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Abstract

The work presented in this thesis explores the production and the controlled
deposition of size-selected nanoclusters. The size-dependent propagation of gold
nanoclusters is investigated by depositing them through few-layer graphene
(FLG) using a magnetron sputtering cluster source. Auss nanoclusters penetrate
through the FLG, however Aug23 nanoclusters remain on the surface, as imaged
by aberration corrected scanning transmission electron microscope (ac-STEM).
The control of the atomic structure of gold nanoclusters (Augz3) by
systematically varying the gas-phase condensation parameters in the magnetron
sputtering cluster source (e.g. magnetron power and condensation length) is also
reported. Results show we have the ability to eliminate all icosahedral isomers
by tuning the formation conditions. The biggest advance reported in the work
concerns the new technology of the Matrix Assembly Cluster Source (MACS),
which has the potential to increase the production rate of nanoclusters by 7
orders of magnitude from 0.1-1nA (from a magnetron source) to 1-10mA. The
principle of the MACS is demonstrated by the production of Ag and Au clusters.
The development of the latest MACS instrument is also described. An equivalent
cluster beam current of ~100nA has been achieved. Gold and silver clusters
produced under controlled experimental conditions show a relatively narrow
size distribution even without mass selection (at best +25% in the number of
atoms). The mean cluster size can be controlled via the experimental
parameters, especially the metal concentration in the matrix. STEM is again the
principal tool employed characterize the number and structure of cluster

produced by the MACS.
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Chapter 1 Overview

Nanoclusters are attracting great attention because of their size and structural
dependent properties as well as the interactions between nanoclusters and
surfaces, which give nanoclusters vast potential in various applications such as
catalysis [1-6], optical spectroscopy [7-9], nanoelectronics and biochips [10-12].
Deposition of nanoclusters on the surface offers a routine to control the
properties even for novel materials such as graphene. The developments on the
cluster beam and mass selection technologies provide the possibility to deposit

nanoclusters on surfaces under high control [13-15].

1.1 Outstanding challenges

Although the selection of the size of nanoclusters produced in the cluster beam
now permits the investigation of their size-dependent properties [16-22],
however, there are still many outstanding challenges remaining in this field. One
of the major challenges is even for a specific size, nanoclusters exhibit a range of

geometric structures as reported on size-selected gold nanoclusters containing



magic number of atoms such as 20, 55, 309 and 923 [23-26]. The ability to
control the isomer populations during formation of nanoclusters would enable
their properties to be correlated with their atomic configurations. Indeed, one
could argue that the combination of size-selection and atomic structural
determination would represent an “ultimate limit” of control at the nanoscale.
Another is the production rate of clusters by cluster beam deposition is limited
by the cluster beam flux. For example, the typical cluster beam current generated
in a magnetron sputtering gas condensation cluster source is limited to about
0.1-1nA, equivalent to only ~micrograms of clusters per hour [14]. This amount
is sufficient for demonstration purpose of nanoclusters, for example as model
catalysts. However, ~mg/day or even ~kg/day is the required economic
quantities for applications such as test-tube tests and pharmaceutical/ fine

chemicals application.

1.2 Overview of the thesis

In this thesis, we first explore the size dependent propagation of nanoclusters to
demonstrate the potential in generation of nanostructured membranes. Secondly
to overcome the “ultimate limit” challenge, condensation parameters in
magnetron sputtering source are investigated in order to control the structures
of nanoclusters. Finally, we report the progress on the proof-of-principle
demonstration and development of the new technology, the matrix assembly
cluster source, which has the potential to achieve abundant production of
nanoclusters. This work acts as the bridge connecting fundamental

demonstrations and practical applications of nanoclusters.



This thesis starts from the review of the related fields in Chapter 2 based on
which are the works presented in this thesis. This chapter includes the
introduction of the nanoclusters, production methods, characterization
approaches, review of nanolcuster structures and the applications of the
nanoclusters in variable areas. The introduction of nanoclsuters begins with the
definition of the nanoclusters and briefly summarizes properties of nanoclusters,
and their critical roles in variable applications. The review of nanocluster
production methods focuses on the cluster beam deposition (CBD) techniques
such as thermal source, laser ablation source and especially the magnetron
source. Other production methods like wet-chemical way are also introduced.
The characterization approaches reviewed in this chapter is focused on the
scanning transmission electron microcopy (STEM), which is the primary
characterization tool used for the works reported in this thesis. This part
includes the history of the TEM/STEM and the image formation mechanisms in
STEM. The review of nanocluster structure consists of the introduction of high
symmetrical structures which are icosahedral, decahedral and fcc, and both
theoretical calculations and experimental observations of cluster structures
reported in last few years. The application of nanoclusters part briefly describes

their utilizations especially in catalysis and biotechnologies.

The experimental apparatus used for the work in this thesis, such as the
magnetron sputtering gas condensation cluster source equipped with lateral
time-of-flight (ToF) mass filter and the aberration corrected scanning
transmission electron microscope (ac-STEM), are described in Chapter 3. The

schematics and basic components of both apparatuses are illustrated. The



operation of the magnetron source is introduced, with focus on how to optimize
the cluster beam current and mass spectra measurement (sections 3.1.4 and
3.1.5). The STEM part focuses on the high angle annular dark field (HAADF)
image and bright field (BF) image in section 3.2.2, both of which are used to
characterize the clusters. The effects of electron beam are reported in section

3.2.3.

Chapter 4 to 6 are the result parts of the thesis. The works reported in Chapter 4
are the deposition and structural control of size-selected nanoclusters produced
using the magnetron sputtering cluster source. The first part of the work
reported in Chapter 4.1 is the size dependent propagation study of Au
nanoclusters through few-layer graphene. Size-selected Auss and Auozs
nanoclusters, synthesized in the magnetron sputtering cluster source and size
selected by the lateral time-of-flight mass filter, were deposited onto the few-
layer graphene (FLG) surface [27]. The results show that clusters propagate
through the FLG via a mechanism of defect generation, which is strongly
dependent on cluster size. This approach provides an opportunity to control the
introduction of dopant nanoclusters and generation of nanoscale defects in

graphene or other thin membrane materials.

In the second part, in Chapter 4.2 we report the atomic structure control of size-
selected Auogz3z nanoclusters by variation of the formation conditions such as
magnetron power and condensation length [28]. Size-selected Auoz3 clusters
prepared using a magnetron sputtering gas condensation cluster source

exhibited three main high symmetry isomers: decahedral (Dh), icosahedral (Ih)



and face-centred cubic (fcc) structures such as the cuboctahedron.[26] The
identification of the proportions of Th, Dh and fcc isomers of Aus23 nanoclusters
within a given population, corresponding to a specific set of formation conditions
was achieved by comparing HAADF STEM imaging at atomic resolution with
multi-slice image simulations [24]. The results show we have the ability to tune
the cluster formation conditions in order to eliminate all icosahedral isomers,
which offers a route to the preparation of arrays or ensembles of supported
nanoclusters consisting of a dominant or only single isomer, thus enabling the
investigation of nanocluster properties as a function of not only the size but also

the atomic configuration.

In Chapter 5 and 6 we report proof-of-principle demonstration and progress on
the development of a new technology, the Matrix Assembly Cluster Source
(MACS). The working principle of the MACS is introduced in Chapter 5. The first
MACS apparatus was built and the proof-of-principle of the MACS was
demonstrated. Also the effects of different parameters on cluster size and flux
were preliminary studied in this chapter. In Chapter 6, we discuss the design and
construction of a new MACS system, MACS 1, to scale up the cluster production
rate as well as systematically investigated the effects of different parameters on
cluster production such as metal concentration, matrix temperature, incident
beam energy, so as to discover the cluster formation mechanisms. So far we have
achieved an equivalent cluster beam current of ~100nA. Results show that gold
and silver clusters produced under controlled experimental conditions show a
relatively narrow size distribution even without mass selection (m/Am~1). The

mean cluster size can be controlled via experimental parameters, especially the



metal concentration in the matrix. Effects of other parameters such as matrix
temperature, incident beam energy on cluster size and flux are also investigated.
The charge fractions of the clusters were also studied and mass spectra were
obtained from the charged clusters using lateral time-of-flight mass selector,

further confirming the cluster production and size control in the MACS.

Chapter 7 summarizes the results from all the work and describes the future
plans both on fundamental demonstration of nanoclusters and instrument

development of the MACS.

The works presented in this thesis are under supervision of Prof. Richard Palmer
and co-supervision of Dr. Feng Yin and Dr. Simon Plant as well as a few of
collaborators. The respective contributions by the author and collaborators are

identified before each chapter.
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Chapter 2 Literature review

This chapter reviews literatures on the fields related to the works presented in
the thesis, including the background of nanoclusters, production methods
especially cluster beam technology, introductions of TEM/STEM, a review of
theoretical and experimental work on nanocluster structures and applications of

the nanoclusters in variable areas.

2.1 Overview of nanoclusters

A nanocluster is an aggregation of atoms from a few tens to millions with a
diameter ranging from 0.2 to 20nm and has properties different from the bulk.
The field of cluster science was first established in early 80’s since the discovery
of magic numbers [1-3]. It was found that clusters consisting of certain numbers
of atoms exhibit particularly stable atomic and electronic configurations and are
therefore observed in higher abundance compared with other size clusters. For
example, 13, 20, 55, 309, 561, 923 are the magic numbers of gold clusters and
clusters containing these numbers of atoms are much more stable and more

easily produced in gas phase [4-9]. The population of magic numbers kept

11



increasing due to the discoveries of new stable structures both theoretically and
experimentally [10-12]. With the development of cluster deposition and
characterization methods such as scanning probing microscope (SPM),
transmission electron microscope (TEM) etc., the experimental and theoretical

work of cluster structures and related properties have emerged [13-16].

Clusters exhibit remarkable properties and have demonstrated their potential in
technological applications across a wide range of fields as their properties are
strongly dependent on their size [17-20]. Small clusters are widely used as
catalysts to accelerate and select chemical reactions and their catalytic activity is
found dependent on their size [21]. For example, Pt clusters deposited on MgO
surface are used as catalyst for the oxidization of carbon monoxide, which was
first demonstrated by U. Heiz et al. in 1999 [22]. The efficiency of CO2 production
(CO2 per Pt atom) varies greatly with the size of the Pt clusters. Similar to the Pt
clusters, small Au clusters can also be used as catalyst for oxidization of CO [23].
Moreover Au and Pt clusters can be used as catalyst for the oxidative
dehydrogenation of hydrocarbons such as propane [24]. In nanofabrications,
size-selected clusters are used as the mask for dry plasma etching to create
nanoscale structures on semiconductors surface, such as nanopillars on a silicon
surface demonstrated by Palmer and co-workers [25]. The silicon substrate is
etched by an ECR plasma of SFs, and the mean size of the pillar is determined by
the chemical species of the deposited clusters. For example, Au, Ag and Cu
clusters with the same diameter deposited on the substrate create pillars with
different sizes. In the biological field, large size-selected clusters deposited on

surfaces can function as the anchor sites for the immobilization, separation and

12



orientation of protein molecules due to the covalent bonds formed between
proteins and clusters, offering the opportunity to make microarray biochips [26-
27]. Additionally, clusters are widely used in optical devices for their function of
amplifying the signal [28-30]. For example, in Raman spectrum, the Raman
scattering cross sections are enhanced greatly if the analysed molecule is
absorbed on Ag clusters because of which the electronic properties of the
molecule are changed and the excitations in the molecule and metal enhance the

resonance and local electromagnetic fields [31-32].

2.2 Review of cluster beam deposition methods

Cluster beam deposition is an ultra clean process has incomparable advantages
in production of nanostructural materials and is of primary importance for the
development of nanotechnology in industry [33-36]. The cluster beam depositon
of nanoclusters has been demonstrated not only suitable for fundamental
research but also has the potential in scaling up the production rate of

nanoclusters with highly controlled properties [35][38-45].

The formation of nanoclusters in cluster beam deposition approach is in the gas
phase and the critical parameter is the cross section of collisions between gas
atoms, cluster atoms and clusters [46-48]. In a typical cluster source the clusters
are formed by cooling down atomic vapor with injected cold condensation gas
(e.g. helium), where the collisions promotes the atomic vapor to condense into
clusters. The size distribution of clusters produced in gas phase is determined

by several parameters such as the saturation of the atomic vapor and pressure

13



and flow rate of inert gas, as well as the condensation length [49-52]. The cluster
generation chamber usually can be cooled using liquid nitrogen to reach a
temperature below 100K to favor the condensation of large clusters [53]. The
flux and the size of clusters increase with a denser atomic vapor in certain range.
However, in some cases, the atomic vapor can be too dense to be cooled by the
inert gas flow. The pressure of gas in the condensation chamber also affects the
production and size distribution of clusters as high inert gas pressure boosts the
condensation of large clusters. The significant increase in the detection of
clusters at high condensation gas pressure is probably due to two reasons: (a)
more clusters are swept out of condensation chamber by higher gas flow, and (b)

the ionization efficiency of clusters is greatly increased at high pressure.

2.2.1 Mechanism of cluster formation in gas phase

The cluster formation process in the gas phase can be separated into two steps:
nucleation and growth [54]. At the nucleation stage two body and three body
collisions are eliminated, as the kinetic energy of atomic vapor is much higher
than the bonding energy. The classical nucleation theory can be used to explain
the nucleation model where the change of Gibbs free energy AG including
contribution of both surface and volume is considered. The change of Gibbs free

energy of system is

473

3

AG = 4mtr?o + AG,
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where o is the surface tension and AGy is the Gibbs energy per volume [54]. To
simplify the equation, the nucleus is treated as a perfect sphere with atomic

volume of V., and radius r. In the gas phase, the Gibbs energy per volume AGy is
AG, = _kBTln(Pv/Ps)/VL

where Py and Ps are the pressure of vapor and saturation vapor at temperature T
respectively and kg is the Boltzman constant. The critical radius rc is the radius of

nucleus when system reaches the equilibrium state, dAG/dr=0, and

20V
T T
BTN
The nucleus is stabilized by evaporating atoms when r<r. and by growing bigger
to reduce the Gibbs free energy when r>r. [36]. At a certain temperature, the

critical radius varies with the vapor pressures and it decreases with the

increasing supersaturating pressure.

The growth model used to explain the growth of nanoclusters when r>rc. It
includes two mechanisms: surface growth by adsorption of atoms and
coalescence [55]. Surface growth usually induces chemical reactions or phase
change of the cluster surface as the cluster is already formed before atoms
approaching. Coalescence is that clusters growing by collision between clusters
via mechanism of Brownian motion [56]. At the early stage of cluster growth the
surface growth is important and keeps contributing throughout the entire

growth process. The whole growth process continues until the end of
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condensation chamber and the surface growth mechanism is more dominant

according to simulation by Hihara and Sumiyama [56-57].

2.2.2 Cluster source

Generally, cluster beam source can be categorized based on the cluster
generation or beam formation mechanism such as thermal heating, laser
ablation, magnetron sputtering [36]. Except for the clusters produced by ion
sputtering, an ionization stage is mounted on the cluster source to produce

charged particles for size selection or controlled deposition [58].

Thermal heating

The working principle of the thermal heating cluster beam source is that
materials are heated in a high temperature crucible to generate an atomic vapor,
which is similar to molecular beam epitaxy (MBE), but using a higher intensity
thermal source [59-60]. The cluster formation process in the thermal heating
source is realized by mixing the atomic vapor with high-pressure condensation

gas.

A great example of thermal heating cluster source is the seeded supersonic
nozzle source as shown in Figure 2.1, where materials are heated to high
temperature to generate an atomic vapor then mixed with condensation gas at
high pressure, usually several times higher than atmospheric pressure, which
expands into a high vacuum via a conical shape nozzle to form a supersonic

molecular beam [34,61]. The expansion is adiabatic which causes rapid cooling
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of the mixture of atomic vapor and inert gas. Clusters are formed from the
supersaturated atomic vapor and the growth process continues until far away
from the nozzle when the pressure of atomic vapor is too low for interactions to
take place between two clusters. Usually small clusters can be stabilized by the
cooling provided by the supersonic expansion, but it might be not enough for
large clusters such that evaporation of one or more atoms is inevitable for

stabilization.

reservoir

I I
gas

inlet — -

diaphragm

" 2o« alkali metal -3~

pinhole
nozzle

heat heating mantles

shield
5 CM —————=
L 1 | 1 1 |

Figure 2.1 Seeded supersonic nozzle cluster beam source, reproduced from

reference [34].

The seeded supersonic nozzle source is powerful enough to produce continuous
and intense cluster beams of up to 1018 atoms/s for low melting point materials
[62]. Because of the high consumption of material, most seeded supersonic
nozzle sources have a relatively large size oven to avoid frequent refilling, which
restricts the maximum temperature below 900K. The size of clusters produced in
this source is determined by several parameters such as the oven temperature,

inert gas pressure and the size of the nozzle. Usually the size of clusters
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produced in the supersonic nozzle source ranges from two atoms to several
hundred atoms. Clusters with several thousand atoms were also reported for this
type of cluster source with very careful design and highly optimized
experimental conditions. Likewise the type of the condensation gas also affects
production and size of clusters. The growth of clusters lasts longer using a heavy
inert gas because of its large cross section of collisions. In summary, despite of
the high flux of clusters produced by the seeded supersonic nozzle source, this
source is restricted to the production of small size clusters from low melting
point materials (such as alkali metal). Also further ionization devices are needed
for size selection since the clusters produced based on this mechanism are

neutral.

Laser vaporization source

The laser ablation source (also known as the Smalley source) was first
introduced by R. E. Smalley in early 1980’s and has become one of the most
popular methods to make clusters after 30 years’ development [63]. The laser
ablation source is designed to produce clusters from any type of metals, as well
as non-metals such as carbon, silicon and some semiconductor conductors like
GaAs [64]. In the laser ablation cluster source, high density atomic vapor of
cluster material is created by focused laser probe in a short time and well-
localized regime. Clusters are then produced by rapid quenching of the plasma
[65-66]. In most of the laser ablation cluster sources, high power pulsed lasers
are used and the density, size distribution and structures of clusters produced by
the laser ablation source are affected by the ablated material, buffer gas as well

as the time for cluster to resident before expansion.
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light entrance

Figure 2.2 Laser ablation cluster source developed by P Milani, reproduced from

reference [66].

The schematic diagram of the laser ablation source developed by P Milani is
shown in Figure 2.2 [66]. As shown in the figure, the vaporization volume in the
laser ablation source is smaller than thermal source and plasma source. The
pulsed laser is incident from the top and focused on the target to vaporize a
small amount of material, which is then mixed with pulsed injected inert gas to
promote the formation of clusters by quenching. Then the mixture expands into
vacuum to form cluster beam through a nozzle at the end of the chamber [67].
The geometry of the entrance of injected inert gas and target is important here as
it might affect the formation and growth of clusters, because long channel nozzle
promotes the formation of clusters. On the other hand, part of clusters might be
lost by condensing on the walls of the channel. To overcome this problem, a
cavity is introduced into most of the laser ablation sources to minimize the

clusters’ deposition on the wall with carefully designed dimensions. The shape of
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the target used in the laser ablation source varies, such as disc or rod. The target
is usually mounted on a rotation gear ensuring the uniform consumption of the

surface [68].

