructures of ZeBd HfQ has attracted a lot of attention. This is
because not only these nanostructures provide a high specific surface area with a rich variety and a
large number of active sites for catalysis and sensing applicabiargheycould also contain
stabilized highetemperature tetragonal and cubic phases as well as the metastable orthorhombic
phase, in addition to the monoclinic phase found at room tempet&tifieurthermore, these
nanostructures could support the existence of oxygen vacancy defects. With a high concentration of
oxygen vacancy defects, there could be a large number of defect states arising between the
conduction band and valence b&it!"*These sacalled midgap states in the novel phases could
promote photoabsorption when the material is working as a photocatalyst, or enhansptitépm
that favors ferromagnetic alignment. The oxygksficient ZrQ and HfQ are also strong candidates

for use as the active components in the 1gexteration nowolatile memories (i.e., RRAMP 105

Nanoclusters (NCs) are one of the most fundamental nanostructures with the highestsurface
volume ratio. The number of defects that often affects the performance of the material in a selected
application can be controlled by size manipulafi®he most common method to synthesize NCs is
selfassembly in the liquid or gas phase. {phasecondensatiolis a welldeveloped technique for

NC generation. The target material is vaporized into the gas phase and carried into a cooled
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condensation chamber by a buffer gas, where the gaseous atoms/molecules of the target collide with
one another, losing thermal energy and condensing into clusters. To generatesizewctuster

beam, a quadrupole mass selector is employed at the extifirggof the condensation chamber. This
technique provides the flexibility of the choice of the target material and offers the tuning of cluster
size and compositioH¥1’® There are many gaseous species generation techniques that can be used in
a gasphasecondensatioNC source, including-&eam evaporation, ultgonication, and magnetron
sputtering. In the present work, we use DC magnetron sputtering to produce Zr and Hf atoms for

cluster synthesis because of its easy sample preparation and precise control.

To date, there have only been a few studies in combining these twin oxides into a homogeneous
film, less than 10 nm thick’he HZO film has attracted great interest because it exhibits ferroelectric
behavior with ultralow power dissipatidff2 The great sol ubility and hom
oxideso in the film lead to a great advantage cc
produce, for the first time, oxygeteficient H{Zr1.«O2 (x<1) hybrid NCs by using a gamhase
condensatiotechnique with specific size and composition control. We provide detailed
characterization of their crystalline structures and chemical states as well as their bandgaps and
propose a model to explain the novel structure of these sallition NCs

4.2 Experimental Details

The HfZr1.4O2 NCs are synthesized using a novel NC generator based on a DC magpatten

coupled to a quadrupole mass sele@anogen 50, Mantis Deposition LtdWith a base pressure of
4.3x 10° mbar, the system operates at a deposition pressure fronil@4mbar to 4.9« 10 mbar
depending on the selected argon flow rate. The zirconium and hafnium metal targets (99.9% purity,
ACI Alloys) are mounted on separate 1 inch diameter magnetron sputtering heads, each of which can
be individually controlled to olin different sputtering poweln this work, the Zr and Hf targets are
sputtered simultaneously with independent control to provide alloy clusters in various relative
compositions. The quadrupole mass filter coupled to the NC beam path provides apistise

mass selection with @&accuracy up to Jaamu. To determine the surface morphology and the
crystalline structure of the @eposited clusters, a Zeiss Libra 200 MC transmission electron
microscope (TEM) is employed. This omeigjter-corrected T can be operated at 200 kV in both
STEM (Scanning TEM) and HRTEM (Higtesolution TEM) modes, providing detailed

morphological and structural analysis. The TEM is also equipped with an efispgysive Xray
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spectrometer (EDS), which, in STEM mode, can provide elemental analysis of an individual NC to
determine the alloy oxide compositiothe TEM specimen is prepared by depositing the clusters
directly on a 30@nesh copper grid with a regl carbon filmin the Nanogen source.

To determine the Zr and Hf composition and their oxidation states, we performagn X
photoelectron spectroscopy (XPS) study usififf@rmaeVG ScientificESCALab 250 microprobe
wi t h a monoc h-rapsowacgi486.6 AV) Th&HEZrX0, NCs are directly deposited
on hydrogenterminated Si(1003ubstrate¢H-Si) for XPS measurements. Before transferring into the
Mantis high vacuum deposition chamber, the Si substrates are precut inté 30nmm pieces, and
then cleaned with Xfin ultrasonicationn high-performancdiquid chromatographyHPLC) grade
acetone and isoppgl alcohol followed by a 5min etch inhydrofluoric acid(2 vol %)to remove the
native oxide layerFilteredultrapure higkresistivity (18.2Y &m) water $ used to thoroughly rinse the
substrates between each preparation step. All the XPS featuesmbrsedby using the CasaXPS
software after appropriately removing the Shirley background. Moreover, i@fle@tctron energy
loss spectra (REELS) are also taken to measure the banddghpseohybrid NCs in a Thermo Nexsa
G2 surface analysis system with an electron beam of 1000 eV incident energy.

4.3 Results and Discussion

The sizeselected HiZr1.«O. hybrid NCs have been synthesized using thephasecondensation

technique, shown schematically in Figdrga.Argon gas is injected from behind the sputtering

targets and activated into a plasma, which is then used to sputter the Zr and Hf targets into gaseous
atoms. The Ar ions in the plasma not only sputter the targets, but also serve as seeds to initiate cluste
formation? As the seeds propagate through the webeted aggregation chamber, they collide with

other free sputtered atoms and Ar atoms, losing thermal energy and coalescing into clusters. These
clusters then pass through-adn dia. exit aperture into the depasit chamber, following the

pressure gradient. The Ar gas also serves as the carrier gas for deposition, providing the momentum
for the NCs to travel at ~200 m/s through the quadrupole mass filter$du size-selection. Since

there is no bias appliedhvdhe sample holder, the NCs undergo-taitling on the substrate without

any structural deformatiof:®
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Figure 4.1 Schematic rpresentation of synthesis of #f hybrid oxide NCs by gaghase
condensatiotechnique, which involves magnetron sputtering of both Zr and Hf metal targets
simultaneously under different sputtering conditions, and the resulting gaseous species then aggregate
in the gas phase over an aggregation length (AL) to form clusters siith distribution. The as

formed clusters then undergo size selection in a quadrupole mass filter beféaiadiofy onto the

substrate. (b) Mass distributions of thefagned dusters passing through the quadrupole mass filter

(as reflected by the collection current) at selected aggregation lengths (10, 40, 80 mm) and an Ar flow
rate of 30 sccm. The grey lines indicate the corresponding estimated sizes of the pure Zr oriHf NCs o
each mass (right axis), where the grey dash line gives thetmsige relationship of the HfZr alloy

hybrid NCs with a 1:1 Hfo-Zr ratio (i.e., HZO). The mass distributions obtained with an 80 mm
aggregation length are also shown for NCs with otHative compositions of 60% Hf and 40% Zr

(blue) and 40% Hf and 60% Zr (orange), indicated as H60Z400 and H40Z600 respectively.