The size distribution of clusters produced in the laser ablation cluster source can
be controlled by the inert gas pressure and the condensation time of clusters
remaining in the source. It has been demonstrated that large amount of
monomers are formed at low gas pressure, while large clusters are more favored
at high pressure [69]. Conversely to the continuous beam produced by the
thermal evaporation, the laser vaporization source produces a pulsed beam but
the overall production is as high as the evaporation source. The material
consumption in the laser vaporization source is much lower because the use of a
pulsed laser avoids heating the sample continuously. Clusters can be produced
from a wider variety of bulk materials using laser vaporization, but the thermal
sources (evaporation source and supersonic source) are only restricted to low
melting point metals and few noble metals. With special design, some
complicated clusters can also be produced by using laser vaporization sources,
such as oxide, alloy and clusters surrounded with molecular ligands, produced in
a cutaway source (a special type of the laser vaporization source) [64,70].
Although the clusters produced by the laser vaporization source are probably
ionized during vaporization and collision processes, an ionization device is still

needed for the detection of clusters.
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Magnetron sputtering gas condensation cluster source

Lateral time-of-flight
mass filter

Magnetron gun lon optics

Sputtering and Beam focussing
cluster formation and acceleration

Mass selection

Figure 2.3 Magnetron sputtering gas condensation cluster source combined with

lateral time-of-flight mass filter, reproduced from reference [74].

The magnetron sputtering gas condensation cluster source, also known as the
Haberland source, combined with plasma sputtering techniques and gas
condensation, is capable of producing continuous high density cluster beam of
various materials including metals, semiconductors and insulators [71]. The
clusters are produced by sputtering the bulk target with plasma to generate
atomic vapor which is then condensed in the cold inert gas atmosphere [72]. A
significant proportion of clusters produced by the magnetron sputtering are
already ionized, around 30%, therefore no further ionization device is needed
[73]. The size selection can be achieved by cooperation with ion optics and mass
filter. Clusters with a wide size range from 2 to 70,000 atoms can be produced by
this type of source. The schematic diagram of the conventional magnetron

sputtering cluster source combined with mass selection system is shown in
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Figure 2.3 [74]. Typically it consists of three high vacuum chambers for cluster
generation, ion optics and mass selection respectively. Size selected clusters are
deposited onto a substrate in the deposition chamber mounted after the time-of-

flight mass selector.

The plasma sputtering takes place in an inner chamber, which can be cooled by
liquid nitrogen, inside the generation chamber. The target is mounted in front of
a magnetron gun, which is usually movable in a linear direction parallel to the
chamber’s axis allowing us to change the distance between the gun and the end
of the inner chamber. The sputtering gas is directly injected to the front of the
target from small orifices around the magnetron head. Both DC power and RF
power can be applied to the magnetron gun [75]. DC sputtering is only suitable
for conductive target because a large negative voltage is applied to the target
igniting Ar gas into plasma. The Ar plasma is always more positive charged than
negative because of its screening effect. The large negative voltage on the target
provides a strong electrical field accelerating Ar plasma to bombard the target.
For RF sputtering, both conducting and insulating targets can be used. The Ar gas
is ignited to form plasma by the RF high voltage coupled to the target. The high
RF voltage creates a cyclic attraction and repulsion of plasma on the target. This
causes more negative charges to remain on the target because of the greater
mobility of electrons building up a strong attraction to the positive plasma.
Supersaturated vapors of atomic ions as well as some small clusters are

produced in front of the target by the magnetron sputtering.
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The condensation takes place in the rest of the inner chamber by introducing the
He gas. Clusters with a wide size distribution mixed with the gases leave the
inner chamber through an adjustable nozzle at the end. Given that 30% of
clusters are already ionized to the plasma, no further ionization device is needed
to generate an ion beam. The size range of clusters produced in the magnetron
sputtering source is determined at the condensation stage, which is mainly
affected by the gas pressure directly dominating the sputtering and
condensation processes [49,76]. Two different gases are used in the sputtering
gas condensation source: Ar and He. The Ar gas is used for the sputtering and
generally a higher Ar pressure induces a higher sputtering rate. Thus large
quantity of Ar gas is necessary to produce large clusters as they might require a
higher concentration of sputtered atoms. The effects of the He gas in the
magnetron sputtering source are more complicated. Similar to the inert gas in
other cluster sources, the He gas is responsible for the growth of clusters, which
provides cooling and collision for clusters condensation. Experimental results
show clusters produced without He gas in a magnetron sputtering source are
limited to a small size of 10 atoms or sometimes 20 atoms. The clusters growth
process in the magnetron sputtering sources can be simply divided into two
steps: sputtered atoms are cooled in He gas to form small cluster seeds; the
seeds then grow into large clusters by collision with other sputtered atoms and
small clusters [77]. Therefore, the He gas not only assists condensation of large
clusters from seeds by collision, but also creates seeds which are small clusters
[78]. The size distribution shifts towards smaller sizes when more seeds are
produced at high He pressure. Sputtering power and aggregation distance also

affects the size distribution. Inadequate sputtering power causes low production
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rate of clusters and large clusters may not be formed. However, high sputtering
powers can be unstable and might lead to a discontinuous cluster beam. Clusters
are aggregated in the region between the magnetron gun and the nozzle. A
minimum distance of 10cm is required for plasma ignition. A large aggregation

distance in an optimum range enhances the production of large clusters.

The magnetron sputtering cluster source has several advantages over other
cluster sources. The clusters produced by magnetron sputtering are already
ionized at a notable proportion (~30%), such that the ion optics and mass filter
can be fitted directly after generation chamber. Compared with the seeded
supersonic nozzle source and evaporation source, clusters of a wide range of
materials and sizes can be produced by the magnetron sputtering source. Unlike
the pulsed beam used in the laser vaporization source, the cluster beam
produced by the magnetron sputtering source is continuous and the maximum

beam current of size selected cluster is up to several nano amps.

2.2.3 Other synthetic methods for cluster production

There are many other types of source apart from the thermal heating source,
laser ablation source and sputtering source to produce nanoclusters from a
physical vapour such as a pulsed microplasma cluster source and arc discharge
source. Compared with the sputtering source, a pulsed microplasma cluster
source is more suitable for stable operation as the atomic vapor is generated by a

spatially confined plasma ablation of the target and clusters are formed by
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aggregation in pulsed injected inert gas phase [79-81]. However the critical issue

of the pulsed microplasma source is that the cluster beam flux is limited [46].

Another type of pulsed cluster source to produce highly ionized metal plasma is
the arc discharge source where a discharge happens between two conductive
electrodes to generate an atomic vapor. The arc discharge source has been
considered as the replacement of laser ablation source in 1990 by Meiwes-Broer
et al [82-83]. The principle of the vaporization by arc discharge is that large
current emitted from the cathode due to thermionic and field emission induces
the heating on the entire or small part of the cathode to vaporize materials. The
discharging current can reach up to 10°A for short time intervals. Clusters are
formed by the vaporized materials or plasma which condense in the surrounding

buffer gas introduced from a pulse valve [84-85].

Also clusters can be produced by chemical synthesis in which metal or
semiconductor salts are used, and therefore it is versatile and usually
inexpensive compared with the physical routines [86-88]. The early study of
clusters produced via colloidal synthesis was reported by Faraday over 150
years ago [89]. Typically in chemical synthesis process nanoclusters are formed
in the supersaturated salt solutions which is reduced subsequently. The size,
shape and even crystalline of the nanoclusters can be controlled through the
conditions of the solution such as PH or concentration of the ions. The
nanoclusters synthesized in solution have great advantages if their applications

are required to be carried out in solutions [91].
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2.3 TEM and STEM

2.3.1 Overview of TEM and STEM

The first transmission electron microscope (TEM) was developed my Nobel
Laureate (1986) Ernst Rusk and Max Knoll in 1932 where they successfully
transferred the principle of optic microscope to electrons [92]. The resolution
has been improved significantly with the electron microscope due to the
wavelength of electron is subnanometer instead of hundreds of nanometer of
visible light. Also the wavelength of electrons can be further shorten by
accelerating the electrons as the wavelength A is determined by momentum of
the electrons p which follows the equation A=h/p proposed by de Broglie in 1925.
According to the relativistic correction, the momentum of electrons is defined by
p=(2meV+eV2/c2)1/2, thus wavelength of electron accelerated by 200kV is 10-
3nm [93]. The first scanning transmission electron microscope was developed
my Manfred von Ardenne in 1938 where the sample is raster by a focused
electron beam instead of the parallel electron beam in conventional TEM. The
development of the STEM has enabled various techniques in the electron
microscope such as annular dark field (ADF) imaging, Electron Energy Loss

Spectroscopy (EELS) and Energy Dispersive X-ray (EDX) mapping [94].

The spatial resolution of the STEM is defined by the tip size of the electron probe
on the sample, which is focused by objective lenses after electron gun and prior
to the sample [95]. In early days the resolution of the STEM was limited by the

positive spherical aberration when using round electron lenses pointed by

26



Scherzer [96]. To overcome this problem, the non-rotationally symmetric
corrector was introduced into the STEM by Scherzer in 1947, where a negative
aberration is generated deliberately to neutralize the positive aberration
induced by round lenses [97]. With the help of manufacture of the aberration
corrector, the resolution of STEM has been improved to a new era not only the
spatial resolution but also the depth sectioning resolution. The spatial resolution
of an state of the art STEM with aberration corrector has already been below 1

Angstrom and is pushing to nearly 0.5 Angstrom [98-99].

The great advantage of electrons is the wave-particle duality where the wave
behavior enables the formation of images and diffraction patterns revealing the
internal structures while the particle behavior facilities the interactions between
electrons and specimen exposing the chemical properties. Generally the electron
scattering can be divided into two groups, elastic scattering and inelastic
scattering or coherent scattering and incoherent scattering. The difference
between elastic and inelastic scattering the energy loss, which is important to
reveal the chemical properties of specimen. The coherent and incoherent
scattering is distinguished by whether the interference pattern can be formed by
the scattering waves. Most elastic coherent scattering happens with relatively
small scattering angles from 1 to 10 degree due to the Coulomb interaction
between the electron cloud and incident electron beam [93]. The differential
patterns, containing structure information of the material, are generated by the
coherent electrons plane penetrating the specimen that forming the secondary
spherical wavelets due to the low angle scattering by each atom. The high angle

scattering with angle more than 90 degree is usually incoherent caused by the
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Coulomb attraction from the nucleus. The interaction between nucleus and
incident electron beam can be described by Rutherfold scattering that the
differential cross section is given by the equation

e*7? dQ
16(4me,Ey)

or(0) = 9
sin47

where 0 is the scattering angle, Ey is the energy of the electron, 2 is the solid
collection angle, Z is the atomic number of the specimen and &y is the permittivity
of free space. According to the equation, the differential cross section is
increased with higher atomic number. Inelastic scattering is nearly always
incoherent as energy varies but it contains valuable signals such as secondary
electrons, X-rays, phonons, plasmons etc. Second electrons are the electrons
knocked out from the specimen by the high energy electron beam, could be from
conduction and valence band and inner shells. The X-rays generated in the
electron microscope are two different types: Characteristic and Bremsstrahlung
X-rays. Bremsstrahlung X-ray usually appears as the background due to the
deceleration of the electrons by metal target. Characteristic X-ray normally
presents two sharp peaks containing element and structure information is
generated by the electrons transition between lower atomic energy levels in
heavy elements. Phonons are generated due to the electron induced excitation.
Plasmon is usually occurred in metals that waves are excited by high energy

incident electrons in the loosely bound outer layer electrons [93].

2.3.2 Basic components in STEM
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Electron gun

Nowadays most electron gun used in electron microscope is field emission gun
(FEG) instead of the thermionic source as electrons generated in FEG are more
monochromatic [93]. In the FEG electrons are generated by applying an intense
electrical field. Usually the electron gun is made of W or LaBs etc, which have
high melting point or low work function that electrons can easily escape from the
conduction band. The electron gun is installed in an UHV chamber to avoid
contamination and oxidation. A typical FEG contains two anodes in front of the
gun which acts as the cathode. The first anode is biased to several thousand volts
relative to the electron gun tip providing the extraction field to attract electrons
out of the gun. The second anode is used to accelerate electrons also to make a
crossover of the electron beam working as an ion optic lens which affects the

electron beam size and position.

Magnetic lenses

In electron microscope magnetic lenses are used to focus electrons instead of
electrostatic lenses as they are not frightened to high voltage breakdown [93].
The movement of electrons in magnetic field is driven by Lorentz force F, which

follows the equation

F = —e(E +vXB)

where E is the strength of electric field, B is the strength of magnetic field and v is
the velocity of the electrons. The schematic diagram of a typical magnetic lens is
shown in Figure where a coil of copper wires is surrounded inside of the pole

piece made of soft iron. The magnetic field is created in the bore of the pole piece
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by applying current through the coils. The strength of the magnetic field is not
homogeneous that it’s stronger close to the bore while it's weaker in the center
and that's how the focusing works by deflecting electron towards center less

than those away from the axis.

Resolution and Aberration correction
The theoretical resolution limit of the STEM can be calculated using the Rayleigh
criterion where the smallest resolvable distance § is a function of the wavelength

of the incident radiation A,

0 ~0.614

In the STEM, the incident radiation is the de Broglie wavelength of high energy

electron beam that

h

Aap =

\/ZmeV(l + i)

2mc?

Therefore, the de Broglie wavelength of electron beam at V=200kV using this
equation is Agg=2.5x10-3nm, which giving a smallest resolvable distance

6~1.5x103nm.

In reality, however, the imaging resolution in the STEM never reaches close to
the theoretical value and the main reason is the spherical aberrations. In the
STEM the spherical aberration is induced by the circular lenses as the focal point
of the electron beam varies with the distance from the center the lens. To

overcome this problem, the non-rotationally symmetric corrector was first

30



introduced into the STEM by Scherzer in 1947, where a negative aberration is
generated deliberately to neutralize the positive aberration induced by round

lenses.

Two different types of aberration correction systems are available commercially,
the multiple quadrupole and octupole lenses from Nion, which has the advantage
to correct the axial chromatic aberration but its non-rotationally symmetric
lenses are too complicated and hexapole and other transfer lenses from CEOS
where a round lens doublet is placed in the middle of a pair of hexapole lenses.
The principle of the aberration corrector is pre-diverge the electron beam to

compensate the aberration induced by objective lenses [100-102].

ADF and BF Detectors

Detectors in the electron microscope can be semiconductor detector, CCD
camera, scintillator-photomultiplier detector etc plus a viewing screen made of
doped ZnS to direct see the electrons via green fluorescence [93]. ADF detector is
the scintillator-photomultiplier detector coated with Al. Photons are generated
in the scintillator, normally made of Ce-doped yttrium-aluminium garnet, when
hit by incident electrons leading to the photoelectric effect at the entrance of the
photomultiplier tube (PMT) where electrons are multiplied up to 108. The
principle of BF detector is similar but using a round detector instead of the
annular detector. The collection angle of both ADF and BF detector are
determined and can be tuned by the electron optics after specimen such as
camera length. HAADF detector is the ADF detector but collecting high angle

scattered electrons.
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2.3.3 Image formation in STEM

The image formation mechanism in STEM is different from that in TEM where
the focused electron beam probe is rustling the specimen replaced of parallel
beam [93]. The major difference in STEM from TEM is the incoherent electrons
which enables the quantitative imaging in STEM with higher resolution than
TEM. In the STEM the wavefunction of the electron beam probe is the sum of all

partial plane waves given by

p(r) = fA(u) exp[—i2mu - r] du
where A(u) is the complex aperture function following the equation

Ac(w) = He(wexp [ix(u)]

The H¢(u) here is the circular top-hat function with unit height, x(u) is the phase
shift which depends on the aberration of the objective lens not only leading to
the rotationally symmetric aberration but also non-symmetric aberrations. The
specimen in STEM can be look as a self-illuminated object under electron beam
with wide range of angles, which can be treated as a convolution intensity model
mathematically rather than complicated amplitude, where the intensity

following the equation

Iincoherent(r) = |p(7‘)|2 ® |0(T‘)|2

O(r) here is the object function of the specimen. The resolution of the STEM
image is strongly dependent on the electron probe size and atomic resolution

has been achieved with the help of aberration corrector. This technique has the
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advantage that intensity of the atomic column has linear relationship with its
thickness up to very large thickness which enables the date to be interpreted
more directly. The scattered electrons collected by ADF detector follow the
Rutherford scattering model where the intensity of the electrons is proportional
to Z2. However in reality, the power exponent is varied with camera length

between 2 and 1.5 due to the screening effect at low angles [103-106].

2.4 Review of Cluster structures

2.4.1 Shell structures and magic numbers

The Mackay icosahedral is a great example explaining the shell structure [107],
where 12 atoms are arranged to surround the central atom or all atoms are at
the corners of an icosahedral, which contains two shells for the former and only
one shell for the latter. In both cases, another layer of 42 atoms can be added on
top of these 13 atoms core again to form a larger perfect icosahedral consisting
of 55 atoms, which is known as one of the magic numbers of the Mackay
icosahedral and experimentally agrees well with rare gas clusters [108-109].
Another example is the tetrahedron, where 4 atoms compose the core or the first
shell. However unlike the icosahedron, adding one more complete layer to the

tetrahedron actually results in four more shells instead of one.

As mentioned before, the discovery of magic number boosts the development of
cluster science. Magic number is the total number of atoms consisted in a more

favored structure and geometrically a complete shells set. The Shell index K is

33



used to define the number of shells in a specific geometry and the central atom is
labeled with K=1 [110]. The equation of total number of atoms in most
commonly observed geometries as a function of shell number is summarized

below [111].

1 1 1
n= EKB + EKZ + §K (tetrahedron)

10 11 ,
n= ?K3 —5K? + ?K — 1 ( Mackay icosahedron)

5 1
n= EK3 + EK (decahedron)

10

11
n= ?K3 —5K? + ?K — 1 (truncated decahedron)

2 1
n= §K3 + §K (octahedron)

0 11
n= ?K3 —5K? + ?K — 1 (cuboctahedron, triangular faces)

n = 16K3 — 33K? + 24K — 6 (cuboctahedron, hexagonal faces)

Figure 2.4 The HAADF images of Fcc, Ih and Dh structures observed in Aug;3

clusters.

In this section, we will mainly introduce three high symmetry structures, Fcc, Th

and Dh including limited variations such as Ino-Dh and Marks-Dh [112-115],
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which are the dominant proportions observed in our structure control work on

size selected Auogzz nanoclusters as shown in Figure 2.4.

2.4.2 FCC

Fcc is the most closed parking (0.74) and most common structure observed in
bulk crystals. Nanoclusters with fcc structures can be treated as a fraction of the
bulk. Fcc exhibiting in nanoclusters or microscale particles via controlled growth
contains various geometries such as cube, truncated cube, cuboctahedraon,
truncated octahedron and octrahedraon. The Wulff construction, proposed by
Marks [115], is believed to be the role followed by nanoclusters in equilibrium
state fulfilling the equation [116],

y(100) _ d(100)
y(111)  d(111)

where y(100) and Y(111) are the surface energy of (100) and (111) facets and
d(100) and d(111) are the corresponding distance between the facets and the
center of cluster. Different geometries with fcc structures are able to transfer
from one to another via mechanism of selective growth of cutting on specific
facets and the shape of face of all fcc geometries are limited to square, triangle

and hexagonal [116].