By modifying the cluster dwell time in the aggregation chamber, the size of the NCs can be
optimized for precise sizgelection by using the quadrupole mass filter. The cluster dwell time is
mainly controlled by the Ar flow rate and the aggregation le(th), the latter of which is defined
as the distance between the movable sputtering targets and the exit aperture of the aggregation
chamber. The mass distributions of selected HfZr alloy NCs in this work as scanned by the
guadrupole mass filter are shownFigure4.1b, while those of other alloy NCs can be found in
Figure $ (Supporting Information). Figuré.1b and Figure Salso show that the combination of a
high Ar flow rate and a short AL generally leads to smaller NCs. Conversely, the combination of a

low Ar flow rate and donger AL leadto bigger NCs. It should be noted that the AL provides the
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most effective control of the NC size, while the Ar flow rate is a secondary parameter more effective
in maximizing the NC beam current for optimal productivity. The NCs so synthesized could therefore
be findy tuned and appropriately selected from 1 Xd@u to 6 x 10amu, which corresponds to 8 to

14 nm for Zr NCs, 6 to 11 nm for Hf NCs and 7 to 13 nm faysBh sO. NCs.Both Zr and Hf targets

are sputtered simultaneously, with the sputtering power for each target controlled independently.
Since the Zand Hf havesimilar sputter yield$23three different sputtering current combinations of

120 mA/80 mA, 100 mA/100 mA and 80 mA/120 mA for Hf/Zr targets are applied to achieve
different Hf and Zr compositions in the J2f1.xO, NCs, which we denote respectively as H60Z2400,
HZO, and H40Z600 (with H for Hf, Z for Zr and O for oxidezj@nd the digits 40 and 60

correspond to the approximate atomic percentage to indicate the relative composition of Hf and Zr).
Table4.1 summarizes the different sputtering conditions (including sputtering poweegagjgn

length and Ar flow rate) used to obtainHAf;.xO. NCs with selected sizes and relative compositions.
We also provide a simple notation to identify these NC samples along with their properties obtained
from TEM and XPS discussed below. More details about tuning the size of the NCs are given

elsewherg:8:21.24.184,185

Table 4.1 Summary of deposition conditions used to obtaifZHfO» NCs and their typical physical
and chemicaktate properties.

Nanocluster | H40z60 | HzZO-10 | H60zZ40 | H40z60 HzZO-40 | H60Zz40 H40z60 | HZO-80 | H60z40
Sample 0O-10 0-10 0-40 0-40 0-80 0-80
D

Zr sputtering | 120 100 80 120 100 80 120 100 80
current (mA)

Hf sputtering | 80 100 120 80 100 120 80 100 120
current (mA)

AL (mm) 10 40 80

Ar flow rate 45 30 30

(sccm)

******

In our sample ID notation, H, Z and O represent Hf, Zr and O respectively. The two digits after H (or Hf)
and Z (or Zr) represent the atomic percentages of the respective metals in the oxide and the two digits after the
hyphen correspond to the aggregatiength (AL) in unit of mm. The Ar flow rate is used as a secondary

control parameter to primarily optimize the cluster beam current. As it has a minor effect on the target cluster
size, it is not included in the sample ID.
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Figure4.2 shows the STEM images of theBf.xO> NCs asdeposited directly on the holey

carbon TEM grids. All the NCs appear to be evenly distributed on the TEM grids and each individual

NC shows a spherical shape. The NC samples deposited under different selected conditions all follow

a nearGaussianige distribution, which closely resembles the corresponding NC beam current curve

collected by the quadrupole mass filter (Figdi). As expected, the NCs appear slightly larger

when compared to the mass profiles obtained from scanning the quadrupsifiterabecause they

become oxidized in the ambient environment.
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Figure 4.2 STEM images of adeposited (a) HZ€0, (b) HZ0O40 and (c) HZG0 NCs on the holey
carbon TEM grids with theorresponding size distribution profiles shown in lower panels. The NC
size corresponds to the diameter of the +spduerical NC. The insets provide images at a higher

magnification to show the neapherical shape for each NC, with-@M scale bars.

Figure4.3 shows the HRTEM images of thedeposited NCs of selected sizes and compositions
to illustrate their crystalline structurddnder the soffanding condition, there is no discernible
deformation for the NCs. The NCs obtained with 10 mm AL and 45 sccm Ar flow appear amorphous,
which is likely due to the extremely short dwell time in the aggregation (growth) process (Fayure S
As the AL is increased to 40 mm, the NCs become larger and apparently more crystalline.
Interestingly, the simulated difction patterns generated by FFT match with the space §ua2p
(orthorhombic):8-187which is not one of the three normal stable phases (i.e., monoclinic, tetragonal,
and cubic) of Zr@and HfG. It should also be noted that the NCs with the highest Zr content are
found to have the highest crystallinity. As the Hf content increases, the NCs start to convert into a

structure of a crystalline core with an amorphous shell, where the core stihimsithte
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orthorhombic structure. Even though the twin oxides $Zn@ HfQ) have very similar lattice

parameters, the orthorhombic Hfdas a smaller unttell size than the orthorhombic ZrQrable

S2).%7 As the deposition condition changes to 80 mm AL, the hybrid NCs grow beyond 10 nm and

start to become polycrystalline. The emergence of polycrystallinity suggests that the NCs are
evolving from a figiant mol ecul eénoteborthorbdmkic wi t h €
phase. We therefore estimate the critical size for a single crystallide k. NC to be ~10 nm. The

HRTEM images for those hybrid NCs obtained under other synthesis conditions are also shown in

Figure %.

(a) H402600—40 6.5nm | (b) H602400-40 7 5 nm

Figure 4.3 High-resolution TEM images of adeposited HZr1.xO. NCs obtained with 40 mm AL

for samples (a) H40Z60@0 (Hf.4Zr0.602) and (b) H60Z40€40 (Hfy.6Zr0.402), and with 80 mm AL

for samples (c) HZEB0 (Hfy5Zr0.502) and (d) H60Z40EB0 (Hfy 6Zr0.402), along with the

corresponding FFT patterns (right panels) to illustrate the different crystalline features. The right
insets in (c) and (d) provide images of the entire NCs, with their corresponding sizes (12 nm and 14

nm dia.) marked by circles.