2.4.3 Icosahedron
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Icosahedron clusters with 12 5-fold axes are never expected to grow to crystals
as it doesn’t match with the translational crystal symmetry. However,
microscope studies by Ino et al. have shown the observed icosahedral gold
nanoclsuters contain six 20 tetrahedra, which can be cut from fcc structure,
sharing a common vertex in the center [112]. As tetrahedral is not the space
filling structure, in the icosahedral nanoclusters the tetrahedral units usually
have twin boundaries with the neighboring units (multi twinned particles)
where the (111) facets of tetrahedra are exposed and crystallographical (111)
facets are shared by two adjacent tetrahedral units, which makes to the inner
three sides of each tetrahedral units are about 5% shorter than the side of
tetrahedral units on the surface [117]. The icosahedral structure in nanoclusters
was first reported by Mackay over 50 years ago when two icosahedral shell
structures were introduced, Mackay icosahedral and double Mackay icosahedral
and the latter has been corrected to anti-Mackay in early 2000’s by Kuo et al.
[118]. The Mackay and anti-Mackay are distinguished by the positions of the
landed the adatoms. For Mackay icosahedron, adatoms are deposited on the site
of FCC while for anti-Mackay adatoms are placed on HCP (hexagonal closed
parked) [118]. Icosahedral is energetically favored at the early stage of cluster
formation as reported based on calculations by theorist and the formation
mechanism of icosahedral by rapiding cooling, freezing and melting has been
argued for long time [119-122]. Baletto et al. have shown the theoretical study of
growth of silver clusters where icosahedral can be formed at low temperature
but then transform to decahedral due to thermal annealing [123]. In addition to
the Mackay and anti-Mackay icosahedral, a large amount of variants have been

found and reported in literature, such as Chui icosahedral where the icosahedral
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decorated with crater on each corner and it is suggested to be more stable and

thermodynamically realistic especially for large size clusters [124-126].

2.4.4 Decahedron

Apart from the icosahedral, another 5-fold symmetry structure often observed in
nanoclusters is the decahedral. The regular decahedral consists of five
tetrahedral units which are packed together and four equilateral triangle (111)
facets of each tetrahedral are slightly distorted that two of these facets are
shared with other units as twinning planes while the other two are turned into
the surface of the decahedral [127]. The strain energy in decahedral is lower
compared with that in icosahedral owing to the lower strain in tetrahedral units.
Also the stain energy in decahedral can be minimized by varying the shape and
size of the units. For example, the regular decahedral is not favorable in the
experiments as it's non-spherical shape [128]. Although the atoms on the regular
decahedral surface are closely-packed, the surface area of the decahedral is
extremely large besides the internal strain. However, the decahedral can be
truncated to become more spherical such as Ino-decahedral and Marks-
decahedral that have been observed experimentally in nanoclusters. (100) facet

are exposed on the truncated surface instead of closely-packed facets.

2.4.5 Review of theoretical work on nanocluster structures

The structure preference in nanoclusters is determined by the energetics

especially for the structures with lower energy. From theoretical calculations
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reported in literature by Baletto and Ferrando [129], the common investigation
of the most favored structures in nanoclusters can be divided into two steps.
Firstly a model is introduced to represent the interactions between the
elementary constituents in the clusters where the Schrodinger equation is solved
directly and the constructions of semi-empirical inter-atom potentials are
involved. Secondly, a global optimization algorithm is applied to seek for the

most favored isomers [116].

The most critical part here is the choice of the energetic model, which directly
affects the accuracy of the calculation and there is not an ideal model that could
deal with all the cases. For example, the ab initio quantum chemistry method
provides exact solutions for most of the small clusters but it becomes
unmanageable with increasing the nanocluster size . Methods based on density
functional theory (DFT) are widely used in the structural calculations since
1990s and are believed to be accurate and less cumbersome after adequate test
[116]. Although the exchange and correlation interactions in the DFT methods
are refined approximately and greatly, there are still limitation for the DFT such
as the lacking of intermolecular interactions in which case the position of atoms
or molecules are not replaceable and the exclusion of thermodynamics, which
means all the calculations are run at OK. Semi-empirical methods, improved from
the Hartree-Fock formalism that have been successfully used in organic
chemistry before, are now also used to build the approximate energetic models
in nanostructures [130]. For semiconductors and metals, there is the tight-
binding model method with intermediate computational effort based on the

wave functions [131]. The potentials between atom and atom or molecule and
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molecule calculated based on the approximate quantum models can be then used
in large clusters or large crystals by fitting with experimental properties of the
materials via several methods such as EAM (embedded atom method), SMATB
(second movement approximate to tight binding) or Sutton-Chen potentials

[133]. The binding energy of a cluster can be described by the equation,
Epinaing = alN + bN2?/3 + ¢cNV3 + 4

where N is the total number of the atoms containing in the cluster. The first term
aNl is attributed to the volume effect and the rest of the equation corresponds to
the surface effect of facets bN?/3, edges cN?/3 and vertices d. A(N) is introduced to
represent the stability of the clusters by figuring out the excess energy per
surface atom with total N atoms in the perfect crystal,

Ebinding - NSC

AN) = =R

where €. here is the cohesive energy per atom in the crystal [116].

EAM is one of the popular theoretic method reported by many scientists such as
Grocholar, Feiglto et al. to simulate the initial nucleation, coalescence and growth
kinetics especially for gold nanoclusters synthesized in gas phase [134]. The
simulations based on the EAM method have shown that the coalescence prefers
to form decahedral and fcc structures for gold nanoclusters of less than 300
atoms at the early stage. Other parameters like aggregation rate and type of
condensation gas do not affect the statistical structures much. The EAM

simulations also show the probability to form icosahedral structure is highly
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related to the size of the initial seed and temperature, and it decreases with

increasing seed size whilst increased with raising temperature [135].

An interesting study of nanoclusters growth in liquid using both Molecular
Dynamics and hybrid Monte Carlo method are reported by Desgranges and
Delhommelle to simulate the nucleation of gold nanoclusters, where the growth
of the nanocluster is attributed to the continuous cross-nucleations of two
polymorphs [136]. They also found the nanoclusters are dominated by fcc
structures at small size but when it's approaching the critical size, HCP
structures start nucleating on the surface heterogeneously [137]. The famous
microscopic mechanism study on growth of nanoclusters reported by Baletto et
al, has indicated the icosahedral and decahedral are more favored in
nanocrystalline structures of meta-stable silver nanoclusters at low and
intermediate temperature between 350K and 500K. The icosahedral isomers are
formed via the mechanism of shell by shell growth mode or the structural
transformation from decahedral [123]. In Baletto’s other work, silver
nanoclusters with different size up to about 150 atoms are studied showing at
extreme temperatures (both high and low) icosahedral is more preferred while
decahedral is favored at the intermediate range [138]. It has also been presented
that for gold nanoclusters where the immersion environment is found to have

effects on the growing process [139].

When size of nanoclusters increases, the effect of the strain especially for multi-
twinned nanoclusters becomes notable. Theoretical studies based on the surface

energy, boundary energy and elastic strain energy including Ino’s calculation
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show that icosahedral gold nanoclusters are stable when size is smaller than
43.6nm whilst decahedral is 396.1nm [112]. Surface disorder also plays a critical
role in the structures of nanoclusters as reported by Chui et al [126].
Simulations based on the energetics of nanoclusters by Baletto et al., predicted
the structural transformations among icosahedral, decahedral and fcc in gold
nanoclusters, that is icosahedral starts transforming into decahedral or fcc when
the size of nanocluster is less than 100 atom and the transformation from
decahedral to fcc starts at about 500 atoms [129]. Similar to gold, Ni icosahedral
nanoclusters follow the same trend with increasing cluster size as investigated
by Cleveland et al. The phase map of gold nanoclusters less than 30nm in
diameter was calculated by Baletto et al. based on the first principle [127,140].
Also the roles of the substrate on nanoclusters structure cannot be neglected, for
example transformation from decahedral to icosahedral is observed on clusters

deposited on silica surface [20, 141].

Heating also plays a role in the structural transformation in nanoclusters
because cluster surface softens upon heating, reconstruction happens during the
heating and a liquid skin or quasi-molten state might be formed before the
clusters are fully melted [142-145]. Pt and Pd nanoclusters have been studied as
examples for heating effects based on EAM simulations by Schebarchov et al,,
which show the decahedral isomers of Ptgg7, Pti3zgo and Pdsg7 is turned into fcc
before the melting point [146-147]. On the contrary, the freezing process is
intended to form icosahedral as explored by Chushak on Auiis7 with a cooling

rate of 3x101! K/s [148]. The structures based on crystallization process are also
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investigated by various groups showing crystallization starting at the surface

dominates the later crystallization process [149-151].

2.4.6 Review of experimental work on nanocluster structures

Most of the observations of structures of nanoclusters in experiments are
achieved by electron microscope including transmission electron microscope
(TEM) and scanning transmission electron microscope (STEM) both of which
have ability to resolve the structures at atomic level. Some large clusters are
studied in SEM as well. For gold nanoclusters, the first experimental observation
of the structure can be tracked back to 1960s where gold clusters with diameter
of about 30nm prepared by atomic vapor on gold single crystal were studied in
TEM by Schwodebel et al. and the structure observed is decahedral [152]. In
1966 Ino et al. started to investigate gold clusters with different size in TEM. The
clusters were prepared by atomic vapor deposition but with more control of the
growth. Results showed that gold clusters with decahedral were observed at size
of 40nm in diameter but icosahedral isomers were found as well with size
between 10-40nm [153]. The structures of supported multi-twinned gold
clusters on alkalihalide crystals were studied by Ino and Ogawa in 1967
suggesting that clusters of about 30nm prefer to be decahedral while 15nm
clusters prefer icosahedral [154]. Big gold clusters up to 500nm deposited on
mica substrate were also studied in early years by Sanders et al. showing
decahedral structure [155]. Tsutomu et al. also studied the structure of gold
clusters prepared by evaporation in TEM and the observation of decahedral for

15nm clusters and icosahedral for 13nm clusters was reported [156]. Between

42



1969 and 1972 the formation of multi-twinned gold clusters was investigated by
Ino and Ogawa who found decahedral structure on clusters with 15nm and 20-
40nm while icosahedral structure on 10 and 15-30nm clusters [157-158].
Wayman has studied structrure of gold clusters vaporized on graphite surface
and found both decahedral and icosahedral structures on clusters about 40nm
[159]. Relatively small gold clusters prepared by atomic vapor deposition were
studied by Gillet et al. in 1977 showing decahedral structure on 15nm clusters
and icosahedral structure on 8nm clusters [160]. Yacaman et al. reported the
experimental study of gold clusters by vapor deposition in 1979 showing the
decahedral structures of clusters between 12-40nm [161]. The first study of
structures of clusters produced by cluster beam was reported in 1981 by Gillet et
al. where Au, Pt and Pd clusters were produced in a flowing argon system and
gold clusters presented decahedral and icosahedral for 6nm and 7nm clusters
respectively [162]. In 1983 the Marks decahedral was first introduced by L. D.
Marks observed on 10nm gold clusters [115]. Hofmeister et al. explored the inter
structure of muli-twinned gold clusters on silver bromide film showing the gold
clusters were decahedral [163]. Berriel-Valdos et al. found the equilibrium
structure of 30nm gold clusters was icosahedral [164]. Ichihashi et al. studied
the small gold nanoclusters around 2.5nm in TEM showing the decahedral
structures [165]. Weiss et al. explored the structure of small gold nanoclusters
between 2 and 6nm and also observed decahedral structures [166]. In Yacaman’s
work in early 1990s where small gold nanoclusters were produced by gas
aggregation, decahedral structures were observed on 4nm gold clusters [167].
The structures of gold clusters prepared chemically were also studied where the

size of the clusters was relatively larger. In 1973 Suito et al. observed decahedral
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structure in 30nm colloidal gold clusters in TEM [168]. In 1990 Tholen et al.
found gold clusters around 65nm synthesized chemically exhibiting decahedral
structures [169]. Tanaka et al. explored gold nanoclsuters chemically
synthesized in solution by electrodeposition with different electrode potentials
showing that multi-twinned structures such as decahedral and icosahedral are
more favored at low electrode potential and single crystalline or polycrystalline

are preferred at high potential [170].

In recent researches published since 2000, Hofmeister et al. studied chemically
synthesized gold nanoclusters containing two icosahedral in twin position in
TEM combined with computer simulations [171]. In Oku and Hiraga’s research
published in 2000, Au nanoclusters prepared by chemical vapor and gas
condensation with different size were studied in TEM, SEM and HREM and
decahedral structures were observed on Au clusters of about 5nm [172]. The
work done by Ugarte et al. in early 2000s has shown the statistical data of
structures of gold nanoclusters prepared chemically where gold nanoclusters in
range of 2-4nm were studied in HRTEM and XRD and fcc and decahedral
structures were observed [173]. Also Koga and Sugawara have done statistical
analysis on structures of gold nanoclusters with different size between 8 and 9
nm produced by cluster beam in HRTEM combined with multislice simulations
where both decahedral and icosahedral isomers were identified [174]. Gold
nanoclusters are used as catalyst and the structures of gold catalyst before and
after reaction were studied by Hofmeister and Claus et al. using HRTEM where
both decahedral and icosahedral were found on 5nm gold nanoclusters [175].

Buriak studied large gold nanoclusters of about 100nm synthesized chemically
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in SEM which shows the large icosahedral structure [176]. Even larger gold
clusters from 200nm to S5micrometers were studied by Xie et al. where most of
them exhibit decahedral structures [177]. Chemically prepared small gold
nanoclusters with narrow size distribution, around 2nm, were studied by Perez
et al. showing that fcc and decahedral were dominant in Au clusters [178]. Using
chemical method, Han et al. tried controlled synthesis process to produce pure or
large proportion of gold clusters between 10 and 90nm with icosahedral
structures [179]. In addition to Han’s work, Song et al. have achieved the size
control on not only just icosahedral but also decahedral and truncated
tetrahedral gold clusters around 100nm prepared via chemical methods [180].
Moreover, Zhang et al. reported the ability to transform the structure of gold
clusters from icosahedral to a truncated form [181]. Li et al. studied the size
selected Augz3 produced in magnetron sputtering gas condensation cluster beam
source in STEM where the decahedral structure is observed and its 3D structure
is revolved using quantitative HAADF image [4]. The effects of coalescence
behavior on gold nanoclusters of around 3nm was studied by Geng et al. which
promotes that formation of decahedral [182]. The coalescence of large cluster of
about 10nm was studied by Tilley where real time TEM and kinetic monte carlo
calculation were used to confirm decahedral is more favored in coalescence
behavior [183]. Lee et al. reported the ability to control the structure of large
gold clusters between 15-30nm in solution using 1,2-hexadecanediol to reduce
the AuCly, which determined the crystallinity of the cluster [184]. Yacaman et al.
studied the stability of decahedral in large clusters synthesized via rapid cooling

mechanism [185].
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More recently, the metastable structures of nanoclusters and their instabilities
have been investigated, which dates back to late 1980s whe lijima and Ichihashi
already reported the structure fluctuation observed experimentally in small gold
nanoclusters of around 2nm deposited on SiO2 surface where their structures
were found to flip back and forth randomly between multi-twinned structures
and single crystal under the 120kV electron beam in TEM with electron beam
dosage of 1.3x107e/nm?. The structure transformation of size selected
nanoclusters have also been explored by Palmer’s group where the size selected
nanoclusters were produced in the magnetron sputtering gas condensation
cluster beam source with unique lateral time-of-flight mass selector and
structures of nanoclusters were studied in the aberration corrected scanning
transmission electron microscope [10]. The triangle structure of size selected
Auzo and Chiral-type of size selected Auss as well as their structural fluctuation
were directly observed in the STEM [9,12]. The structure transformations of size
selected Auogzz from icosahedral to decahedral or fcc under 200keV electron
beam were also confirmed in the experiments suggesting icosahedral is the least
stable structure while decahedral or fcc is more likely to be the equilibrium state
[10]. The structural transformation of larger size gold nanoclusters between 5
and 12nm was studied by Young et al. with fine controlled temperature and the
phenomena that clusters transform into decahedral from different initial
structures during the in-site heating in TEM was observed in real time [186].
Similar to the heating treatment, Yacaman et al. carried out rapid cooling on gold
nanoclusters of 5-10.4 nm showing that decahedral transformed into icosahedral
during the cooling process using variable temperature high resolution TEM

(HRTEM) [185]. Nanoclusters annealed in gas phase or melt-freeze process have
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been studied by Koga et al. in 2004 where the transformation from icosahedral
to decahedral was observed on clusters with 3 to 14nm during the annealing
whilst the transformation from decahedral to fcc was found during the melt-
freeze treatment [187]. Although all nanoclusters are believed to be metastable,
some structures are more metastable than the others. Early this year Wells and
Palmer et al. demonstrated the metastability of size selected Auss1, Auz42 and
Aug23 by monitoring the structure transformation under electron beam in real
time using aberration corrected STEM [188]. The mechanism of structural
transformation from icosahedral to decahedral of gold nanoclusters was
discussed by Koga et al. suggesting it’s caused by a cooperative slip dislocation of
(111) planes inside the icosahedral structure. The icosahedral contains five fold
axis surrounded by 10 distorted fcc tetrahedral in the middle, 5 in the top region
and other 5 in the bottom region with the boundaries of (111) planes. The
neighboring tetrahedral will merge into one new pyramid segment when those
boundaries start to slip over the plane underlined and new (110) plane is
exposed, which is believed to have lower energy barrier after this non-diffusive

cooperative process [187].

2.5 Review of application of nanoclusters

The applications nanoclusters including metal, oxides, nitrides, carbon and
semiconductors produced in gas phase using cluster beam deposition technique
cover various area such as electronics, optics, magnetics, sensors [36], and
specially on the catalysis and biotechnology fields, which are motivations to

develop our new technology, the matrix assembly cluster source.
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2.5.1 Catalysis

Applications of nanoclusters as catalysis have great potential due to their strong
size dependent properties. For example, cluster beam deposition has been used
to deposit size-selected nanoclusters on an inert surface to catalyze the chemical
reaction as reported by Heiz et al [68]. In this work, the cluster beam was formed
using laser ablation cluster source and mass selection was achieved using
quadrupole mass filter. Clusters were then deposited on thin oxide film
supported on metal single crystal. The cluster source in Heiz's group is also
combined with various equipments such as FTIR, temperature desorption and
electron spectroscopy to study the catalytic properties en-suit. The catalytic
property of Ni clusters deposited on MgO thin film for CO oxidation is explored.
Abbet has also investigated the catalytic properties of nanoclusters using similar
system where size selected Pd, Au Ni and Si clusters are tested with the CO
adsorption [190]. Catalytic properties as well as chemical properties of
bimetallic nanoclusters such as Pd-Pt deposited on TiO; surface have been
studied by Aizawa using the laser ablation cluster beam source and en-suit
reaction system [191-202]. The photocatalytic properties of nanoclusters or thin
film produced by cluster beam source equipped with UV light source irradiation
has been intensively studied by Anpo et al, such as NO decomposition into Nz and
02 promoted by Ti/Si binary oxide thin film, oxidation of acetaldehyde by Pt

nanoclusters deposited on TiOz thin film [193-195].