To get better understanding of the compositions that lead to the hybrid NC structures, we perform

a detailed XPS study of the hybrid NCs to characterize their chemical states.44groafirms the
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presence of Zr and Hf features in the XPS spectra of all the NCs obtained with different sizes and
compositions. This is in agreement with the THHIS measurements (Figuré)Sf individual NCs,

which verify the integration of Zr and Hf within the hybrid NCs. Since the Hf 4s spectra have direct
overlap with the O 1s features, the O 1s spectra are not used to analyse the oxidation states. Among
the NCs reported here, the mpsbminent Hf 44, feature at 17.8 eV corresponds td'HHfO,)88

and it becomes more intense with increasing AL (from Figulgto Figured.de to Figured.4f),

which suggests that the Hf atoms tend to integrate more readily into larger clusters. On the other
hand, the Zr components in the hybrid NCs appear much more active and they exhibit a large
variation in oxidation states (FigufielaFigure4 .4c), with the most prominent Zr 3gpeaks at

184.0 eV corresponding toZ1(Zr0O,).2# For NCs obtained with 10 mm AL, two more components

can be fitted, Zf (x1 > 4+) and Z¥? (0 < x2 O3+) on the respective higher and lower binding energy
sides of the Zt feature. The Zf feature can be attributed to oxygeeficient states based on our
previous study.As the Zi? feature appears to become more intense and shift to a higher binding
energy from H40Z60€10 to HZG10, there are more singly charged oxygen vacancy defeéts (Zr

in the integrated hybrid NCEor the Zf features that have discernibly higher binding energies than
Zr** first observed here, they provide evidence for the presence of possible solid solution in NCs due
to the interaction between Zr and Hf, which will be discussed later. While there are some reports
about the higher binding energy shifts for Zr alloys inXFS studies®'*none of these reported

shifts are as large as the one shown here.

As the size of the hybrid NCs obtained with 40 mm AL increases, the width of the Zr 3d features
(Figure4.4b) becomes notably smaller than the smaller NCs obtained with 10 mm AL, indicating a
more homogeneous chemical environment around the Zr atoms, whilé'tfeaHires remain the
most dominant. With the narrower widths, th&'Zomponent in the higher binding energy range
could be easily fitted with two peaks,*Zrand Zi'®. These two peaks could likely be attributed to
two different and more wetlefined Zr bonding sites in the 14O, orthorhombic structure when
compared with the amorphous NC structure obtained with 10 mm AL. There is also a small oxygen
deficient Zi? feature in the NCs obtained with 40 mm AL (Figutdb), which has a lower intensity
relative to Zf* than the NCs obtained with 10 mm AL (Figu4rda).

Most of the characteristics found in the Zr features are carried over for the larger NCs obtained
with 80 mm AL as the intensity in the higher binding energy region abdvea also be easily

fitted with two peaks corresponding to“Zrand Zi*". The relative intensities of these*Zrand Zi*°
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features evidently increase witlecreasing Zr (or increasing Hf) content. Interestingly, there is a Zr
metallic state (&) emerging in addition to thér features (residual component in the lower binding
energy region) for H40Z26080 and HZG80 NCs. As the H40Z60@0 hybrid NCs are the largest
NCs studied here, it is more difficult for oxygen to penetrate the entire cluster and fully oxidize the
metal depsit, thereby leaving more oxygeleficient sites and a stronger metallic state. The binding

energy positions and relative concetitnas of all the Zr features are also summarized in Talile
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content generally increases from top to bottom within an individual panel.

Figure 4.4 XPS spectra of (a, b, c) Zr 3gand (d, e, f) Hf 4#. regions of the adeposited HZr1.xO.
NC samples obtained with different aggregation lengthsjAand compositions on-Hi substrates.
Only the Zr 3@ and Hf 4f;, features are used to identify the oxidation states. The NC cluster size

generally increases with increasing AL (i.e., from left panel to right panel) while the relative Hf



As the ultrasmall and transparent nature of#f.xO> NCs are beyond the detection scope of
traditional U\-Vis spectroscopy, we use reflection electron energy loss spectroscopy (REELS) to
characterize, for the first time, the bandgaps of these novel NCs, shown in FAgEguse4.5
summarizes the measured bandgaps as functions of the NC size, obtained with different AL, and of
relative Hf compositions. Evidently, the bandgap is found to follow the unexpected increasing trend
with increasing NC size, in contrast to the bandgap nedmeaterials generally beming larger with
decreasing siz€¥! We believe that the crystallinity and the defects in these NCs are playing an
important role in controlling their bandgaps. For the smaller NCs obtained with 10 mm AL, lattice
structures cannot be formed due to the short dwell time. These amorphousi@s¢hexhibit the
smallest bandgap of about £®.1 eV. As the NCs start to become crystalline for 40 mm AL, their
bandgap increases slightly due to the crystalline structure and then further increases to atéit 4.5
eV for the NCs grown with 80 miL. The XPS results show that the NCs obtained with 40 mm AL
also have more relative ’2than NCs obtained with 80 mm AL for H40Z600 and HZO NCs, which
indicates the presence of more oxygen vacancy defects, and therefore the smaller bandgaps are likely
due to the midgap defect states. Furthermore, Figjbralso shows that the bandgap follows the
increasing trend with increasing Hf content for NCs obtained with the same AL, which is consistent
with the larger bandgap for Hf@han Z0..% Interestingly, all the NCs are found to have smaller
bandgaps than both bulk Zr@nd bulk HfQ (5.8 eV and 6.0 eV, respectively). This observation can
be attributed to the substantial concentration of defects introduced within the NCs resulting from the

intermixture of Zr and Hf.
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Figure 4.5 Bandgaps of NCs obtained with ALs of 10 mm, 40 mm, and 80 mm (corresponding to NC
sizes of 4 nm, 8 nm, and 14 nm, respectively) and three different relative compositions. These values

are summarized imable 4.1.

Orthorhombic Zr@and HfQ (both space grouBca2;) have attracted early studies over three
decades ago. These Arared orthorhombic bul k str.t
temperature and pressufél®3A schematic representation of tRea2; orthorhombic structure is
shown in Figuret.6a!®In an orthorhombic Zr@or HfO; structure, an individual Zr or Hf atom is
bonded with seven neighboring O atoms, in contrast to the structures of the normal phases (i.e.,
monoclinic, tetragonal, and cubic phases), in which a metal atom is bonded to eight O nearest
neighbours. Accordingl| there are two types of oxygen sites with different coordination in the lattice
structure. The O atoms in the first type of sites are bonded to four nearby metal (Zr or Hf) atoms,
forming a distorted tetrahedron. The Oratoin the second type of sites are bonded to three nearby
metal atoms, forming a trigonal planar geometry. An early theoretical study has shown that this
special bonding arrangement has introduced possible strain and stress in this orthorhombic phase,
leadng to instability in the bulR? The reported calculation also showed that a critical grain size is

needed to obtain a stable orthorhombic structure at room temperature. The presence of defects or
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reconstructions between the grain boundaries is therefore expected to alleviate the strains and to
sustain the orthorhombic structure.

Based on the previous studi®sand our characterization data, we propose a new model to
account for the structure of this novel solid n@otution. While atomic layer deposition by cyclically
producing HfQ and ZrQ layers alternatingly followed by annealing has been used to form a HZO
thin film,°2181no nanostructures of ZrHf alloy have ever been reported. Here, we synthesize ZrHf
alloy NCs for the first time and with size and composition control by using a magiseutiering
gasphasecondensatiotechnique. The alloy NCs are very reactive due to their high specific surface
area, and they become oxidized upon-kofting on the substrate and upon subsequent exposure to
the ambient environment, which lead to the observed orthorhombic structin@ugtitthe twin
oxides have very similar lattice sttures, which facilitates superior solubility into each other, their
formation energies are differetit.As the seeds are negatively charged in the condensation chamber
during cluster growth, the Zr atoms with their higher electron affinity than Hf atoms would be more
likely to condense during free collisidtdence, the sputtered Hf are less favorable to condense in a
short dwell time (i.e. under a low AL condition). Meanwhile, the Hi@ relatively less conducive
to defect formation than ZeQas all the Hf in the NCs maintain #iftates. At a low Hf
concentration, the Hf atoms can be regarded as a dopant in the orthorhombattiOstructure.
Although the Z#* and Hf* ions have a very similar atomic radius due to the lanthanide contréttion,
the Hf* ion with much more protons than the¢*Zion has a higher electric field that could cause
stronger attraction from electrons from nearbByi@s and even Ztions. As the Hf* atoms are
evenly distributed within the entire NC due to t
dipole moment within a polaron) cancels out each other within the lattice under the periodic boundary
condition. On c e seththe NT puface, this casses tha chemical Ishifts ofhzi
we identify as Z¥* (Figure4.6¢). Meanwhile, with the presence of theé'Hbns, the surface may
attract more oxygen atoms, which might lead to different surface reconstruction. Those oxygen atoms
could attract electrons from the*Zions, alsaesulting in the chemical shifts of ZrThe direct
attraction from Hf* and induced attraction from oxygen are illustrated in Figude and Figurel.6d.
As the NCs have a high specific surface area, tRdeatures become observalBrr TEM study
also shows tht the NC slowly transforms from being entirely crystalline to a crystalline core with an

amorphous shell, as the Hf content is increased for NCs obtained with AL 10 mm to 40 mm.
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However, as the Zrintensity appears to decrease with increasing Hf content, we therefore expect

that the amorphous shell could introduce more surface relaxation.

Since the Hf ions have much stronger bonds with iOns than Zt, the oxygen vacancies are
more likely to form in regions of the NC containing no Hf dopants (i.e., the oxygen site that attaches
to all Zr neighbours). In Figur¢.6b, the oxygen vacancy defects at two different sites are illustrated
on an orthorhombic (1 0 0) plane. Each oxygen vacancy defects could introduce a resonance structure
with three or four nearby Zfrions and cause a reduction ofZons into lower oxidation states,
which leals to the appearance of the low binding energy components in the,Ze8udire that we
denote as Zf.? As the NCs obtained with 80 mm AL become larger, a polycrystalline structure
begins to emerge, which is consistent with the evolution of the NC to bulk HZO material. Since the
previous study has shown that the oxygen vacancies inaZeOnore favourable to form at the lower
coordination sites (i.e., surfaces, edges, and grain bounddties)ie could be more defects locating
not only at the NC surface, but also in the grain boundary region. Therefore, the’fieati#es
emerging for samples H40Z668D and HZG80, in addition to the Z# features within the
polycrystalline NC obtained with 80 mm AL, are related to the metallic states and they serve as an
interconnecting component between the grains. Compared to our previous study eriatef:
NCs? introducing Hf does create a higher content of oxygen vacancy defe@s The defects in
these NCs are highly probable in generating spin polarization that favors ferromagnetic alignment. On
the other hand, the Hf atoms have a greater tendency to fdtioh under such a high AL, so there
could be more Hf ions within the clusters. As a result, the higher the Hf content the stronger
becomes the Z¥component. With increasing Hf content, more Hf atoms are substituting Zr atoms in
the lattice. As th Hf content change continues, the NC crystal structure eventually transforms into
orthorhombieHfO, from orthorhombieZrO, with reduced lattice parameters, which also strengthen
the bonding between electrons and holes and therefore increase the Béliblgmp@¥ ions in the
site with four neighbouring metal ions (site 1) are more affected Hyth#n those with three
neighbouring metal ions (site 2), which are more likely related¥8. However, it could also be
possible that the Z?features are reflecting the closestZons near the Hf polaron while the Z#°
features correspond to“Zions in the outer shell region of the polaron (Figtu6al), since most of
the Z¥*3peaks are 2 eV higher in binding energy than*#rbut are considerably reduced
(approximately half) in intensity. Further study including DFT calculations could provide deeper

understanding of this novel Hr1.xO, hybrid solid nanesolution.
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Hf atom —

Polaron unit

Figure 4.6 (a) A schematic representationRda2; orthorhombic structure of ZegHfO,), showing

two different oxygen bonding sites within the lattice. (b) An orthorhombic @O 0) plane

depicting oxygen vacancy defects from site 1 (missing O atom at the cetiteedotted area) and

site 2 (missing O atom at the centre of the dashed area). Thedightd atoms correspond to the
second fronimost metal layer. Each oxygen vacancy could induce a resonance structure, leading the
reduction of Z+'to Zrést at es (0 < x2 O 3). (c) A schematic
the NC structure and the chemical shift oftZFhe Hf atom (purple sphere at the centre) in effect
becomes a dopant atom in the orthorhombic.At@icture, creating a kHr1.xO2 solution. (d) An

expanded view of a polaron on aBfi.«O, (1 0 0) plane. The HMfion could attract the electrons

from either the neighbouring Zrions or the directly attached oxygen, which would affect the

electron distribution of the ZD bonds. The shift of the entire electron distribution gives rise to the
formation of the polaron and causes the chemical shift’df Ene closest 2t ions nearby Hf could

have more attraction than those from the outer shell, which leads tothendrZi'° residuals.
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4.4 Conclusion