Palmer and co-workers have investigated the catalytic properties of bare size-

selected metal nanoclusters by collaboration with Johnson Matthey [196-197].

48



Size selected nanoclusters are produced in the magnetron sputtering gas
condensation cluster soruce and mass selection is achieved by the lateral time-
of-flight mass selector. Size selected Au nanocluster containing 561, 923 and
2057 atoms have been tested to study the size dependent catalytic properties for
CO oxidation. Pdo23, Pd2057 and Augzs and Auzos7 have been tested for the 1-
pentyne hydrogenation reaction. Moreover, the fates of the size selected clusters
before and after chemical reactions have been studied statistically in the ac-
STEM and the results show part of small clusters such as 561 and 923 are
disintegrated during the reactions while large clusters are more stable which

only slightly diffused and aggregated after chemical tests.

2.5.2 Biotechnological applications

An example of nanoclusters application in biological area is the bio-chips
demonstrated by Palmer and co-workers where nanocluster deposited on the
surface are used as anchor site to immobilize molecules [26,198-199]. The Au
nanoclusters are produced in the magnetron sputtering cluster source and size
of the clusters is selected by the lateral time-of-flight mass filter. Clusters are
pinned into graphite surface with controlled high energy deposition method and
the bonding between molecules and clusters are confirmed by the AFM imaging.
This method would bring the single molecule optical studies into reality by using
controlled well separated cluster deposition so that only one protein molecule is
exposed in the microscope, which exhibits ultimate potential in increasing the
sensitivity of biochips. The thin films assembled by nanoclusters produced in

cluster beam source are also biocompatible as reported by Carbone et al that the
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TiO; film assembled by TiOx nanoclusters produced in supersonic beam is found
to be supportive and adhesive for the normal growth of cancer cells [200]. The
mechanism behind is the surface morphology of the nanoclusters assembled film
exhibits nanoscale granularity enabling the surface functionalization with the
molecules. The nanostructured titania film are proposed to be the most adequate

substrate for cell arrays or medical microfabricated devices.

2.5.3 Other applications in electronics, optics and magnetics

Nanostructured materials especially semiconductors, are interest due to their
electronic and optical properties. With the controlled deposition based on the
cluster beam techniques, the properties of semiconductor nanoclusters such as
the visible photoluminescence exhibited on nanocrystalline materials containing
Ge or Si can be investigated as a function of cluster size or the size distribution or
even the structures. Photoluminescence of silicon nanoclusters has been studied
by Ehbrecht and co-workers combining a gas flow reactor and cluster beam
deposition technique [201]. The silicon clusters are produced in the gas flow
reactor using a CO laser to decompose the hydrogen from the SiH4 and cluster
beam is formed by supersonic expansion into the high vacuum. The
photoluminescence, which is size dependent, is observed on the silicon clusters
under ultraviolet radiation due to the quantum confinement effect. Voigt and co-
workers have explored the electronic properties of silicon nanostructured film
deposited of size selected silicon clusters with a coverage of about ~80% [202].
Results show the conductivity of the thin film is increased superliner as the

function of film thickness, with exponent of 1.5. Ostraat and co-workers have
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developed transistor based on silicon nanoclusters produced in gas phase
showing compatible properties with industrial manufactured silicon [45]. The
optic properties of metal clusters including both noble metal and alloys
exhibiting size dependence has also been reported by Kreibig and co-workers

using laser ablation source [203].

The magnetic properties of nanoclusters including Fe, Co as well as core shell
clusters and binary clusters produced in gas phase have been summarized well
by Binns and Sumiyama [204]. The effects of supporting substrates on their
magnetic properties have been also investigated. Anther hot area of the
application of nanoclusters is sensors [205-208]. Nanocluster based sensors
have been studied by Kennedy and co-workers since ten years ago. In Kennedy’s
work, tin oxide nanoclusters (between 10 and 35nm) were produced by thermal
evaporation in gas phase combined with in flight annealing afterwards. The
integrated process demonstrated by Kennedy and co-workers has been widely

used nowadays in manufacturing of nanocluster based sensors.
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Chapter 3 Experimental apparatus

In this chapter, we introduce the two pre-existing apparatuses used in the works
presented in the thesis: the magnetron sputtering cluster source with time-of-
flight mass filter built by Birmingham Instruments (BI) and the aberration
corrected scanning transmission electron microscope (JEOL 2100F). The
magnetron sputtering cluster source with time-of-flight mass filter is one of the
few techniques available to carry out controlled deposition of size-selected
nanoclusters and is used for the cluster production work presented in Chapter 4.
The aberration corrected scanning transmission electron microscope is a
powerful tool with the potential to obtain abundant range of characterization
data of nanoclusters, such as size and structure, and has been used to analyze the
clusters produced both in the magnetron source and the matrix assembly cluster
source (MACS). The schematics, basic principles and operation procedures of
these two pieces ofapparatus are illustrated in this chapter. The imaging, effects
of the electron beam and atom counting using the STEM are also discussed. The

new technology we developed, the MACS, is described later in Chapters 5 and 6.

75



3.1 Magnetron sputtering gas condensation cluster beam source

and lateral time-of-flight mass filter

3.1.1 Magnetron cluster source

Condensation chamber lon optics Lateral time-of-flight mass filter

Sputtering and cluster formation ~ Beam focusing and Mass selection
acceleration

Figure 3.1 Schematic diagram of the magnetron sputtering gas condensation
cluster source. It consists of three chambers: cluster generation chamber, ion
optic chamber and mass filter chamber. (drawn by Jinlong Yin from Birmingham

Instruments)

The schematic diagram of the magnetron sputtering gas condensation cluster
beam source equipped with lateral time-of-flight mass filter (built by
Birmingham Instrument) based in Nanoscale Physics Research Laboratory,
University of Birmingham is shown in Figure3.1 [1]. The cluster beam source
consists of three main chambers: cluster generation chamber, ion optic chamber

and mass filter chamber.
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The clusters are formed in the condensation chamber inside the generation
chamber, which can be cooled by liquid nitrogen. In this chamber an atomic
vapor is generated by magnetron sputtering of the bulk target [2]. The 2”
magnetron gun is mounted on a linear drive, so that the position of the
magnetron head can be varied from 150mm to 250mm inside the chamber. The
sputtering gas used is Ar, injected from small orifices with diameters of around
0.1mm surrounding the magnetron head. The Ar plasma can be ignited by either
a DC or RF power supply to create the atomic vapor including atomic ions and
small clusters by sputtering the target. Ar ions are accelerated to a high energy
by a large electric field formed between the plasma and the target due to the
screening effect of the plasma. The sputtering power for both DC and RF power
supplies can be varied from around 10W (minimum power to ignite Ar plasma)
to 200W (limited by the power supply). For DC sputtering mode, a high negative
potential is applied to the target which should be conductive. In the case of RF
sputtering mode, a high voltage RF signal is coupled to the electrically isolated
target to develop negative electrical field due to the great mobility of electrons.
In this case, the target is not required to be conductive materials and it can be
semiconductor and even insulators. The advantage of using magnetron
sputtering to produce atomic vapor over other technique such as thermal
evaporation is that a significant proportion (around 30%) of the sputtered
material is already ionized [3]. No further ionization device is required to enable
high energy deposition or mass selection. Behind the magnetron head there is an
unbalanced array of strong magnets to further enhance the plasma density and
ionization rate. The condensation of large clusters from the atomic vapor is

promoted by collisions with induced helium gas from the back of the chamber.

77



The roles of the helium gas are not only for collision but also as the seeds for the
formation of clusters at nucleation stage [4-9]. Both Ar and He flow rates are
controlled by the mass flow controllers each with a maximum flow rate of 200
sccm. An adjustable nozzle (iris), Imm to 10mm in diameter, is mounted at the
end of the condensation chamber enabling control of the pressure in

condensation chamber independently to the gas flow rate.

Clusters extracted from the condensation chamber are focused into a cluster
beam in the ion optic chamber by applying an electrical field after supersonic
expansion from the skimmer (5mm in diameter). All the ion optic lenses are
negatively biased as well as nozzle and skimmer (biased with low negative
voltage) as the mass filter of the cluster source has been designed to only select
positively charged particles. We only select clusters propagating parallel to the
axis of the cluster beam source, as the mass resolution is sensitive to the beam
focus at the end of the mass filter. The ion optics system consists of 7 cylindrical
lenses including a XY deflector and electrical field is created along the ion optic
axis to focus cluster ions. Five lenses, lens1, lens2, lens3 and XY lenses, are
connected to independent power supplies while the other two are biased to the
beam potential which is 500V here. The power supplies for the ion optic lenses
are the high voltage modules from Applied Kilovoltage up to -2.5kV. The beam
potential is powered by a power supply from Glassman FL series up to -1kV. The
optimum voltage settings on each lens vary with the size of selected clusters and
the rough range is obtained by the simulation of the cluster beam trajectory in

SIMION 8.1 [10]. The shape of the focused cluster beam passing through the ion
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optics can be monitored by a Faraday cup at the white beam exit (the bottom exit

of the mass filter).

3.1.2 Working principle of the lateral time-of-flight (ToF) mass filter

The focused cluster ion beam is then mass selected by the lateral time-of-flight
(ToF) mass filter installed in the third chamber [11]. In the lateral ToF mass
filter, a portion of the cluster ion beam is accelerated perpendicular to its
original flight direction with a pulsed electric field in the bottom region and then
stopped at the top region of the mass filter by another opposite pulsed electric
field after letting it fly in the middle for a certain time. The cluster beam is
therefore effectively spread out vertically after entering the mass filter and the
magnitude of the displacement of the cluster ion beam under the same electric
pulse is dependent on the charge mass ratio of the clusters and nearly all cluster
ions are single charged. The mass selection is achieved with an aperture placed
at the end of top region only allowing a small portion of the displaced ion beam

flying through.

The schematic diagram of the lateral ToF mass filter is shown in Figure 3.2 [11].
The bottom region of the mass filter is called the acceleration region where the
cluster ion beam is kicked upward by a pulsed electrical field. The middle region
is called the flight region where is field free between two pulses. The top region
is the deceleration region where the perpendicular movement is stopped by
another opposite kick. The cluster beam enters the mass filter from the left side.

A Faraday cup is mounted at the end of the bottom region, which should be the
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focal point, to monitor the shape of the cluster beam. The length of the pulse is
crucial to make sure no cluster is leaving the acceleration region before the pulse
ends thus all cluster ions gain exactly the same momentum. The flight region is
field free between two pulses. In the deceleration region, an identical high
voltage pulse is applied on the top plate after all cluster ions with selected mass
entering this region so that cluster ions will lose their perpendicular velocity and

keep flying horizontally through the exit aperture at the end.
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Figure 3.2 Schematic diagram of the lateral time-of-flight mass filter, reproduced
from reference [11]. The cluster beam enters the mass filter from the left side.
The cluster ion beam is kicked upward by a pulsed electrical field applied in the
bottom region and stopped by stopped another opposite kick after flying into the
top region. The mass selection is achieved with an aperture placed at the end of
top region only allowing a small portion of the displaced ion beam flying

through.
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The two pulses applied in the acceleration and deceleration regions are identical
but with a delay time 74 The pulse time and the waiting time between
consecutive acceleration pulses are defined as 7, and 7w. a is the vertical distance
covered by ions in acceleration region and deceleration region. b is the vertical
distance of free flight region. d; and d: are the plates separations in pulse regions
and flight region. / and s are the sideway lengths of cluster ion beam than can and
cannot be used. x is the total displacement of the ion beam. L is the total length of

the mass filter.

The first pulse starts when the acceleration region is fulfilled with cluster ions
and stops when displacement a is covered by clusters with selected mass. Thus
Tp iS

2a 2a

Ty =—F———=
J2eUpy/m vy
where U, and v, are the energy and velocity of ions gained from the acceleration

pulse. The second pulse starts when ions reach the deceleration region after

flying through the flight region. Thus the delay time between two pulses is

b b

Td ==
J2eU,/m v
The waiting time between two consecutive allowing the ions to fill the

acceleration region again is determined by the original velocity of ions, that is

_ s+1 _s+l

T, = =
v J2eU,/m Vo

where Up and vy are the initial energy of cluster ions. The frequency of both

acceleration and deceleration pulse is F
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1
Tp + Tw
And the transmission ratio can be calculated

[ l
T = =
(Tp +1,)v, S+I1+ 2a(v0/vp)

The mass resolution of the lateral ToF mass filter can be figured out from the
displacement of ions as a function of mass. Assuming my is the selected mass

with a total displacement of x. The displacement x;, of cluster with mass m is

my
X, = —X
™ m

The width of the selected mass range is given by the exit aperture size that

dm my
Am=—Ax=——Ax
dx,, x

Therefore the mass resolution is given by

To obtain better mass resolution, the cluster ion beam is required to be focused
well at the end of the mass filter only so that the small difference on
displacements of clusters with small mass difference can be distinguished. Also
the shortest possible delay time is used to obtain high transmission efficiency. To
avoid large mass cluster ions being accelerated by several pulses, a second pulse,
which is the same as the deceleration pulse is also applied to two of the middle
plates in flight region to create a swipe to remove any remaining large slow

moving clusters.
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3.1.3 Experimental apparatus of the lateral ToF mass filter

There are two lateral ToF mass filter setups in our lab, one installed in the
magnetron sputtering gas condensation cluster source, the other one is attached
to the MACS 1 system. The dimensions of these two setups are different. For the
one connected with magnetron cluster source, the vertical displacement of the
cluster beam is 184mm and the total length of the mass filter is 560 mm. Also
exit apertures of different diameters (between 5 mm, 3 mm, 2 mm, 1 mm and 0.5
mm) can be used to enable control of the mass resolution. The mass filter in the
MACS system is a smaller version with a shorter displacement of 120 mm and

the total length is only 370 mm. The exit aperture is also fixed at 5 mm in

diameter.
5V 5V
oV Ch2
Signal
generator 5\ 5V
5V Ch1
@ ov oV
- Beam potential
Amplifier 2 -500/800 V AP2
ov ov
Beam potential
Amplifier 1 -500/800 V AP1

Figure 3.3 The pulse signals in the ToF mass filter. The high frequency pulse
signal is generated by a signal generator where two channels of pulse signal (5

V) with a delay time are generated and delivered to two amplifiers to output the
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high voltage pulsed signal (500/800 V) for acceleration and deceleration regions.
The pulse width is set as 20% of the total pulse period and the delay time is 50%

of the total period between two pulses.

The electronics of these two ToF mass filters are exactly the same. The high
frequency pulse signal is generated by a signal generator from BNC (575-2h)
where two channels of pulse signal (5 V) with a delay time are generated and
delivered to two amplifiers from DEI (PVX4150) to output the high voltage
pulsed signal for acceleration and deceleration regions as illustrated in Figure
3.3. The magnitude of the pulse is controlled by the beam potential voltage,
which is applied by the high voltage powersupply from Glassman (FL series). The
beam potential in the magnetron cluster beam source is set at -500 V, while -800
V in the MACS system. Both channels of pulse signals generated from the BNC

single generator are square waves with magnitude of 5 V.

For these two mass filter systems the pulse signals are nearly identical except
the frequency for the selected size varies slightly due to different total
displacement. The pulse width is set as 20% of the total pulse period and the
delay time is 50% of the total period between two pulses. The pulse signals are
then amplified by two pulse generators before being delivered to the mass filter.
For each pulse generator, it has two input channels and one output channel. The
two input channels are connected to beam potential (Low) and ground (High)
respectively. The output channel is connected to the assigned plates of the mass
filter and output voltage is the difference between the Low and High input

voltages dependent on the gate voltage (5V or 0V) which is a square wave signal.
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All the plates of the ToF mass filter are biased at the beam potential when pulse
is off. When pulse is on, the plates in the acceleration or deceleration regions are
switched from beam potential to 0 V to give positive cluster ions a kick. For the
mass filter in the MACS system, which has a vertical displacement of 120mm, the
optimal pulse frequency of selected Ar clusters (mass=40 amu) is 203kHz, based

on which frequency of any selected mass can be calculated.

3.1.4 Operation of the magnetron sputtering cluster source and sample

deposition

The operation of the magnetron sputtering cluster source can be divided into
following steps: preparation work, plasma ignition, optimization of the cluster
beam (including tuning condensation conditions and ion optics, and mass

spectra) and sample deposition.

Preparation work

The preparation work before producing clusters includes changing the target,
cooling, mounting samples onto the sample holder and pumping down the
chambers. Usually the base pressure of the cluster source is lower than 106
mbar in the generation chamber and 10-7~10-® mbar in ion optic chamber, mass
filter chamber and deposition chamber. Liquid nitrogen cooling of the
condensation chamber is also a necessity to prompt condensation when making
large size clusters. The cooling process usually takes 1 hour from room

temperature to ~77K.
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Plasma ignition

To ignite the plasma, Ar gas flow is tuned to around 20sccm before switching on
the magnetron. The power of the magnetron is usually set between 10 and 15W.
After the plasma being ignited, Ar gas flow can be tuned down to around 5sccm

to maintain a sputtering yield.

Optimization of the cluster beam

Optimization of the cluster beam is to achieve maximum cluster beam current,
which involves tuning the condensation parameters, which are magnetron
power, condensation length, Ar and He flow, condensation pressure, and
optimizing the ion optics. The magnetron power can be accessed from the
magnetron power supply and it can be varied from 10W to 200W. 200W is the
limitation of the power supply while 10W is the minimum power to generate
stable plasma. The condensation length can be varied by moving the position of
the magnetron, which is mounted on a linear motion. Ar and He gas flow are
controlled independently by the flow meter with a maximum flow rate of
200sccm. The pressure of the condensation chamber is controlled by adjusting
the opening of the nozzle, which allows the condensation pressure independent
from the gas flow rate. Ion optics is optimized by tuning the voltages on each
lens. There are 7 ion optic lenses but only 3 of them are tunable plus the XY
deflector. Others are all biased with beam potential. The cluster beam current is
read from the sample holder placed after the mass filter, which is connected to
the picoammeter (Kethley 6485). Between the sample holder and the mass filter
there are three ion optic lenses (two are beam potential biased and only one is

tunable) to maintain the focus of the cluster beam. The sample holder is
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mounted in a linear motion and have several slots vertically arranged. The blank
slot on the sample holder is used to monitor the cluster beam current during the
optimization. The optimization process for large size clusters has to build up step
by step. For example, to produce Augz3 cluster, we have to tune for Au; or Auz
first as small magic number clusters are more easily to produce and usually have
higher current. Then we can tune for Auis, Auss, ..., gradually build up to Auozs.
The typical voltage settings of ion optics for producing Aug;3 cluster are listed in

table 3.1, please note ion optic lenses biased with beam potential are not listed in

the table.
Lens Power supply No. Voltage (V)
Skimmer HV12 60
Lens1 HV1 1800
Lens2 HV14 500
Lens3 HV2 1200
Lens5, X+ HV3 500
Lens5, X- HV4 500
Lens6, Y+ HV5 1100
Lens6, Y- HV6 1100
Lens7 HV13 500

Table 3.1 The typical voltage settings of ion optics for producing Aus23 cluster.