In this work, we have successfulynthesized HZr1xO2 hybrid NCs with both size selection and
tunable composition at the same time. As these nanoclusters become more crystalline with sufficient
dwell time during growth, the presence of Hf induces, for the first time, the novel orthorhombic
structure in the 8. This is in marked contrast to the nominally tetragonal structure forréported

in our previous study. We also find that the condensation of Hf trending over a longer dwell time
during growth (.e., a larger AL) has a significant impact on the NC structure. Indeed, the Hf content
could greatly affect the structure of the NC, framentirely amorphous structure for small NCs (< 6
nm), to coreshell structures for the misize NCg6 to 10 nm), and to polycrystalline structures for

the neaiparticle size NCs (>10 nm, beyond the giant moleredgme). Introducing Hf into the NC

not only brings along a higher fraction of defect states than that found in our previeu$@siudy,

but also leads to new Zr 3d features with leidhinding energy shiftsatdo fAunconventi onal
bandgap changes observed for the first time. We propose a new model for the strubasge of
defectrich solidsolution NCs. This model offers a starting pointfiture theoretical studgndbr

other experimental work on hybrid ultsmall solid solutiomancobjects Since the defects could

play an important role inifO, based ferroelectric materi&f we believe that our NCs with a high

specific surface area may provide not only snohel properties as ferroelectricity likee bulk HZO
material but alsoother compositiorspecific characteristics that promise new applications in this

special qguantum size regime.
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Chapter 5
Fabricati olnntodr IHidgictta odes abdv Naasgar
by Optical-he&mhecdbdamobhi t hographies a

Memri stor Applications

5.1 Introduction

Interdigitd Electrodes (IDEs) serve as a foundational electronic component for a diverse range of
applications, from the basic parallel electronic capacitors and didéE$%o deliciated
sensorgl®1201%%nd surface acoustic devicééMoreover, when integrated with laim-chip

platforms, IDEs enhance electrochemical sensing capabilities due to their increased surface area and
optimized electric field distribution. As a result, there is a significant demand to fabricate these IDEs
with specific materials, finger widths, and gap spacings. To date, several techniques are used for the
fabrication of IDEs, including optical lithography, laser scribing, inkjet printing, 3D printing, and
screen printing%118With typical gap spacings in the micrometer rafjélo116.120.1%hese

approaches seek to strike a balance between size precision aaffamisteness. Among these, laser
scribing is noted for its relative simplicity and spé¥ayhile its efficacy is predominantly contingent
upon the substrate, thus limiting its broader application. Both inkjet and 3D printing methods are
recognized for their optimal material efficiency and compatibility with flexible substi#té&s.

However, they often present limitations in achieving high resolution, especially in the case of 3D
printing. Screen printing, albeit analogous to lithography, operates on a macr§*3adiie this

technique offers advantages in terms of simplicity, cost, and expediency, its resolution, typically in
the millimeter range, diminishes its competitiveness in the realm of advanced micro/nano device

fabrication.

Lithography is the art and science of patterning structures on substrates with remarkably high
precision. Serving as a fundamental nanofabrication technique, lithography has a wide range of
applications across multiple industries, from semiconductor metouiiag to optics and
biotechnology?¥2%6By harnessing the principles of light, electron beam or ion beam exposure,
lithography enables the creation of intricate patterns on substrates, offering unparalleled control over
feature sizes and sha@2°®In nanomaterial research, IDEs play an indispensable role as conduits

connecting nanomaterials with precision testing instruments, and therefore the fabrication of IDEs at
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the nanoscale is crucial. The shift to nanoscale fabrication for the IDEs (etDEs)poffers several

distinct advantages. First, it results in a significant reduction in size, paving the way for more compact
electronic devices with a higher device dgndvlioreover, nanoscale IDEs boast an increased surface
area, a feature that potentially enhances their sensing capaHififibss becomes especially

significant in areas such as healthcare and environmental monitoring, where the detection of trace
amounts of specific substances is vifdln summary, lithography serves as the vehicle that connects
the broader realm of precision nanofabrication with the specific demand fetD&spwhich drive

technological advances across multiple disciplines.

Reducing the gap spacing of IDEs can also markedly increase the density of the electrodes and
the total length of all the electrodesmdthereby increasing the capture efficiency of the
nanomaterials. Conversely, simultaneously decreasing both the gap spacing and the electrode length
can reduce capture of undesirable mater&lg. ghose that are not compatible with the dimension of
the nanogaps). Ananogdpvicei s an Aemptyo structure, character
nanometer range, that formed devoid of material by two or more electrodes or other material
components that are closely spat@d:®2'Unlike conventional designs aimed at maximizing
surface area and contact points, nanatgpcesare specifically engineered to limit the number of
conductive pathways and electron hopping events. As the dimension of the nanogap approaches the
guantum scale, the manifestation of quantum phenomena such as tunneling becomes critical in the
operation ohanoelectronic devicé$?2'?Both nanogajplevicesand nane DEs are regarded as
primary platforms to capture materials in complementary ways. As foundational elements in
nanodevice fabrication, both necessitate intricate patterning using advanced lithographic methods.
Various lithography techniques, sua$ optical lithography, electron beam lithography, and ion beam
lithography, can be employed to transfer the intricate designs onto sub'Str&tdzach of these
methods offers its own set of advantages and limitations, with ion beam lithography standing out due

to its unique capabilities inherent to fast moving ions.

As IDE and nanogap devices angportant templatgin nanofabrication, the fabrication and study
of those elementsan not only advance the understanding of nanoscale phenomena, but also promote
innovations in diverse fields ranging from electronics to biotechnology to quantum
computingtt>119212219n this chapter, we begin with a comparative study of the main lithography
techniques: optical lithography, electron beam lithography, ion beam lithography with a helium gas

field ionization source (He ion beam lithography) and with a liquid alloy n@tadaurce (SiAu ion
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beam lithography), to evaluate their respective patterning capabilities. Leveraging insights obtained
from this comparative analysis, we then employ stétide-art ion beam lithography to fabricate
micro/nanelDEs and nanogagevicesand investigate their potential applications in crasgay

memristors and single nanocluster desice

5.2 Experimental Details

The IDE fabrication process is carried out etyppe Si (1 0 0) substrates, after cleaning by
ultrasonication, each for 10 minutes, in acetone, isopropanol and filterecekigtivity (18.2

MgAcm) water. Bot h ac e-paforrmanaigqui chrosatqgraphyp(ldRiL©) | are
grade. The cleaned Si substrates are then annealedg O®0 minutes in atmosphere to build up

a relatively thick oxide layer to isolate the IDEs (to be made) from the substrates. A photoresist
solution is spircoated oto the SiSiO; substrates before the lithography exposure. The photoresist
used for the maskless optical lithography is Shipley 1805, which isepited on the Si substrate at
4500 rpmfor 40 £condgo form a 500 nm thick film followed by baking at 1&Dfor 60 £condwn

a hot plate. For all other exposures used foea@m lithography and ion beam lithography, PMMA

A2 (MicroChem Corp.) is employed as the photoresist, which is@gred at 4000 rpifior 35

secondon the Si substrate followed by bakiagg180eC for 90secondson a hot plate. The optical
lithography exposure is performed on the %P Xpress maskless optical lithography system from

the Intelligent Micro Patterning, LLC equipped with a 4X objective lens and a 36banaurylight
source. The electron beam exposure is performed in a Zeiss Merlin scanning electron microscopy
(SEM) system, while the helium ion exposure is performed in a Zeiss Orion Plus helium ion
microscope. Both microscopes employ integrated Neaiterning ad Visualization EngingNPVE)
provided by Fibics Inc. for pattern generation and transfer. Furthermore, a Raith lonLine ion beam
lithography system is used for the exposure of thed8iAu™™i on beam using RaithOos
proprietary IONLine pattern generator (NANOSUIT Software release 6 SP 9.0). After the exposure,
the predefined patterns are develof@d30 secondsising the corresponding developers: #4A
(MicroChem) for Shipley 1805 and MIBK/IPA (MicroChem) in a 1:3 ratio for PMMA. This is
followed by a rinse with filteredigh-resistivity water, metal or metal oxide layer deposition using a
DC magnetron sputtering system (Leica EM ACE600), and theffiftrocess in acetorfé? For
specialized fabrications, such as those for memristors and nanojunctions, the aforementioned

exposure protocols are repeated with meticulous feature alignment. The surface morphology of the
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fabricated device is also characterized by using the Zeiss Merlin SEM, and the electrical
measurements are carried out on a Signatone Series 1160 probe station coupled with an Agilent
B1500 semiconductor device parameter analyzer.

5.3 Results and Discussion

5.3.1 Nano-IDEs Patterning by Various Lithography Techniques

The SEM image of a reference pattern shown in Figure l1a illustrates the capabilitiesaskhess

optical lithography:3? Rather than relying on exposure through a mask, this system employs a digital
pixel mirror to selectively reflect UV light onto the substrate, thereby greatly enhancing convenience
and turnaround time in the pattern design and avoiding the potentialli€s in making the shadow
mask. Utilizing a 4X lens and an exposure wavelength of 365 nm, this system can produce both
straight and curved elements on the photoresigered substrate with a resolution of 3 um as
represented by each pixel. Howeverthia case of small curved elements, the pixel traces may
become noticeable, resulting in less than perfectly smooth edges. Figures 1b and 1c display SEM
images of Ag nanowires dragasted onto platinurhased IDEs fabricated using maskless optical
lithograply with gap spacings of 5.1 um and 2.2 um, respectively. Each finger is designed to be 100
pum in length, and all the fabricated IDEs exhibit uniformly distributed fingers with consistent pitch
spacing. It is important to note that all the patterns, inctuthie electronic characterizatiorierface
(Figure 5.1 (a) to (c)), have been exposed to UV light for under 1.5 seconds. This short exposure time
represents a significant advantage for the iterative device design optimization process and for large

scale production.
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Figure 5.1 (a) SEM images of a reference pattern to illustrate the feature resolution of maskless
optical lithography achieved with the SF100 Xpregstem, and of IDE patterns obtained by

maskless optical lithography with respective finger width and gap spacing of (b) 5.5 yum and 5.1 um,
(c) 3.3 um and 2.2 um. SEM images of ndBd& fabricated by (d) electron beam lithography

operated at 20 kV, and idream lithography with (e) a Siion beam operated under 35 kV and (g) a
He" ion beam operated at 35 kV. The insets show expanded views to illustrate the resolution of the
feature size at a higher magnification. All the patterns are deposited with atBizkimt

metallization layer followed by the lifff process.

Both highenergy electron beams and ion beams possess substantially smaller de Broglie
wavelengths compared to the 365 nm photons used in optical lithography (used here). Consequently,
when employing electron beam lithography (EBL) and ion beam lithogr@phy patterning not
restricted by the optical limit can be achieved and the resulting IDEs can be precisely generated with
closely spaced lines with minimal gaps in between. This substantial increase in electrode density
augments the effective total efexe length, greatly enhancing tiaeget capture capabilignd
response characteristi:?!®Figure 5.1 also shows the IDEs patterned by paitielm lithography
with an electron beam (Figure 5.1d);*®ieam (Figure 5.1e) and Heeam (Figire 5.1f). All three
particlebeam lithography techniques demonstrate great resolutions achievable for patterning the IDE
fingers on a 70 nm thick PMMA film, as long straight lines underX)®nmwidth with clean gaps
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in between. The EBL exhibits slightly superior focusing capabilities compared to thmsed IBL,
resulting in a marginally narrower line width. However, it should be noted that ions with heavier
masses have much greater kinetic energy than electrons, making them more effective in breaking
down PMMA into smaller fragments during the expesprocess. Additionally, ion beams have the
potential to generate a higher number of secondary electrons, thereby greatly enhancing the exposure
procesgl’ Consequently, IBL with a SiAu liquid metal alloy ion source (LMAIS) has a significant
advantage in terms of patterning time, particularly for a relatively large write field. IBL with a He

gas field ionization ion source (GFIS) provides the best resolution with a remarkable 29 nm line
width. Since IBL holds a natural advantage of proximity effect compared to EBL, it becomes feasible
to fabricate these electrodes with a small gap sp&&idpis increase in electrode density enables

IDEs to excel in capturing and detecting nanoscale entities, making IBL with a GFIS or LMAIS an

invaluable tool for advanced sensor technolt§y.

With their substantial mass and momentum, ions not only can be used for patterning on a
photoresist akin to EBL but also interact directly with the metal layer on the substrate (without the
photoresist patterning step) by direatite exposure. Consequenttirectwrite ion bearinduced
chemistry and ion milling provide additional techniquesdaostructhanoscale patterns. Furthermore,
each ion type possesses distinct characteristics in its interactions with the metal tlhyeubstrate.