After achieving the optimal and stable cluster beam current, usually is above
10pA as noise level is ~5pA, of selected size, deposition is carried out by moving
the sample into right position. The substrates we used in experiments are carbon
film and sample holder is biased by the high voltage power supply (from

Glassman FL series) and is connected to ground through the picoammeter
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(Kethley 6485). Therefore, any charges delivered by cluster ions on substrate are
transferred to ground efficiently that the deposition is not affected by the
charging effect, and current is recorded by the picoammeter. The deposition
energy is controlled by the bias voltage applied on the sample holder and

coverage of the cluster is determined by the deposition time and beam current.

3.1.5 Mass spectra

The mass spectra is achieved by reading the cluster beam current while
continuously sweeping the pulse frequency of the mass filter, for example from
108 amu to 108000 amu. The current is measured by Kethley 6485 picoammeter
on sample holder. Two examples of mass spectrum of small Cu clusters less than

20 atoms and Ag clusters less than 100 atoms are shown in Figure 3.4 and 3.5.
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Figure 3.4 Mass spectra of Cu clusters produced in the magnetron sputtering gas

condensation cluster source.
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Figure 3.5 Mass spectra of Ag clusters produced in the magnetron sputtering gas

condensation cluster source.

3.2 Aberration corrected scanning transmission electron

microscope

3.2.1 Overview of JEOL 2100F

The electron microscope based in Nanoscale Physics Research Laboratory,
University of Birmingham is a JEOL 2100F scanning transmission electron
microscope (STEM) with CEOS aberration corrector up to the fifth order. The
photograph and schematic diagram of internal structure of JEOL 2100F is shown

in Figure 3.6.
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Figure 3.6 Photograph and schematic diagram of internal structure of JEOL
2100F scanning transmission electron microscope (STEM) with CEOS aberration
corrector in NPRL, University of Birmingham.

Electron gun

In the JEOL 2100F, electrons are generated from a Schottky field emission
electron gun (FEG) and are then extracted and accelerated to high energy by two
electrodes in front of the gun. The tip of the FEG is made of tungsten with (100)
surface coated with a layer of ZrO to reduce the work function barrier. The size
of the tip is in nanometer scale so that the electric field between the tip and the
first electrode is strong enough to extract electrons out of the tip. An acceleration
voltage of 200kV is applied to the second electrode accelerating electrons to
about 70% of the light speed. The electron gun is installed in a high vacuum

chamber of pressure down to 10-° Pa. The electron gun is slightly heated to avoid
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contamination and to promote the emission efficiency. The focused electron
beam probe is formed by electrons passing through 3 stages of electron optics
system and the aberration of the electron beam is corrected by the aberration

corrector prior to the specimen.

Electron optics

The working principle of the electron optics system is to generate
electromagnetic fields by the lens coils in the condenser lens system to collimate
and focus the electrons. Additionally, further coils are used to align the electron
beam with the sample by tilting and shifting the beam. A set of apertures is
mounted after the condenser lens system to remove the widely scattered

electrons, and the most common aperture we used is 40pum in diameter.

Aberration corrector

The aberration correction system is installed after the condenser lens and
aperture, where the aberration induced by the condenser lens is compensated. In
our JEOL 2100F STEM, the aberration corrector used is CEOS double hexapole
spherical aberration corrector consisting of two sets of 6 pole pieces and two
sets of transfer lenses in the middle. An approximately circular field is generated
by the two sets of hexapole elements with the dedicated rotational offset
alignment to form a negative spherical aberration equivalent to the positive
aberration induced by condenser lenses. The electron beam passing through the

aberration corrector is then focused into a probe by the objective lens prior to
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reaching the plane of the specimen. The scanning of the electron beam probe
across the specimen surface is enabled by the scan coils. With the help of
aberration correct the resolution of the STEM is pushed to 0.1045nm at the time

of installation.

3.2.2 Imaging

Two different types of images are obtained from the STEM in the works
presented in this thesis, high angle annular dark field (HAADF) image and bright
field (BF) image. The schematic diagram illustrating the formation of HAADF
image and BF image are shown in Figure 3.7. The HAADF image is contributed by
high angle scattered electrons and collected using dark field detector from JEOL,
which is similar to a donut. While the BF image is formed by electrons with
narrow forward angles and collected by the detector from Gatan, which is a

circular plate. Both detectors are installed beneath the specimen.
Electron beam

Sample

HAADF
Detector

BF
Detector
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Figure 3.7 Schematic diagram illustrating the positions of HAADF detector and

BF detector.

The advantages of HAADF image are that it exhibits sound atomic resolution and
contains the quantitative information. HAADF images are formed by high angle
scattered electrons which lose the coherence if the collection angle is large
enough that the inner collection angle is more than three times of the beam
convergence semi-angle (about 50 mrad). In that case, the electrons to form the
HAADF image are not affected by the complicated phase change, instead they are
determined by the elemental atomic number and the thickness and can be
described by Rutherford scattering equation. The intensity of HAADF STEM
image formed by high angle scattered incoherent electrons which follow the
Rutherfold scattering equation is proportional to Z?, Z is the atomic number.
However, in reality the power exponent is affected by the screening of nuclear
charge that the equation has to be modified to [~tZ% «a is usually varied with
camera length in the STEM, which determines collection angle and convergence
angle. In our STEM, the power exponent «a is calibrated with help of size selected
nanoclusters Augzz and Pdoz3 by ZW. Wang in 2011 for the condition of the inner
and outer collection angle of 62 and 164mrad and convergence angle of 19mrad
[12]. In the calibration, average intensities of size selected Aug23 and Pdoz3 are
measured respectively over large populations. The power exponent « is then
obtained based on the equation

lau _ (Z“J)a

Iea  Zpa

that a=1.46+0.18 [12].
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The electrons reaching the BF detector are assumed to retain the coherence as
they are only be scattered within very small angles. Thus the phase change due
to interactions between electrons and sample and fine lattice structural details

can be revealed using the BF images.
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Figure 3.8 HAADF image and BF image of size-selected Auszo9 cluster deposited
on FLG surface. The atomic structure of the Au cluster is clearly revealed in both
the HAADF image and the BF image. However, the lattice structure of the FLG is

only visible in the BF image as well as the defects on the FLG surface.

Examples of HAADF image and BF image of size-selected Auzos cluster deposited
on few-layer graphene (FLG) surface are shown in Figure 3.8. The atomic
structure of the Au cluster is clearly revealed in both the HAADF image and the
BF image. However, the lattice structure of the FLG is only visible in the BF image
as well as the defects on the FLG surface. Hydrocarbons on the FLG surface are

also detectable using BF image as reported in chapter 4.1.
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On the other hand, HAADF image has its irreplaceable advantage, which is
quantitative information. For example, the intensity of the size-selected Auzog
cluster can be used as the mass balance to measure the thickness of the graphene
film, which is used in Chapter 4.1 to determine the number of layers of the FLG.
Also in chapter 5 and chapter 6, the number of atoms of clusters produced in the
matrix assembly cluster source is measured by the HAADF intensity of single

atoms and size-selected Augz3 clusters.

3.2.3 Effect of electron beam

The effect of high-energy electron beam on nanocluster structures has already
been investigated by Wang and Palmer in 2012, where they found the structure
of Auoz3 cluster is transferring under the electron beam from icosahedral to
decahedral or fcc. The mechanism of the structural transformation under high-
energy electron is that nanoclusters absorb energy from the electron beam to
drive them through the energy threshold to reach more equilibrated state. The
same phenomenon is also observed in our work when successively taking
images on the same Aug23 cluster. The time between each photo shoot is 5s and
the structure of the Auoz3 is changed from icosahedral to fcc after 160s. The first
shoot HAADF image and images taken at 30s, 80s and 160s are shown in Figure

3.9.
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Figure 3.9 HAADF images of the same Aug23 taken at first shoot, 30s, 80s and
160s. The structure of the Augz3 is changed from icosahedral at the beginning to

fcc after 160s.

Another primary effect of electron beam on clusters is “beam shower”. Beam
shower is used to expose the sample to a defocused electron beam for a certain
time to fix contaminations such as hydrocarbon on the surface. It has been
widely used when imaging samples using STEM mode, as surface hydrocarbons
are more easily accumulated around the focused electron beam. In order to
immobilize hydrocarbons, the duration of the beam shower time is usually
between 15mins and 30mins. With such a long time, not only cluster structure
but also the cluster size may be affected. Moreover, small clusters (less than 100
atoms) are likely to be destroyed during the beam shower. Figure 3.10 is HAADF
images of two Au clusters under beam shower for 50mins. Images are taken at
every 10mins. As seen from the images, structures of both clusters keep
changing and atoms break away from the clusters due to the exposure under the

electron beam.
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Figure 3.10 HAADF images of two Au clusters under beam shower for 50mins.
Images are taken at every 10mins. The structures of both clusters keep changing
and atoms break away from the clusters due to the exposure under the electron

beam.

As discussed above, the electron beam may have an effect on both cluster
structure and cluster size, which will cause errors when determining the cluster
structure or measuring cluster size using electron microscope especially STEM
mode. To minimize these errors, as in chapter 4, all images used for structural
assignment are taken at the first shot and without beam shower. The HAADF
images of clusters prepared in the MACS, in chapter 5 and chapter 6, also avoid
beam shower to obtain accurate size measurements. There are several
approaches available to eliminate the contaminations without beam shower,
such as leaving the sample in the microscope for a few hours to remove
contamination in vacuum and with liquid nitrogen cooling. Also one could use a
plasma source to process the sample, although this was not available at the time

of the experiments.
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Figure 3.11 HAADF image of Ag clusters after 20mins beam shower and large

number of single atoms are visible.

On the other hand, beam shower has its own utility in the size measurement of
cluster size. In chapter 5 and chapter 6, the size of cluster produced in the MACS
is measured by comparing the HAADF intensity using mass balance (single
atoms). The beam shower is an efficient approach to break enough single atoms
away from the clusters. An example of HAADF image of Ag clusters after 20mins
beam shower is shown in Figure 3.11, where large number of separated single

atoms is visible.

3.3 Atom counting of clusters produced in MACS

Clusters produced in the MACS are deposited on the amorphous carbon film
coated TEM grid. These samples are then analyzed in the aberration-corrected
scanning transmission electron microcsopy (ac-STEM). Both high angle annular
dark field (HAADF) images and bright field images are obtained from samples.

The HAADF images are used to get quantitative data such as cluster density and
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cluster size distribution, while bright field images provide cluster structures in
better contrast. The cluster flux is calculated based on the cluster density
measured from HAADF STEM images then divided by deposition time instead of
directly measuring the current. Two reasons are: not all the clusters produced
are positively charged, as there are also negatively charged and most portion is
neutral as found in the charge fraction experiment later. The current measured
on the cold finger is a mixture of cluster beam current, Ar ion beam current
through the matrix and secondary electron generates during the collisions when
the Ar ion beam hits the matrix. The size of clusters is measured from the
integrated HAADF intensity by comparing with the HAADF intensity of mass
balance, which is single atom here. Single atoms can only be seen at high
magnification in STEM that atoms are coming off due to the fragmentation of
clusters under high energy electron beam [13-14]. In order to avoid clusters
damaged by the electron beam, the HAADF images of clusters is taken at low
magnification (2Mx). Moreover, different pixel sizes are usually used in high and
low magnification images. Generally, HAADF intensity of a cluster or single atom
at different magnifications and different resolutions can be described by the
following equation, where the HAADF intensity is proportional to pixels that the

cluster takes times the time electron beam scanning over one pixel.

I < KxArea (total pixels covered by cluster)

XTime(electron beam scanning over one pixel)

Here K is related to the settings in the microscope. In this work, all the settings
(energy of electron beam, camera length, spot area, contrast and brightness) are

not changed that K can be regard as a constant. The time for the electron beam to
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scan over one pixel can be set in the microscope as well. For standard settings,
pixel times at 1024x1024 and 512x512 are 19us and 38us respectively.
Therefore, the general equation of weighing clusters by intensity of single atoms

at different magnification is given by

Icluster MA Gszingle atom Pixelssingle atom XTimeper pixel single atom

N =
2 . -
Isingle atom MAG Plxelscluster XTlmeper pixel cluster

cluster

This equation is verified by weighting the size of size-selected Pd120 clusters
using HAADF intensity of single atoms. The size selected Pd clusters are

produced in magnetron sputtering cluster source through ToF mass filter.

All the STEM images are processed using Image] [15]. The HAADF intensity of
clusters is measured via the two-circles method to subtract the contribution of
the background, as shown in Figure 3.12(a). Firstly, a large circle is drawn
around a cluster and the total intensity /1 inside the circle and the area A1 are
automatically obtained. Then a small circle (larger than the cluster) is drawn
around the cluster inside the large one. The intensity /2 and area AZ of the ring
between the two circles are obtained. The integrated HAADF intensity 12 is
contributed by the background only. With this, the intensity of the background
inside the large circle can be calculated as

I

I, =
3 Az

XA
Therefore the intensity of the cluster excluding background is

Il XAZ - 12 XA]_
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Figure 3.12 (a) HAADF STEM image (2Mx, 1024x1024) of size-selected Pdi20
clusters produced using the magnetron sputtering cluster source equipped with
lateral ToF mass fitler. The integrated HAADF intensity of cluster is measured
using the two-circle method for background subtraction. (b) Automatic
measurement of integrated HAADF intensity using script written by Dr. K. Arkill.
(c) The measured integrated HAADF intensity distribution of Pdi20 clusters. (d)
High magnification HAADF STEM image (12Mx, 512x512) of Pd120 clusters for
measurement of intensity of single atoms. (e) The measured integrated HAADF

intensity distribution of Pd atoms. The primary peak is single Pd atom and
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second and third peaks belong to dimers and trimers respectively. (f) The

calculated size distribution of the size-selected Pdi2¢ clusters.

A script is written by Dr. K. Arkill to measure the HAADF intensity of clusters
automatically, as shown in Figure 3.12(b). The corresponding integrated HAADF
intensity distribution of the clusters is shown in Figure 3.12(c). Diameters of the
two circles are both adjustable for different clusters and are kept uniform during
the measurement to reduce the error. The HAADF intensity of single Pd atoms is
measured from high magnification HAADF images (usually more than 6Mx
depending on the atomic number) using the same methods, as shown in Figure
3.12(d). The obtained intensity distribution of single atoms is shown in Figure
3.12(e). Three peaks are found in the intensity distribution. The first peak is the
intensity of single Pd atoms, while the second and third peak are supposed to be

the dimers and trimers. Therefore, the number of atoms in clusters is

I, 122x512x512 38

X X —
Lo 22x1024x1024° 19

Here Iao is the peak intensity of the intensity distribution of single atoms and Iy is
the intensity of the size-selected Pd clusters. The calculated size distribution of
the size-selected Pdiz0 cluster is shown in Figure 3.12(f). The second peak shown
in the histogram of size distribution around 240 is due to the double charge or
the aggregation of clusters. To lower the statistical error, over 100 images were
taken for each sample from five different mesh areas to get the size distribution

as well as cluster flux.
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Figure 3.13 (a) HAADF STEM image of size-selected Augz3 produced using
magnetron sputtering cluster source with a mass resolution of +5%. (b) The
integrated HAADF intensity distribution of the Augz3 clusters. The primary peak
value of the HAADF intensity distribution is chosen as the mass balance. The
secondary peak is the dimers, which is due to the doubly charged clusters or

aggregation.

For the Au clusters produced using the MACS apparatus, size-select Augz3
clusters prepared in the magnetron sputtering cluster source with a mass
resolution of *5% were used as the mass balance for atoms counting. To
minimize the systematical error, HAADF STEM images of clusters both produced
in the MACS and size-selected Augz3 are taken with exactly same electron
microscope conditions such as beam current (127pA), exposure time (38us) and
pixel size (512x512). A HAADF STEM image of size-selected Auoz3 is shown in
Figure 3.13(a). The integrated HAADF intensity distribution of the clusters is
shown in Figure 3.13(b). The primary peak value of the HAADF intensity
distribution is chosen as the mass balance. The secondary peak is the dimers,

which is due to the doubly charged clusters or aggregation.
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Chapter 4 Deposition of size-selected

gold nanoclusters

Two parts of works are included in this chapter with combined techniques of
cluster production using magnetron cluster source and characterization using
ac-STEM. In the first part, the size dependent propagation of clusters through
few-layer graphene (FLG) is explored. This work enables the control of
properties of graphene-based materials and other membranes, which have
potential in application of selective permeation filter. The second part
investigates the control of nanocluster structures (Aus23) during the formation
stage in the gas phase. The breakthrough of this work offers a routine to study
the properties of clusters not only as a function of size but also isomer
configurations. It also provides possibility of production of isomerically pure
clusters for applications such as catalysis. Although the works presented in this
chapter reveal the vast potential of nanoclusters, the bridge connecting the
fundamental demonstration and the applications is, we believe, abundant
production. This is our motivation to develop the matrix assembly cluster source,

which will be discussed in Chapter 5 and Chapter 6.

107



The works presented in this chapter are the results of collaboration between the
author and co-supervisor, Dr. Simon Plant. The ideas of these two experiments
were both from Dr. Simon Plant. The sample preparation was done by Dr. Simon
Plant. Sample characterization using ac-STEM was done by the author. Data
analysis and discussion were contributed by both the author and Dr. Simon
Plant. The two parts of works were published on Nanoscale [1] and JACS [2]

respectively.

4.1 Size-dependent propagation

4.1.1 Overview

Through the development of cluster ion beam technology and the mass selection
technique, highly controlled deposition of clusters is achieved not only for size
but as well as for surface coverage and deposition energy [3-4]. This has enabled
the interactions between nanoclusters and the substrates surface to be carefully
analysed, which in turn promotes the development of novel materials with

applications on a variety of areas [5-6].

Deposition of nanoclusters onto graphene offers a way to alter and tailor their
properties, which also enables one to explore the interaction between
nanoclusters and the graphene’s surface as previously reported of size selected
Pd nanoclusters deposited on supported graphene [7-8]. The interaction
between metals and graphene is a cutting-edge topic because of the increasing

interests on metal-graphene composite materials and the promising properties
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of metal on graphene based electronics [9-10]. Gold as model metal cluster
deposited on graphene via solution or coating has been studied intensively in
last few years using electron microscope especially on its behavior or dynamics
on the graphene film [11-15]. Researches have demonstrated the enhanced
chemical sensitivity of graphene decorated with metal nanoclusters, which has

potential applications such as sensing [16-18].