In the case of higlenergy Héions, owing to their relatively low massid small sizethey tend to

implant themselves into the substrateZzhanget al. successfully employed Fiéns on silicon

substrates to create diverse 3D features, including cones and pyramids. On the other‘hiansl, Ga
due to their considerable mass, are widely used for milling and micromachining. Because of their
relatively low melting point, Gahas become the most popular, easily accessible liquid metal ion
source for focussed ion beam microscopy. With the objective to achieve narrower gap spacings in the
fabrication of IDEs, we can construct the entire electrede gingle die by using‘Siions or Au*

ions to machine out the individual fingers on the metallization layer, as illustrated in Figure 5.2a. As
Au**, with a larger mass, exhibits the best milling yield (among the available ions in the IBL tool), it
only requires 50 nC/cm to mill out the 20 nm thick Pt film (the metallization layer) into IDE fingers
with 43 nm gap spacing. As the dose increases tp@@&n (Figure 5.2b), the milling process is so
quick that the milling is easily extended to reach thestsate. Consequently, sputtered atoms are
highly likely to redeposit onto the finger electrode surfaces, resulting in uneven surfaces and edges.

As further increasing the dose to 0.5 pC/cm is obtained by extending the dwell time at each spot, this

91



longer exposure leads to collisions between the-bigdrgy incident ions and the sputtered atoms

from the film, causing localized temperature surges. Consequently, the electrodes appear to have

more Aburnto edges, as s h"omswithivaryingdogesiareealsd . 2¢c. Me e
employed to study their diregtrite capability in the IDE fabrication. Due to their lower mas¥', Si

ions have a lower sputtering power tharfAions, necessitating a higher dose to achieve the desired

gap spacing. In Fige 5.2d, it shows remnants of the incompletely milled out Pt film within the gap

spacing, even with a dose as high as 0.3 uC/cm. It takes a dose of 0.5 pC/cm to eventually generate a

completely milled out 80 nm gap (Figure 5.2e).

By combining the advantages of fast patterning speed from optical lithography and of dual
capabilities of fine feature writing on photoresist and direct write on metal film from ion beam
lithography, we demonstrate the complete IDE fabrication workflokignre 5.2a, where the
peripheral interconnection electrode pads (with the larger feature size) are patterned by maskless
optical lithography. The extended electrode pads make the device easy to connect with other
characterization instruments. Tabld& sunmarizes and compares different lithographic techniques
used in this IDE fabrication study. The utilization of various lithographic techniques in IDE
fabrication provides a versatile toolbox for controlling electrode dimensions and spacing. This
flexibility in lithographic methods contributes to improved feature resolution and quality, device
miniaturization, and enhanced performance across a wide spectrum of applié&#tre’21°
Tailoring the choice of lithographic technique to specific requirements plays a pivotal role in

addressing the evolving demands of nanoscale sensor technologies and nanoelectronic devices.

92



(a) ' Patterning, ' Birsst

Metal deposition, %
i+ Lift-off Aut Writing

Peripheral
electrodes

Figure 5.2 (a) A schematic representation of the néiD& fabrication workflow byutilizing the SiAu
liquid metal alloy ion source in ion beam lithography, which starts with the fabrication offziem®e
central electrode and then followed by direcite milling using the Al ions. The nandDE pattern
is then connected with the peripheral electrode padpaiterned by maskless optical lithography.
SEM images of the IDEs obtained at different ion and dose combinations:*(tf).3wC/cm, (c)

Au*0.5 uC/cm, (d) Sif 0.3 uC/cm and (e) Si0.5 uC/cm.
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Table 5.1 Lateral comparison of the lithography techniques used in the IDE fabrication.

Maskl ess (EBL | BL Y He | BL *Y{ S®u
Lithograpl
Sour ce UV Photon El ectrons Heé S, *Si*Au
Aud*
Particle362 nm way20 kV 37 kV 35 kV
SouMcre UV |Tight tField emi Gas field Liquid nm
ion sourcctall oy io
Sourlicetet ~ 1200 hot1>12 month612 mont hs612 mont
each tri mg
regenerat|
10 days
Patterni Ambi ent Hi gh VacuHi gh VacuutHi gh Vac
EnvironmEnvironme.l
Patterni Highest tilVery sl owVery slow| High thr
Speed especially(@e Yin (=~ )Xth (¥sec)
(for diwlarge are:
of 310®W0 (1.4 sec |
O m) 50030m
Resoluti Low (micr (Hi gh Hi ghest Hi gh, es
for cl os
packed f
Limitati Microscal ¢ProximityHigh preciUnwanted
patternin¢large areoverhbhygnisputteri
patternin
I nteract Photon ex}|El ectromaHe i mplaniMore mi.l
t hSabstr a interact.i than i mp
significa
damage

8 The EBL and IBL (H&) have similar exposure dosage a 70nm PMMA photoresist filmThe actual

patterningtime depend®n thebeam current which is limited by differeaperturedor differentfeature

resolutiors. The numberlistedareusing a small aperturassuming patterning fine featuieshe 1003 100

um? area.

5.3.2 Cross-array Memristor Fabrication Using IBL

The memristor is the fourth basic circuit element, in addition to the resistor, capacitor and inductor,

which is theoretically proposed by Leo Chua in 29ahd experimentally demonstrated by

Wil l i ams

0

6>t As @ pvoterminalcdcQiteelement, the memristor is one of the advanced

devices that could benefit from the IDEs platform. Some study has already demonstrated the

transformation of IDEs intmemristordy filling the electrode with active material suchGQ@Ds
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PEG150Q (Carbon Quantum Dot withligomericpoly (ethylene glycol) diamine¥® Squaraine
nanowire®® and PCLMWCNT/C60213220.22]Indeed, by taking the advantage of the-texminal

devices, the IDEs offer a powerful platform to fabricate the memristor into aamagsdevice by

stacking the active material vertically into the IDEsTheir unique interlocking finger structure
maximizes the available device positions in a 3D approach. In this work, we further utilize the nano
IDEs fabrication protocol in building the creasray memristaat the nanoscale. These namoss

array devices not only significantly improve the component density as an integrated electronic storage
device, but also provide a unique opportunity to mimic and understand complex neural network
behaviors, allowing rearchers to explore fundamental principlesrairbfunction??®224Their

potential for emulating synaptic plasticity, learning, and memory processes is particularly relevant to
neuroscience, where unravelling the intricacies of the functioning of the human brain remains a

paramount challenge.