In this work, Au nanoclusters with two different sizes are deposited onto few
layer graphene (FLG) surface under specific deposition energy to demonstrate
the size dependent propagation through few layer graphene, via the mechanism
of defect generation. Although the graphene membrane is atomically thin and it
is impermeable, its properties can be tuned and could be used as a selectively
permeable membrane after the defect generation by size selected nanoclusters
[19-21]. In previous work, defect generation by size selected nanoclusters have
been reported to decorate nanoporous membrane which is similar to atomic ion
bombardment of graphene [22-23]. Also the deposition of size selected Ag
nanoclusters from 3 to 5000 atoms on graphite has been investigated intensively
[24-36]. Here, size selected Au55 nanoclusters was used to bombard graphite
surface first to create defects in order to determine the implantation depth of
nanoclusters under specific deposition energy using scanning tunneling
microscope (STM). This technique is then transferred to suspended FLG film and
use aberration corrected scanning transmission electron microscope (ac-STEM)

to track the fates of deposited Auss and Auoz3 clusters.
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4.1.2 Sample preparation and implantation depth of nanoclusters into

graphite

The size selected Au nanoclusters are prepared in the magnetron sputtering gas
condensation cluster source as introduced previously. The size of clusters is
selected by the lateral time-of-flight mass selector prior to the deposition onto
the substrate. The mass resolution used for both Auss and Augzz are M/AM=20,
which is determined by the exit aperture size of the mass filter [37-39]. The
deposition energy of clusters is controlled by the bias voltage applied on the
substrate. The coverage of nanoclusters on the substrate is monitored by the
beam current and the integrated deposition time. Size selected Au55
nanoclusters are first produced to study the implantation depth of nanoclusters
into the highly ordered pyrolytic graphite (HOPG, grade ZYB). The surface of the
HOPG is freshly cleaved and the deposition energy of the Au55 nanoclusters is
5keV determined by the bias voltage on the substrate. After deposition the HOPG
is transferred to the tube furnace immediately after removal from vacuum
chamber, where the HOPG is etched oxidatively at 650°C for 3mins in ambient
atmosphere to widen the nanoscale implantation channels laterally created by
the nanoclusters, which are reactive to oxygen, enable to be measured by the
STM tip. While the depth of the channels remain the same as the bottom is defect
free. The etch pits are then analyzed in bench top STM (Veeco Digital
Instruments Nanoscope Illa) in ambient atmosphere to obtain the implantation
depth. A mechanically cut Pt/Ir wire is used as STM tip and typical tunneling
parameters we used are 0.5V bias voltage on the tip and tunneling current of

0.5nA.
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Figure 4.1 (a) STM image of HOPG surface deposited with size selected Auss at
energy of 5keV without etching. The bright spots are the defects owing to the
bombardment with Auss clusters. (b) STM image of HOPG surface deposited with
size selected Auss at energy of 5keV after oxidative etching at 650°C for 3mins.
(c) The zoom in STM image of HOPG surface deposited with size selected Auss at
energy of 5keV after oxidative etching and the line across two etch pits shows
the typical depth analysis method. (d) The corresponding line profile plot of the
depths. (e) The frequency distribution of the measured depths of etch pits.

Reproduced from reference [1].
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The STM images of HOPG surface with implantation of Auss at 5keV are shown in
Figure 4.1. Figure 4.1(a) is the STM image of HOPG surface implanted by size
selected Auss nanoclusters at 5keV but without oxidative etching. The bright
spots are the defects on the graphite lattice created by clusters land on the
surface. However, as diameter of Auss is less than 1nm, the defects owing to Auss
nanocluster implantation is too narrow to be measured by the STM tip in
ambient atmosphere. Therefore the oxidative etching is a necessity to widen the
nanoscale channels laterally to enable the STM measurement. The STM image of
HOPG after Auss implantation and after oxidative etching is shown in Figure
4.1(b). The depth of resultant each etch pit is measured by a line profile plot, as
shown in Figure 4.1(c) and 4.1(d), to obtain the depth distribution as shown in

Figure 4.1(e).

The histogram of depth distribution shown in Figure 4.1(e) does not represent
the actual implantation depth of nanoclusters into graphite [38]. Although the
defects created by clusters implantation expand laterally during oxidative
etching, the lattice damage is also partially healed when annealing the HOPG at
high temperature [32]. The final depth of the resultant etch pits is the dynamic
competition between the oxidative etching and the thermal annealing that
reducing the depth of many etch pits, which have been investigated previously
by Ag cluster implanted into graphite with MD simulations. The results indicate
the maximum depth of resultant etch pits gives the nanocluster implantation
depth which is 6 layers for Auss with implantation energy of 5keV, which means
the Auss nanoclusters deposited at 5keV is able to penetrate 6 monolayers

graphene film. This number consists well with the previously measured pinning
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energy threshold, the required energy to make a point defect on a single
monolayer graphite lattice, which is 0.75keV for Auss [41-42]. Extrapolated from
the pinning energy, the implantation depth is equivalent to 6.7 layers where the

error is within 1 monolayer from experimental results.

4.1.3 Controlled deposition of size selected Auss and Augzz on FLG

The few layer graphene (FLG) film used in this work is grown by CVD with an
average thickness of the FLG is 4 monolayers suspended on Cu TEM grid (from
Graphene Laboratories Inc.). Size selected Auss nanoclusters are produced in
magnetron sputtering cluster source and deposited on the FLG with deposition
energy of 5keV. The FLG deposited with Auss nanoclusters is studied in the
aberration-corrected scanning transmission electron microscope (STEM). Both
bright field (BF) and high angle annular dark field (HAADF) images are taken to
examine the FLG as well as the deposited clusters. The STEM image reveals the
thickness of the FLG film varies across the surface. Also hydrocarbons coating is
observed on the FLG surface from STEM images that might affect the interaction
between Au cluster and the FLG surface. Depositing nanoclusters onto
hydrocarbon-based surface have been studied previously both for grahene
produced by micromechanical exfoliation (pristine graphene) and CVD growth
[11-12]. As indicated in those studies e.g. evaporating Au atoms onto graphene,
Au atoms cannot bond to clean graphene monolayer that they are observed as
single atoms or only aggregate around surface hydrocarbons, although Au bond

to clean few layer graphene surface has been reported [11-12].
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Figure 4.2 (a) HAADF STEM image of FLG taken at step edge bombarded of Auss
clusters with deposition energy of 5keV. The thin region of the FLG is about 2
monolayers. (b) BF STEM image of a Auss clusters left on thick FLG surface
showing the lattice adjacent between FLG and the cluster. (c) HAADF STEM
image of the same Auss cluster showing the atomic structure. (d) Integrated
HAADF intensity profile plot from the line drawn in (a). Reproduced from

reference [1].

In our work Auss nanoclusters deposited on the FLG surface has energy of 5keV,
which is nearly 7 times far above the pinning threshold for Auss (0.75keV).
Therefore, all Auss nanoclusters are supposed to have sufficient kinetic energy to
propagate through the FLG surface and any Auss nanoclusters left on the surface
are either pinning into the thick FLG area or bounded with hydrocarbons and
they are immobile. Figure 4.2(a) are the HAADF STEM image of FLG film with
high energy deposited Auss nanoclusters taken at a step edge, the bright region
on the top left is corresponding to the thicker FLG film while the dark region on
the bottom right is the thinner FLG film. As shown in the Figure 4.2(a), Auss
nanoclusters can be found in the thicker region only where clusters are pinned

into FLG or trapped by surface hydrocarbons. However it is completely cluster
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free in the thinner region indicating all clusters propagate straight through the
thin layer FLG film. The size selected Auss nanoclusters left on the thicker FLG
film can be used as the mass balance to estimate the thickness of the FLG film by

the integrated HAADF intensity using following equation [43-44].

_ IAu NAu ZAu

T TNz
where the R is the ratio of intensities of Au clusters (Iau) comparing with carbon
(Ic) in selected area. Nay is the number of atoms in the cluster which is 55 here.
Nc is the number of carbon atoms in the selected area. Zau and Zc are the atomic
number of Au and C. a=1.46%0.18 which is determined by the collection angle of
the HAADF detector and has been calibrated before [45]. Therefore, the
thickness of the thinner FLG region is equivalent to 2 monolayers while the
thicker region is about 8-9 layers, after subtracting the general background. A
bright field (BF) STEM image of an individual Auss cluster landed on the thicker
FLG region is shown in Figure 4.2(b). As the deposition energy is much higher
than the pinning energy of Auss, the cluster is trapped on the surface by either
pinned into the thick FLG film (about 8~9 monolayers measured by size selected
Auss) or immobilized by surface hydrocarbons. The initial kinetic energy of the
cluster is dissipated by the deformations owing to the cluster landing on the
surface, including both plastic and elastic, of the cluster, FLG film and surface
hydrocarbons. Also lattice of the FLG film and surface hydrocarbons are visible
on this BF-STEM image. Figure 4.2(c) is the HAADF STEM image of the size
selected Auss cluster, same one in the BF-STEM image, exhibiting fcc-type region

identified by comparing the lattice structure with the simulated structural
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isomers [46]. The observed high symmetry structure of the cluster indicating
there is no fragmentation when the cluster landed on the surface suggesting the
landing process of the cluster is buffered by the surface hydrocarbons which
work as a breaking cushion [47]. However, the FLG lattice is not visible in the
HAADF STEM image as the contrast of the HAADF image is a function of atomic
number. Figure 4.2(d) is the intensity plot of the line profile drawn in Figure
4.2(a) perpendicular to the step edge of the thick and thin FLG film regions and

across a Auss cluster which is corresponding to the sharp spark in the plot.

20 nm

2nm

Figure 4.3 (a) HAADF STEM image of FLG taken at step edge bombarded of both
size selected Auss and Augz3 clusters with deposition energy of 5keV. The thinner
region of the FLG is about 3-4 monolayers and only Auo23 clusters reside there.
Auss clusters are marked with red arrow in the thicker region. (b) HAADF STEM

image of thinner FLG region (about 4 monolayers) showing Augz3 clusters are
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monodispersed. (c) Atomic resolution HAADF STEM image of both Augzz and
Auss clusters in thicker FLG region with a FFT (fast Fourier transform) of the
Auo23 cluster. (d) HAADF STEM image of fragmentation of Auss clusters in thicker
FLG region, single atoms are marked with white arrow. Reproduced from

reference [1].

To further investigate the interaction of clusters deposited on graphene surface,
two different size clusters Auss and Augz3 are deposited on the same batch of FLG
surface. Both Au nanoclusters are produced in the magnetron sputtering cluster
source and the sizes are selected by the lateral time-of-flight mass selector with a
mass resolution of M/AM=20. Deposition energy for both size clusters is 5keV.
For Auss, same as before, the deposition energy 5keV is well above the typical
pinning energy threshold of Au cluster into graphite. While for Auozz, the
deposition energy 5keV is equivalent to 5.4eV per atom, which is far below the
pinning threshold 13.6eV per atom. Therefore, the Augz3z clusters deposited on
the FLG surface are all expected to remain on the surface while the Auss clusters
have sufficient energy to propagate straight through FLG less than 6 monolayers.
The FLG deposited with both Auss and Augzz clusters are studied in the
aberration corrected STEM. Figure 4.3(a) shows a HAADF STEM image taken at a
step edge between the thicker and thinner FLG film regions. Same as before, Auss
clusters are only observed on the thicker FLG film region that they have
penetrated through the thinner FLG film. However, Aus23 clusters are found both
on the thicker and thinner FLG films as their deposition energy is not enough to
break even monolayer graphene. The thickness of the FLG film is measured from

the integrated HAADF intensity comparing with the mass balance which is the
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size selected clusters. The result suggests the FLG film without Auss clusters is
only about 3~4 monolayers thick consistent with that Auss clusters are able to
penetrate 6 monolayers FLG film at energy of 5keV. Figure 4.3(b) shows the
HAADF STEM image of a thinner FLG film region (~4 monolayers) devoid of Auss
clusters where the deposited Augz3 clusters are monodispersed, which indicates
the clusters are immobilized by either binding to surface hydrocarbons or
trapped by intrinsic defects around to their landing site on the FLG film, at least
at room temperature. Therefore, we can conclude that the propagation of Au
clusters through graphene is strongly dependent on the cluster size. Secondly
clusters soft-landed on the FLG film are not free mobilized as they are trapped
locally by binding to surface hydrocarbons or intrinsic defects on the FLG film.
Figure 4.3(c) is the surface plot of HAADF STEM image of both Auss and Auoggs
nanoclusters on the relatively thick FLG region showing two Auss clusters are
nearby one Auoz3 cluster at the magnification high enough to resolve the atomic
structure of Augz3, which is decahedral here assigned by comparing with
simulated structural isomers. Also individual Au atoms are found around
clusters, which we believe are liberated from the clusters. This is confirmed in
Figure 4.3(d) where various stages of fragmentation is appeared on all three
Auss clusters and liberated individual atoms are marked in the image. The
fragmentation of clusters might be caused due to combination of high energy
deposition and the high energy electron beam radiation. Even at low beam dose,
the cluster structure fluctuates as a function of exposure time, which was
reported recently on Auss where the structure is changing under the electron
beam and appearing amorphous sometimes, which makes it hard to identify the

structure of clusters [46]. However, no metal-mediated etching of graphene is
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observed for Au clusters as well as fragments here in the electron microscope
although the electron beam can affect cluster fragmentation and structural
transition, which is agreed with previous studies that observed on other metals

than Au [48].

Simulated image HAADF image BF image

Cuboctahedron

Figure 4.4 HAADF STEM images, BF STEM images and corresponding multislice
simulated images of size selected Augz3 clusters on FLG exhibiting decahedral

and cubotahedral structure [46]. Reproduced from reference [1].

Unlike Auss clusters, Augz3 are relatively stable on the FLG surface with nearly no
fragmentations at 5kev deposition energy and under the electron beam that
most of them still remain their quasi-spherical shapes, which allows the
structure assignments of atomic resolution images. Figure 4.4 are two examples
of atomic resolution HAADF STEM image and BF STEM image of Augz3 clusters
compared with the multislice simulated structural isomers. The two structures
here are decahedral and cubotahedral (fcc) isomers and the experiment images
are comparable with the multislice image simulations of the previous identified

structures of Augzs. In previous work, size selected Augz3 are soft-landed on the
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amorphous carbon film and the deposition energy is only 0.5eV per atom [49]. In
our current work, the deposition energy of Augz3 is 5.4eV per atom but it doesn’t
affect or fragment the clusters. The comparison between atomic resolution
HAADF STEM image and multislice simulated image has been widely used on the

structure identification of many other clusters such as Auzo and Auss.

The remaining challenge of this work is the defects on the thinner FLG film
region (less then 6 monolayers) induced by Auss penetration are not visualized
in our aberration corrected STEM. But we believe it might be achieved in the
future by using the low energy aberration corrected HAADF STEM, such as

60keV, to avoid electron beam damage on the FLG film [50].

4.1.4 Conclusion

In summary, in this work the size dependent propagation of highly controlled
nanoclusters through FLG have been demonstrated, using the cluster ion beam
deposition technique combined with the magnetron sputtering and lateral time-
of-flight mass selection. At the same deposition energy, Auss nanoclusters are
found to penetrate through the thin FLG film via mechanism of defect generation,
while Augz3 nanoclusters are left on the surface and monodisperse. This work
opens the way to use nanolcusters to induce controlled defects on graphene film
as well as controlled nanoclusters, which is greatly advantageous for the

development of graphene based functional materials.
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4.2 Atomic structure control

4.2.1 Overview

Nanoclusters, especially for Au nanoclusters, are reported to attract considerable
attentions and be wused extensively in many areas such as catalyst,
nanoelectronics as well as plasmonics due to their strongly size and structure
dependent properties [49-59]. The cluster ion beam deposition technology
combined with mass selector, e.g. the lateral time-of-flight mass selector and
Quadrapole, enables the controlled production of nanoclusters with specific size,
composition, surface coverage and deposition energy and permits the
investigation of the size dependent properties of nanoclusters [2-4]. However,
even for a specific size nanoclusters exhibit various atomic configurations as
previously studied on small gold nanoclusters Auzo, Auss and large gold
nanoclusters such as Auzo9 and Auozz [44-46,49]. The structural control of the

nanoclusters down to the atomic level still remains a challenge.

Since the atomic configurations of nanoclusters play important roles on their
active sites which is critical for applications such as catalyst, it would be great
advantageous to control their isomer populations at the formation stage, which
enables the control of the properties of nanoclusters. Here, we are reporting the
routine which is able to control the atomic structures of size selected Au
nanoclusters during the formation by tuning the parameters in magnetron
sputtering gas condensation cluster beam source. This method has been used in

the magnetron sputtering cluster source before to transfer the core-shell
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composition of Au-Cu bimetallic nanoclusters [60]. In our experiments, size
selected Augz3z nanoclusters are produced in the magnetron sputtering cluster
source and during the generation of Augz3, parameters such as magnetron power
and condensation length have been varied [39]. The prepared Augz3 nanoclusters
are deposited on amorphous carbon TEM grid and are imaged in the aberration
corrected STEM to obtain the statistical proportions of isomers with certain
populations by comparing HAADF image with multislice simulation of previous
identified structures of Augz3. We have demonstrated that the decahedral Augz3 is
the dominant proportion over the parameter space and the icosahedral Augz3
proportion varies monotonically with both magnetron power and condensation
length. At specific conditions the icosahedral isomers are eliminated. The results
provide the opportunity for the investigation of the properties of nanoclusters

not only size dependent but as a function of structures.

Figure 4.5 Simulated HAADF STEM images biased on the multislice mechanism of
Auo23 clusters exhibiting icosahedral, decahedral and cuboctahedral structures.

Simulation results is done by Dr. Z.W. Wang.

4.2.2 Sample preparation

The size-selected Auogz3 nanoclusters are produced in the magnetron sputtering

gas condensation cluster beam source, where the nanoclusters are formed by
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supersaturated atomic vapor condensed in rare gas atmosphere and the size of
the nanoclusters is selected by the inline lateral time-of-flight mass filter using a
mass resolution of M/AM=20, which is determined by the exit aperture size of
the mass filter. Therefore, the size selected Auogzz nanoclusters actually contain
923+23 atoms [39]. To explore effects of preparation conditions on cluster
atomic structure, parameters such as magnetron power, condensation length, Ar
and He gas flow and gas pressure in the condensation chamber are varied during
the generation of the nanoclusters. All nanoclusters prepared in the magnetron
source are soft-landed on the amorphous carbon film TEM grid to retain their
free space structures, insofar as possible. The deposition energy used is 1.5keV
equivalent to 1.6eV per atom controlled by the bias voltage applied on the
sample holder, which is well below the typical pinning energy threshold of Au
cluster onto graphite (~14eV per atom) [41]. Clusters are then characterized in
the aberration-corrected STEM, JEOL 2100F, equipped with the 200keV electron
beam and HAADF detector (62 mrad collection angle). The structure of clusters
are assigned by comparing the HAADF images with the multislice simulated
HAADF-STEM images from previously identified atomic structures of Auogzz as
shown in Figure 4.5 (The simulation is done by Dr. Z.W. Wang). The statistical
proportions of structural isomers at each experimental condition are obtained by

the structural analysis of more than 1200 clusters.

The previous identified high symmetry structures of Augz3z nanocluster are the
icosahedral (Ih), decahedral (Dh) and cuboctahedral (fcc) [49]. The structural
models of these three high symmetry isomers are shown in Figure 4.6(a-c). The

corresponding HAADF STEM images of Augz3 nanoclusters represent the Th, Dh
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and Fcc structures are shown in Figure 4.6(d-g) and both Th and Dh structures
exhibit the 5-fold symmetry axes just like that in the theoretical models. As
reported previously, the Marks truncated decahedron might be found partially
among the Dh-Auog23 nanoclusters, which is shown in Figure 4.6(g), although 923
is not a magic number of the Marks dechahedron. Based on the theoretical
models, the HAADF STEM images of these three structural isomers with different
orientations are simulated in the QSTEM via the multislice mechanism, as shown
in Figure 4.5. The structures of Augz3 nanoclusters produced experimentally are
assigned by the comparison of the lattice patterns with the simulated HAADF
STEM images. The Th-Aus23 nanoclusters with the unique geometric patterns in
HAADF STEM images, such as rings and dots in certain orientation, are easily to
be identified. Dh-Augz3 nanoclusters are recognized owing to their 5-fold
symmetry. The Fcc-Augz3z nanoclusters are face centered cubic usually exhibits
straight lines or cross lines across the clusters. But in all cases, there are a
number of nanoclusters have amorphous appearance or their structures cannot
be assigned to any high symmetry isomers. Regarding to these unidentified
nanoclusters, we do not arbitrarily exclude them, instead we designate them into
amorphous or unassigned (A/U) besides the high symmetry categories: 1h, Dh

and Fcc.

4.2.3 Variation of magnetron power

The magnetron power is varied in the range from 10 to 120W controlled by the
power supply connecting to the magnetron head. 120W is nearly the maximum

output of the power supply and the 10W is the minimum power for cluster
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generation (plasma is hard to be ignited if power is less than 10W). The role of
the magnetron power is to control the sputtering yield of the target, which is
gold here, to produce supersaturated atomic vapor for cluster formation. The
proportions of isomers of nanoclusters observed with certain population are
plotted in Figure 4.6(h) as a function of the increasing magnetron power. The
initial (lowest magnetron power) and final (highest magnetron power) states of
proportions of all four categories are highlighted in Figure 4.6(I). The deposition
energy used for the Augz3 nanoclusters is 1.5keV equivalent to 1.6eV per atom,
which is far below the typical pinning energy threshold of Au into graphite
(about 14eV per atom). In previously reported studies on structures of Auogz3
nanocluters, the deposition energy used is 0.5eV/atom depositing on amorphous
carbon film and 5.4eV/atom depositing on FLG film respectively. As shown in
Figure 4.6(h-I), the Dh-Augz3 isomer is founded to be the most abundant
proportion over all different magnetron powers. The proportions of Fcc-Augzs
and the A/U are not varied significantly across the parameter space. These
results are agreed well with the predictions reported by Li et al. stating in spite
of the fact that [h isomer is more favored than Dh or Fcc in small clusters, which
contain less than 100 atoms, the Ino-Dh is the most stable structure for large
clusters up to 1000 atoms [61]. Experiments by Koga et al. have also shown Au
nanoparticles with diameter of 3nm (similar to the size of Aug23) are initially
icosahedral majored when produced in the gas phase by rapid condensation of
atomic vapor but vast majority of them are converted to Dh by thermal annealing
[62]. Therefore, in our case for Augz3 nanoclusters the Dh isomer is more likely to
be the most equilibrium structure. In our present results, the proportion of Dh-

Auo23 is observed decreasing monotonically (gradient -0.09, R2>0.99) with the
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increasing magnetron power while the proportion of Ih-Aug23 raises up (gradient

0.12, R2=0.99), which reflects the Dh-Augz3 is competing with the Th-Augzs.
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Figure 4.6 (a) Geometry models of icosahedral structure of Augz3. (b) Geometry
models of cuboctahedral (fcc) structure of Augzz. (c) Geometry models of Ino-
decahedral structure of Augz3. (d) HAADF STEM image of Augzz exhibiting
icosahedral isomer. (e) HAADF STEM image of Aus23 showing cuboctahedral
isomer. (f) HAADF STEM image of Auoz3 exhibiting decahedral structure. (g)
Decahedral Auozz clusters exhibiting Marks decahedron. (h) Proportions of Ih,
Dh, fcc and A/U isomers within certain population of Aug23 clusters prepared
with different magnetron power. (i) The proportions of the four compositions at

the lowest and highest magnetron power. Reproduced from reference [2].
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The internal competition between Dh and Ih isomers leads us to consider the
nanocluster formation mechanism microscopically down to the atomic level. The
results show the Ih isomers are more favored with higher magnetron power
where the atomic vapor is more supersaturated. Based on previous studies, the
metastable icosahedra observed in large nanoclusters might be attributed to the
kinetic trapping effect, where the large Ih nanoclusters grow on top of small Th
nanoclusters, which is just like the seeds through the completion of the out-layer
geometry shells [51,62-63]. This is also confirmed in theory by molecular
dynamics (MD) simulations, which suggests the icosahedral isomers are
dominated in the ideal atom-wise growth, while the coalescence prefers to
produce Dh and Fcc isomers [64]. In the magnetron sputtering gas condensation
cluster source, the supersaturated atomic vapor is more dense with increasing
magnetron power. The higher density of Au atoms leads to more rapid growth of
nanoclusters also driving the states of nanoclusters further away from
equilibrium. The Fcc structures are possibly determined by the thermodynamic
effect, therefore the proportion of Fcc-Augzz nanoclusters is less varied across

the parameter space.

4.2.4 Variation of condensation length

The condensation length in the magnetron sputtering gas condensation cluster
source is the distance between the magnetron head and the nozzle exit of the
condensation chamber. The condensation chamber is the inner chamber inside
the generation chamber in the cluster source, which is usually hollow and can be

cooled by liquid nitrogen. A nozzle is mounted on the end of the condensation
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chamber and the aperture size of the nozzle is adjustable (iris) enable to control
the gas pressure in the chamber independent to the gas flow. Clusters are formed
inside of the condensation chamber by collisions between vaporized atoms and
rare gas atoms. The cluster formation process is finished at the nozzle that they
are then extracted out of to form the cluster beam. The position of the nozzle is
fixed and the condensation length is varied by moving the position of the
magnetron head only, which is mounted through a linear motion as shown in

Figure 4.7(a).
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Figure 4.7 (a) Schematic drawing of the condensation chamber inside the cluster
generation chamber of the magnetron sputtering cluster source. The
condensation length is varied by moving the position of the magnetron head. (b)
Proportions of Ih, Dh, fcc and A/U isomers with certain population of Augz3

clusters prepared with different condensation length. (c) The proportions of the
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four compositions at the shortest and longest condensation length. Reproduced

from reference [2].

Similar to the different magnetron power, the relative proportions of all three
high symmetry isomers, Ih, Dh and Fcc as well as the unidentified category (A/U)
within certain populations are plotted as a function of the increasing
condensation length from 190 to 250mm as shown in Figure 4.7(b). The
magnetron power used here is settled at the lowest 10W. All other parameters
remain the same as preparing clusters with different magnetron power in last
section, except for there is a difference of 0.04mbar on the pressure of the
condensation chamber. This difference might be the reason cause the shifts
among the proportions of Th, Dh and fcc isomers between the two data sets
where all other parameters are exactly identical (10W magnetron power and
250mm condensation length in Figure). Similar to the results in the different
magnetron power, the Dh-Aug;3 isomers are still the most abundant proportion
here near 40% over parameters range, following by the Fcc structures around
30% and the Ih isomers are the least only 10%. The proportions of all four
categories at initial (shortest condensation length) and final (longest
condensation length) states are highlighted in Figure 4.7(c). As shown in Figure
4.7(b), the Th-Auo23 proportion is declined significantly (gradient -0.20, R?=0.99)
as a function of increasing condensation length and the Th-Augz3 isomers are
completely devoid at the longest condensation length 250mm. However, both Dh
isomers and Fcc isomers are increased with the increasing condensation length
and the trend indicates there is interplay between each other. With a fixed

magnetron power, the average concentration of the atomic vapor inside the
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condensation chamber is defined by the volume of the chamber so that it varies
as 1/L (L is the condensation length as the volume of the chamber is bounded by
the walls and the magnetron head). The mean free path inside the condensation
chamber is indeed increased with longer condensation length resulting slower
nanocluster growth prior to be extracted out of the condensation chamber
through the nozzle. With increasing condensation length, the reaction kinetics
move more toward equilibrium and the Kkinetic trapping effect is reduced.
Therefore, higher proportions of equilibrium structures such as Dh and Fcc are

observed.

4.2.5 Conclusion

In summary, in this work we combined the atomic resolution HAADF-STEM
images with simulated HAADF-STEM image based on multislice mechanism for
the assignment of structures of Augzz nanoclusters to obtain the statistical
proportions of isomers within certain populations as a function of the
parameters (magnetron power and condensation length) used during
nanocluster generation stage. We have confirmed that the parameters used
during the nanoclusters formation have effects on the structures and moreover
we have demonstrated that the atomic structures of nanoclusters can be tuned
by controlling the formation parameters. The icosahedral isomers have been
found to follow a monotonic relationship as a function of both magnetron power
and condensation length over the parameters space, which provides us the
possibility to eliminate all the icosahedral isomers using specific parameters

setting during nanoclusters formation. With parameters setting for the
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nonequilibrium conditions, there is found to be a interplay between icosahedral
and decahedral isomers which both exhibit the 5-fold symmetry axes, where
proportion of icosahedral isomers is favored from sacrifice of the decahedron.
This approach we presented here might have the potential to produce
nanoclusters which are isomerically pure and that will enable us to explore the
properties of nanoclusters not only as a function of size but atomic structural

dependence.
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Chapter 5 Proof-of-principle
demonstration of the Matrix

Assembly Cluster Source (MACS)

In recent years, state-of-the-art cluster beam technology has allowed a range of
fundamental studies to be carried out, an example being the demonstration of
size-selected clusters as model catalysts. Taking the magnetron cluster source as
an example, such developments have been possible through improved control
(e.g. cluster formation parameters) and high transmission efficiency through the
mass filter. However, even with such developments, althrough the flux rate is
sufficient for fundamental studies such as catalytic property demonstration, it is
still far behind the demand for chemical tests and industrial applications [1].
This chapter presents the concept idea and demonstration experiments for a
new technology for the production of clusters, the matrix assembly cluster
source (MACS), also includes the preliminary studies of matrix parameters on
cluster size and flux. The scale-up of production rate and systematical

investigation of matrix parameters will be discussed in Chapter 6.
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The work presented in this chapter was under supervision of Prof. Richard
Palmer and co-supervisor Dr. Feng Yin. The idea of the MACS was come up by
Prof. Richard Palmer. The instrument development and sample preparation were
done together by the author and Dr. Feng Yin. Sample characterization using

STEM and data interpretation were done by the author.

5.1 Introduction of the MACS

5.1.1 Overview

The matrix assembly cluster source seeks to generate clusters via a completely
new approach. The idea is to assemble the clusters through the ion beam
bombardment of a matrix, which is formed by cryogenically condensed (solid)
inert gas loaded with metal atoms. In our work, the matrix is formed
cryogenically by condensing atomic vapor of the desired cluster material such as
Ag or Au, and rare gas atoms such as Ar simultaneously onto a matrix
condensation support, which is cooled using liquid helium (to below 20K).

Clusters are then produced by high energy Ar ion beam sputtering the matrix.

5.1.2 Transmission and reflection mode

In the MACS, clusters can be produced both in transmission and reflection
regimes dependent on the matrix condensation support employed. The matrix
condensation support is a sheet of high-density holey membrane (a grid or

mesh) for transmission mode. Copper mesh TEM grids, quantifoil or large copper

140



mesh sheet were all investigated for use as the matrix support. In transmission
mode, the matrix forms as an adlayer on the bars of each mesh and is more likely
to close the hole when it is small enough (e.g. quantifoil). The matrix with cluster
atoms embeded in solid rare gas is then sputtered by high-energy Ar ions (above
1keV). Clusters are produced during the sputtering in transmission regime, as

shown in Figure 5.1 (a).
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Figure 5.1 Schematic diagram of (a) transmission and (b) reflection modes in
Matrix Assembly Cluster Source (MACS). The matrix is formed by vaporizing
cluster material atoms (eg. Ag or Au) and rare gas atoms (eg. Ar) condensed onto
the matrix condensation grid (less than 20K) at the same time. Clusters are

produced by high energy Ar ions sputtering the matrix.

For the reflection mode, the matrix condensation support is replaced by a solid
plate, for example, a piece of copper sheet, instead of holey membrane. The

orientation of the matrix support is in an angle, usually from 10° to 45° to the
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direction of incident ion beam. Clusters are produced following the same
procedure just described but collected in reflection regime as shown in Figure
5.1(b). In this chapter, only transmission mode is used to demonstrate the
principle of the MACS as well as preliminary study of effects of matrix

parameters. Reflection mode will be discussed in chapter 6.

5.1.3 Methodology

The production of clusters in the MACS is based on a high-energy (>1keV) atomic
(e.g. Ar*) ion beam bombarding a condensed matrix of rare gas atoms. The
matrix is Ar impregnated with atoms of desired cluster materials, including Ag or

Au. The cluster formation process is possible through two mechanisms:

(i) Clusters are preformed during the condensation of the matrix. The
matrix is formed by simultaneously condensing of atoms cluster materials and
rare gas. In the matrix, cluster material atoms are driven into small clusters by
the potential force to minimize the energy [2-5]. This process happens as soon as

the cluster material atoms land in the matrix and only lasts around 20ps.

(ii) Clusters are aggregated through the ion impact. Due to the momentum
delivered into matrix with high-energy ion impact, small clusters and cluster
material atoms inside the matrix become mobile and aggregate into bigger
clusters. Clusters keep growing with multiple ion impacts because of

successively delivered momentum and the depletion of rare gas atoms [6-8].
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The clusters produced in the MACS are formed with the combination of (i) and
(ii) and they are emitted out of the matrix through the collision cascade and
thermal spike [9-13]. For the collision cascade, sequence of recoils are generated
in the sample after the original impact, as shown in Figure 5.2(a). Thermal spike
happens when the incoming ion is heavy and energetic where the collisions
between ions are not independent, instead they are considered to be many body
collisions, as shown in Figure 5.2(b). The clusters produced initially might be a
mixture of cluster atoms and rare gas. However, rare gas atoms will later
evaporate off while metal atoms will not. The size of clusters depends on several
parameters such as metal concentration in the matrix, matrix temperature,
incident beam energy and details will be discussed in the results section in

chapter 5 and chapter 6.
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Figure 5.2 Schematic diagrams illustrating collision cascade (a) and thermal

spikes (b). Reproduced from reference [14]

5.1.4 Promising features and Potential of scaling-up
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Based on the results obtained so far, the clusters produced using the MACS
techniques exhibit a “narrow” size distribution (M/AM>1) without mass
selection. Moreover, the size of clusters can be controlled by the experimental
parameters primarily the metal concentration in the matrix. These two features
enable the production of size-selected clusters, e.g. for catalysis purpose, using
the MACS techniques without additional mass selection, which results in a
higher-usage ratio of the clusters. The aim of the MACS technology is to scale up
the cluster production rate by ~7 order of magnitude, from 0.1-1nA to 1-10mA,
which is equivalent to grams of clusters per day. In principle, the cluster
production rate in the MACS is a function of the incident ion beam current, and
ion beam sources with output current up to 10A are available. The ion to cluster
ratio (how many incident ions are required to produce one cluster) based on our
current experimental results is 0.05% for transmission mode and nearly 0.5%
for reflection mode. Therefore, a cluster beam current equivalent to 10mA is
achievable. Of course the precondition is the matrix has a sufficient

replenishment rate.

This chapter concentrates on the proof-of-principle of the MACS idea and
preliminary studies of effect of experimental parameters on cluster production
using MACS demonstration apparatus. In chapter 6, we report the development
of the upgraded apparatus, MACS 1, to scale up the cluster production rate and
systematically investigate the controlled cluster production to better understand

the methodologies.
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5.2 MACS demonstration apparatus

dosing operation

Cluster source /
Ar gun

matrix

Gas dosing

Sample holder
Figure 5.2 Schematic diagrams of MACS demonstration apparatus. The matrix
condensation grid is mounted on a rotatable cold finger on top of the chamber.
The matrix condensation grid is faced to the evaporator first for matrix

condensation then rotated to face the ion beam for cluster production.

In the MACS demonstration system, clusters are only produced in transmission
mode. As shown in Figure 5.3, the principle demonstration experiments were
carried out in a six way cross chamber containing three DN100CF flange ports
and three DN35CF ports, as show in Figure 5.2. The matrix condensation grid is
clamped on the head of cold finger mounted on the top DN100CF flange through
a rotary drive so rotentional orientation of the matrix support can be changed. A

leak valve is mounted on the side DN35CF flange for gas dosing and the gas
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dosing rate is monitored by the Penning gauge. The evaporator is mounted on
the other side for cluster materials vaporization. The whole chamber is
connected to a magnetron sputtering cluster source as the Ar ion beam used to
sputter the matrix is generated in the cluster source at the early stage. A sample
holder containing 6 TEM grids is mounted on the back DN100CF flange port in

line with Ar beam and matrix to collect produced clusters.

5.2.1 Matrix condensation support

Several different types of grids for matrix condensation were tested in the
demonstration experiments, in order to study the effects on cluster size and flux.
The grid types includes 400, 1000, 2000 mesh copper grid and quantifoil (15-
20nm carbon film with array of same size holes). All of them are 3 mm in

diameter. The specifications for each grid are summarized in Table 5.1.

Matrix support grid type Hole Bar Transmission
width/diameter width/diameter ratio
400 mesh 37um 25 um 37%
1000 mesh 19 um 6 um 57%
2000 mesh 6.5 pm 6 um 41%
Quantifoil 1.2/1.3 1.2 um 1.3 um 11%

Table 5.1 Specification of different type matrix condensation grid.

5.2.2 Cryogenic cooling

The cold finger used in the principle demonstration system is made of a hollow
stainless steel tube with an oxygen-free copper block welded on the top to hold
the matrix support. The matrix support is clamped on the copper part and is

electrically isolated from the whole cold finger using a sapphire plate. This
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arrangement allows for a bias voltage to be applied to the matrix support and
current of the incident ion beam to be measured. The incident beam current on
the matrix support is read by the Keithley 6485 picoammeter. To maintain the
good thermal conductivity, the sapphire was coated with gold on both sides
using Edwards commercial evaporator. The cooling is provided by injecting
liquid helium flow from Dewar bottle directly deliver to the copper part of cold
finger through a transfer line. An oil free scroll pump is used to maintain the flow
by pumping helium gas out. The cooling power can be controlled by adjusting the

regulator in the pumping line.

5.2.3 Temperature measurement

The temperature of the matrix support can be cooled to below 20K in ~1.5 hours
and the lowest temperature recorded was 9K. The temperature of the matrix
condensation support is measured using the Rhodium-Iron temperature sensor
mounted on top of the cold finger just beside the matrix condensation support.
The Lakeshore 340 temperature controller is used to monitor the temperature.
The calibration curve for the temperature sensor has been calibrated at 3 points,

ice water, liquid nitrogen and liquid helium, to achieve accuracy measurement.