Expanding upon the rapid patterning capabilities across a large write area, we leverage the precise
alignment of overlayers using the Raith ionLine IBL system equipped with a laser interferometer
stage in the fabrication of higlensity crossrray memrigirs with IDEs, as demonstrated in Figure
5.3a. Figures 5.3b and 5.3d show the4llineararray memristor devices with dimensions of 500 nm
x 500 nm and 200 nm x 200 nm, respectively. A 30 nm,Tig®is used as the active switching
matrix between top ahbottom electrodes of a memristor device based on our previousstiitlg.
corresponding-V curves for each device size are presented in Figures 5.3c and 5.3e, respectively.
The pinched hysteresis loops clearly indicate memristive phenomena, representing discernible high
and low resistance stat&§Both devices exhibit stable switching behavior well over 300 and 50
cycles respectively. Interestingly, the device with the smaller dimensions of 200 nm x 200 nm
demonstrates both lower switching voltage and current, indicating reduced operating power

conaimption and enhanced efficiency.
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Figure 5.3 (a) A schematic representation of crassay memristor device fabrication workflow. This
threelayer device architecture is fabricatedlayer-by-layer patterning, metal/metal oxide deposition
followed by lift-off process with higtprecision alignment. SEM images of 1 x 4 cross array
memristors with active device areas of (b) 500 nm x 500 nm and (d) 200 nm x 20@ nhe

corresponding-V curves (c) for the device in (b) with 300 switching cycles and (e) for the device in
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(d) with 50 switching cycles. SEM images of (f) an overview of a 10 x 10-aroag memristor

device and (g) expanded view depicting the individual 100 nm x 100 nm active switching areas. The
device contains a 30 nm thick Ta&xtive switching matrix and it is patterned by"$n beam

lithography.

As the smaller device has demonstrated lower switching power and improved space efficiency, it
becomesmperative to further pursue devices of reduced size. However, the increasing complexity of
this endeavor has become apparent, presenting formidable challenges that must be addressed when
delving into the intricacies of crafting these advanced devicekn&dmwn the device size
introduces a direct challenge in the manipulation of nanomaterials, particularly concerning the
densely packed top and bottom IDEs. With an increased number of contact points on a single arm of
the electrode, there is a compellimged for uniformity and continuity in both the top and bottom
electrodes. Moreover, the precise control of active film thickness and gap spacing between electrodes
assumes critical importance in mitigating crte&, which could cause inconsistent switeh
behavior and unwanted false device activatfdBuilding upon these fundamental considerations,
we have embarked on the endeavor to extend our device to a 10 x t@rcagssonfiguration within
a2 pm x 2 um area by using‘Sion beam lithography as shown in Figures 5.3f and 5.3g. This
design incorporates crofinger IDEs as both the top and bottom electrodes to increase the electrode
density. The 30 nm thick Ta@hin film serves as the active matrix material due to its consistent
switching behavior in the previous 1 x 4 device. This incorporaiidDEs fabrication into
memristor research not only facilitates the creation of precise and scalable mepasstbidevices
but also plays a pivotal role in unravelling the intricate mechanisms governing memristive
phenomena. By employing IDEs in memuoisstudies, we unlock pathways to innovative
technologies and gain new insights into the development of-aroegg memristor devices for next

generation computing and memory storage applicatigi&:224228

5.3.3 Nanogap Device Fabrication by IBL

Since the IBL with the liquid metal alloy ion source technology holds distinct advantages in
patterning flexibility and reduced proximity effect when compared to EBL, it stands out to become
the primary technique for our singbtuster nanojunction devidabrication. Beyond the traditional

photoresist patterning strategy for makimanogagopen nanojunctiondevices we harness the
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directwrite milling power of the ion beam to creataanogap devicby simply carving out a

patterned nanowire. Our previous study has shown that althougih#@simore sputtering yield than

Si*, the Si* beam has a narrower interaction volume. Therefore, thiddS@ am i s sel ect ed

the circuit by cutting across a pdeposited metalized nanowire, as depicted in Figure 5.4a. The

interaction between the higinergy incident beam and the nanowire results in terminals with sharp

tip features. In catrast to a directly patterned nanojunction with round terminals on both sides, the tip

terminals exhibit a cleaner and more orderly appearance. Compared to nanojunctions produced

through nanoimprint lithography, this direstite nanomachining methodologjfers a notable

advantage in achieving pristine and precisely defined gaps with a contactless sputtering process

(without risk of contamination due to contact with a shadow mask). This gap spacing in the sculpted

open nanojunctions can be fihmed by ontrolling the milling dose. Figure 5.4b shows the

correlation between the gap spacing of the nanojunction and the milling dose. Evidently, control of

the gap spacing is more sensitive to the dose at lower doses (< 400 nC/cm), with a steeper slope.

From 4@ nC/cm to 1000 nC/cm, the gap spacing exhibits a nearly linear dependence on the

sputtering dose. Since the interaction volume is fixed between the incident beam and the substrate, the

gap spacing is expected to eventually reach a maximum value. Usimgtiimachining technique,

it is possible to create a gap spacing as small as 13 nm.
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Figure 5.4 (a) SEM image of a cleanly sculpted nanogap with a 13 nm spacing in a nanowite by Si
nanomachining with the IBL tool. (b) The relationship between the gap spacing witloipethe

nanojunction and the Siion dose.
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The fabrication ohanogap deviceassumes a pivotal role, notably in the field of nanomaterial
trapping, where meticulous control and precision at the nanoscale are imperativeleMessdave
become one of the basic components in various scientific and technological applications. Given its
ultrasmall dimensions, omanogap devicgsromisenew applications in nar@nd quantum
electronics. As the synthesized nanoclusters are found to exhibit unique structural characteristics and
chemical states, th&anogap devicesan be used to construct novel singligster nanojunction
devices by capturing these nanoclusters into the gaps détees Figures 5.5a and 5.5b
demonstrate the creation of a singknocluster nanojunction device achieved by depositing
Zro.4Hf0 602 nanoclusters onto thenogap deviceA directwrite nanojunction nanowire is employed
to enhance the likelihood of trapping the nanoclusters, the target size of which is well defined by the

gap spacing, shown in Figures 5.5¢ and 5.5d.

Figure 5.5 SEM images of (a) a singlduster nanojunction device fabricated by depositing
nanoclusters into an open nanojunction, (b) the center of the device at a higher magnification, (c) an
empty nanojunction device obtained by direcite nanomachining beforeanocluster trapping and
(d) at a higher magnification, depicting a record gap spacing of 7.2 nm.
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