5.2.4 Evaporation

A thermal evaporator is used to vaporize cluster material in the demonstration
system. The cluster material (e.g. Au and Ag) is filled in a Tantalum boat and the

boat is heated up by high DC current. A quartz crystal microbalance (QCM, from
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Digi-key ATS060, 6MHz) is mounted in front of the evaporator to monitor the
evaporation speed. The evaporation speed is monitored by reading the
frequency of the QCM using the thin film rate/thickness transducer from Sycon
instruments. In order to determine the correct evaporation speed on the matrix,
another QCM is mounted on the cold finger temperately, at the same position as
the matrix support, for calibration before carrying out cluster production. The
QCM on the cold finger is removed when preparing clusters as it will affect the
cooling of the matrix condensation support. Five different evaporation speeds
have been tested for the calibration and the real evaporation speed on the matrix
is approximately 5 times less than the reading from QCM in front of evaporator.

Details are shown in Table 5.2.

QCM in front of QCM at position of matrix
evaporator condensation grid
0.3A/s 0.054/s
0.64/s 0.114/s
1A/s 0.184/s
1.24/s 0.254/s
24/s 0.364/s

Table 5.2 Evaporation speed measured by QCM mounted in front evaporator and

on the position same as the matrix condensation grid.

To provide additional verification of the evaporation rate, we also measured the
thickness of metal deposited to a silicon wafer mounted at same position as the
matrix condensation grid comparing to the QCM value. A 400 mesh TEM grid is

attached to the silicon wafer as the mask to create patterns. The height of Ag film
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thickness on silicon wafer is measured in AFM comparing with the thickness
read from QCM. More than three patterns are measured, as shown in Figure 5.6.

The average height is 62nm which is just about 5 times less than the reading

form QCM in front of evaporator, 300nm.
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Figure 5.6 Top row: AFM images of evaporation patterns on a silicon wafer
mounted at the same position as the matrix condensation grid. Bottom row: line

profiles across the edge of patterns.

5.2.5 Gas dosing

Gas dosing in the MACS principle demonstration apparatus is through a leak
valve and the gas dosing rate is monitored using a Penning gauge (range from
10-8 to 10-2 mbar) mounted on the side of the chamber. No local dosing is used in

the experiments and gas is filled in the whole chamber with a dosing pressure

149



between 107 and 10-®¢ mbar when preparing clusters. The matrix formation gas

used is Ar here and the base pressure in the chamber is 10-® mbar.

5.2.6 Ar ion beam

Two different Ar* ion beam sources are used in the principle demonstration
experiments: Ar* ion beam from magnetron sputtering source and Ar ion gun for
scale-up the cluster flux. When using the Ar* ion beam from magnetron
sputtering cluster source, the cluster generation chamber is connected to the exit
of ToF mass filter of the magnetron sputtering cluster source. The Ar ion beam is
generated in the magnetron sputtering cluster source and filtered out by the ToF
mass filter to avoid any metal ions produced by sputtering. As mentioned
previously, in the magnetron sputtering cluster source the Ar plasma is ignited
by the potential applied on the magnetron head, powered by either DC power
supply or RF power supply. The Ar plasma formed in the generation chamber is
then extracted and focused into a beam by electrical fields applied on a set of ion
optics. Finally the Ar ion beam is filtered out by the ToF mass filter and delivered
to the MACS chamber through another set of ion optic lenses [15-16]. The energy
of Ar beam generated from magnetron sputtering cluster source is defined by the
potential applied on the terminal plate, which is the matrix here. In most cases
the bias voltage on the cold finger is -950V meaning the energy of Ar ion beam
hitting the matrix is 950eV. The maximum voltage we are able to apply on the
cold finger is #+3000V. The spot size of Ar ion beam is around 5mm in diameter
and maximum current detected on cold finger can be up to 10nA at 950V bias

voltage.
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The Ar ion gun used is a cold cathode ion source ISE 5 from Omicron, which is
able to generate a maximum ion beam current of 80pA with beam energy from
250eV to 5keV. The Ar ion beam generated in this ion source is via the
mechanism of gas discharge between cathode and anode in a gas cell when a
high voltage is applied. The gas discharge region is surrounded by a longitudinal
magnetic field forcing electrons to spiral which extends the path to generate a
large quantity of ions and electrons. The ions generated inside gas cell are then
extracted through an aperture on the kinetic plate into flight tube. The energy of
the Ar beam generated in Ar ion gun can be controlled by tuning the voltage
difference between the kinetic plate and flight tube. Also an electrical ion optic
lens is mounted in the front of the flight tube of the ion source to control the spot
size of out coming ion beam. The incident Ar ion beam current on the cold finger
is measured by the picoammeter, Keithley 6485. The picoammeter is floated and
a circuit (based on Keithley manual) is built connecting to the picoammeter
enabling to apply bias voltage on the cold finger while measuring the current.
The picoammeter is biased at the same potential as the cold finger, and in order
to isolate the picoammeter from the operator and other equipment it is enclosed

in insulating box.

5.3 Sample preparation

Samples were produced to demonstrate the principle of the matrix assembly
cluster source, as well as study effects of different parameters on cluster size and

flux. The sample preparation procedures can be divided into the following steps.
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(a) Preparation work

The chamber is pumped down to below 5x10-8 mbar before starting the
experiments, which is almost the best vacuum that can be achieved at room
temperature without baking the system. The evaporator is degassed by heating
up to above 600°C for 30mins. Ar ion beam is optimized to reach the certain
beam current on cold finger. For Ar ion beam from cluster source, the beam
current is optimized by tuning the gas flow, voltages on nozzle, skimmers and ion
optic lenses. For the Ar ion gun, the beam current can be tuned just on the front
panel on the controller to set beam energy, emission current as well as focus.
After preparation of the incident Ar ion beam, the cold finger is cooled down by
liquid helium to below 20K. The pressure of the chamber reaches to 10-° mbar

after cooling as the cooled cold finger is working as a cryogenic pump.

(b) Condensation of the matrix

The matrix condensation support is rotated to face the evaporator for matrix
condensation. The evaporator is heated up to achieve a stable evaporation flux
measured by the QCM in front of the evaporator, before opening the shutter. The
evaporation and gas dosing start simultaneously. Gas dosing rate on the matrix is
controlled by the gas pressure monitored by the penning gauge. The matrix

growth time is recorded by a stop watch.

(c) Deposition of clusters
After the matrix condensation, the cold finger is rotated back in line with ion
beam and sample holder. Similar to that in magnetron source, the sample holder

is biased by high voltage power supply and connected to ground through the
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picoammeter to avoid charging effect. The bias voltage is applied to both the cold
finger and sample holder in order to control the incident beam energy and create
a free-flight region between the matrix and sample. The incident Ar ion beam is
then switched on to bombard the matrix that clusters are produced in
transmission regime and deposited on sample holder. The incident beam current

is monitored both on cold finger and sample holder by the picoammeter.

5.4 Results and discussion

5.5.1 Demonstration of cluster production in MACS

The proof-of-principle of the MACS was demonstrated by successful production
of Ag and Au clusters. Figure 5.7 are the HAADF STEM images of silver clusters
and gold clusters produced using the MACS demonstration apparatus. Gold
clusters are much brighter than the silver clusters because of Au has a large

atomic value.
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Figure 5.7 HAADF STEM images of Ag (left) and Au (right) clusters produced in
MACS. Related parameters: matrix condensation support, 400 mesh grid; matrix
temperature, 13K, gas dosing pressure, 3x10-¢ mbar; matrix condensation time,
200s; metal concentration in the matrix, 1.1%; matrix thickness, ~85nm;
incident Ar beam current, 10n4; incident beam energy, 950eV; deposition time,

120s.

5.5.2 Size distribution

(b)

Count

m}

dimer

s

*f I I trimer
l 3
L ARRREN. 0.
° 210* «* et 80t 10

HAADF Intensity of single atorh

100 200 300

Number of atoms

400

Figure 5.8 (a) HAADF STEM image and atomic resolution image of Ag clusters
produced in MACS. (b) Size distribution of the clusters and the HAADF intensity
distribution of single atoms. The size of clusters is measured from the HAADF
intensity of clusters comparing with mass balance which is single atoms. Related
parameters: matrix condensation support, 400 mesh grid; matrix temperature,
12K, gas dosing pressure, 3x10-° mbar; matrix condensation time, 200s; metal
concentration in the matrix, 1.1%; matrix thickness, ~85nm; incident Ar beam

current, 10nA; incident beam energy, 950eV; deposition time, 60s.
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Figure 5.8(a) shows the HAADF STEM image and atomic resolution image of Ag
clusters produced in the MACS demonstration apparatus. The size of clusters is
measured from the HAADF intensity of clusters comparing with the mass
balance, which is single atoms. The size distribution of the clusters and the
HAADF intensity distribution of single atoms are shown in Figure 5.8(b). From
the size distribution, most clusters in this sample contain about 100-150 atoms
and the largest clusters found only contain 350 atoms. The full width at half
maximum of the size distribution is about 100 atoms, which give a mass
resolution, m/Am~1. The result indicates the clusters produced by the MACS at

certain experimental conditions have a relatively narrow size distribution.

5.5.3 Flux of clusters

The flux of clusters is estimated from the density of clusters deposited on the
substrate as not all clusters are positively charged and current detected on the
sample holder is also contributed by Ar ion beam and secondary electrons. The
cluster density is therefore measured from the HAADF STEM images in order to
get total number of clusters on the sample then divided into the deposition time
to determine the cluster flux. For the sample deposited with Ag clusters shown in
Figure 5.8(a) has a cluster density of 5300 clusters/um? with deposition time of
60s and cluster production area of 3mm in diameter. Therefore the cluster flux is

6.08x108/s using the equation below.

cluster density X production area

cluster flux = — -
deposition time
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5.5.4 Size control

In addition to the clusters produced in MACS has relatively narrow size
distribution, m/Am~1, the cluster size can be controlled by tuning the
parameters especially the metal concentration in the matrix. In this work, the
metal concentration in the matrix is determined only by the evaporation speed
as the gas dosing rate is fixed. HAADF STEM images and atomic resolution
images of eight samples prepared with metal concentration from 0.38% to
5.66% are shown in Figure 5.9 (a-h) as well as the histograms of size distribution
measured from the integrated HAADF intensity in (i-p). A plot of cluster size and
calculated cluster flux as a function of metal concentration in the matrix is shown

in Figure 5.10.

As shown in the plot, it is clear that the size of clusters produced by the MACS is
increased significantly, with a power of 2, with the metal concentration in the
matrix. However, the flux of clusters decreases rapidly with a power of 2.5. The
size distributions of clusters produced remain relatively narrow, m/Am~1,

across the parameter space.

As mentioned in the methodology section, cluster formation process is probably
through two mechanisms. For both routines, with higher metal concentration in
the matrix, clusters more easily capture other atoms to grow larger due to the
higher density of cluster material atoms. The decrease in the cluster flux is due to
the fact that a matrix with a heavier metal loading matrix is harder to sputter and

larger clusters are relatively harder to be knocked out the matrix [19-23].
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Figure 5.9 (a-h) HAADF STEM images and atomic resolution images of clusters
prepared with different metal concentration in the matrix from 0.38% to 5.66%.
(i-p) Histograms of size distributions of clusters prepared with different metal
concentrations. The size of clusters is measured from the integrated HAADF
intensity. Related parameters: matrix condensation support, 400 mesh grid;
matrix temperature, 12K, gas dosing pressure, 3x10-® mbar; matrix condensation
time, 200s; matrix thickness, ~85nm; incident Ar beam current, 10nA; incident

beam energy, 950eV; deposition time, 60s.
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Figure 5.10 A plot of cluster size and calculated cluster flux as a function of metal
concentration. Blue blocks are the cluster size and red dots represent cluster
flux. The size of cluster is measured from the integrated HAADF intensity
comparing with the HAADF intensity of single atoms and the error bar is
obtained from the half width of the standard deviation of the size distributions.

The cluster flux is calculated from the cluster density in HAADF STEM images.

5.5.5 Effects of beam energy

The effects of beam energy on cluster production in MACS was also studied in the
demonstration apparatus. The energy of the Ar* ion beam generated from the
cluster source is controlled by the bias voltage on the cold finger. The bias
voltage on the sample holder is kept same as that on the cold finger, so that the
region between the sample holder and the cold finger is electrical field free.

Metal concentration is kept the same, 1.1%, for all samples. Figure 5.11(a-d)
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shows the HAADF STEM images of Ag clusters prepared with incident beam
energy from 950eV to 2450eV. The histograms of size distributions are shown in

Figure 5.11 (e-h).
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Figure 5.11 (a-d) HAADF STEM images of Ag clusters prepared with incident
beam energy from 950eV to 2450eV. (e-h) The histograms of size distributions of
clusters measured from the integrated HAADF intensities. Related parameters:
matrix condensation support, 400 mesh grid; matrix temperature, 12K, gas
dosing pressure, 3x10-® mbar; metal concentration in the matrix, 1.1%; matrix
condensation time, 200s; matrix thickness, ~85nm; incident Ar beam current,

10nA; deposition time, 60s.

As shown in the HAADF images and histograms, double peaks starts to appear in
the size distributions when using high incident beam energy. For example, in the
histogram of size distribution shown in Figure 5.11 (h), which is the clusters
prepared using 2450eV incident ion beam, there are two peaks at 200 and 700
atoms respectively. However, in the histogram shown in Figure 5.11 (e), which is

the low incident beam energy, 950eV, the second peak is invisible. The
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observation of bi-model distribution with high-energy incident ion beam proves
our speculation of the multiple mechanisms of cluster formation in the MACS.
The clusters aggregated during the ion impact receive more momentum to
capture more atoms to form large clusters, when using high-energy ion beam
[19,22,24-26]. However, the dominant parameter determining the overall size

distribution is still the metal concentration.

5.5.6 Improvements to increase cluster flux

Figure 5.12 HAADF STEM images of Ag cluster samples prepared with different

matrix condensation support and different deposition time, (a) 400 mesh grid,
60s; (b) 1000 mesh grid, 60s; (c) 2000 mesh grid, 5s; (d) quantifoil, 5s. (e) is the
highlight of (d) with atomic resolution of a Ag cluster. Related parameters:
matrix temperature, 12K, gas dosing pressure, 3x10-¢ mbar; metal concentration
in the matrix, 1.1%; matrix condensation time, 200s; matrix thickness, ~85nm;

incident Ar beam current, 10pA.

160



Two improvements have been applied to the MACS demonstration system to
increase the cluster flux. Firstly, a high flux ion source, Omicron ISE5, was used
to replace the Ar ion beam generated using the magnetron cluster source. The
ion source is able to generate up to Ar ion beam current of 80pA and 12% of
which, ~10pA4, is able to be focused on cold finger at beam energy of 1keV.
Secondly, several high density mesh matrix condensation supports were used to
replace the 400 mesh TEM matrix condensation grid such as 1000, 2000 mesh

copper grid and quantifoil.

Matrix Density of Deposition

support holes /inch? time (s) Cluster flux/s Flux mg/hour
400 mesh 1.6x10° 60 1.1E9 1.42E-4
1000 mesh 1x106 60 2.3E9 2.97E-4
2000 mesh 4x106 5 1.1E10 1.42E-3
Quantifoil 1x108 5 3.3E10 4.26E-3

Table 5.3 Calculated cluster flux prepared with different type matrix
condensation supports and deposition time. Cluster flux is measured based on

the cluster density on HAADF STEM images.

Figure 5.12 (a-d) shows the HAADF STEM images of four samples prepared with
different matrix condensation supports and different deposition times in order
to investigate the effects on cluster flux. The calculated cluster flux is
summarized in the Table 5.3. As shown in the table, cluster flux is increased with
the density of holes in the matrix condensation support as the matrix grows as

an adlayer on the bars of each mesh and matrix supports with higher density
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holes lead to a higher matrix coverage. For example, quantifoil has a density of
holes 25 times than that of 400 mesh grid, therefore the cluster flux using
quantifoil as the matrix support is 3 times higher. Compared to the cluster flux
generated using Ar ion beam from the magnetron source, the cluster flux using
Ar ion gun and quantifoil has been increased over 50 times, from 6.1E8/s (7.8E-4

mg/hour) to 3.3E10/s (4.3E-3 mg/hour).

5.5.7 Continuous production

When using high flux Ar ion source for cluster production, the matrix is depleted
quickly (only last for few minutes) unless replenished. As shown in Figure 5.13,
the cluster flux of two samples prepared successively from the same matrix
without replenishment is dropped rapidly from 1.9x1019/s (2.5E-3 mg/hour) for
the first sample to 8x10°/s (1E-3 mg/hour) after 10s sputtering. Therefore,
continuous replenishment of the matrix is a necessity to remain the high cluster

flux.

Figure 5.13 HAADF STEM image of clusters prepared successively from the same

matrix without replenishment. Related parameters: matrix temperature, 12K,
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matrix support, quantifoil; gas dosing pressure, 3x10® mbar; metal
concentration in the matrix, 1.1%; matrix condensation time, 200s; matrix

thickness, ~85nm; incident Ar beam current, 10pA; deposition time, 10s.

To sustain the production of clusters in high flux, replenishment of the matrix
during the cluster production/ion bombardment was tested. Metal atoms and
rare gas are re-condensed onto the matrix condensation grid every 20s between
the cluster production by rotating cold finger 90 degree to face the evaporator.
The old finger is rotated back after the replenishment to continue producing
clusters. The HAADF STEM images of six samples prepared using this approach

are shown in Figure 5.14 as well as the calculated cluster flux.
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Figure 5.14 HAADF STEM images of six Ag cluster samples produced with the

replenished matrix (left) and the calculated cluster flux based on the cluster
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density in HAADF STEM images (right). Related parameters: matrix temperature,
12K, matrix support, quantifoil; gas dosing pressure, 3x10® mbar; metal
concentration in the matrix, 1.1%; matrix replenishing time, 100s; matrix

thickness, ~85nm; incident Ar beam current, 10pA; deposition time, 20s.

With the replenishment, cluster flux only decreases slightly (less than 50% after
2 minutes) with time and the downward trend seems reach a stable flux of
clusters around 4x10°%/s (5.2E-4 mg/hour) after 120s, which indicates high flux
of clusters can be continuously produced by simply replenishing the matrix. In
our MACS demonstration apparatus, the cluster production has to be interrupted
during the matrix replenishment. However, with a new chamber design in the
future, the evaporator will be mounted in line with the Ar* ion gun, matrix
support and sample holder. The condensation of matrix and the deposition will
be taking place at the same time. The continuous high flux of clusters will be

achieved with careful selected condensation rate and the deposition rate.

5.6 Summary

In this chapter, the idea of cluster production using MACS technology has been
introduced. The MACS demonstration experimental apparatus was designed and
built. The methodology of cluster formation in the matrix was explained. The
proof-of-principle of cluster production in the MACS was demonstrated by the
successful production of Au and Ag clusters. The effects of parameters such as
metal concentration and incident beam energy on cluster production were

preliminarily studied. Results show the clusters produced using the MACS
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method had relatively narrow size distributions (M/AM~1) and cluster size was
sensitive to the metal concentration in the matrix, with a higher metal
concentration making larger clusters. However, the flux of cluster decreases with
the metal loading percentage in the matrix. Incident beam energy also affected
the cluster size. Two improvements, high flux ion source and high-density matrix
supports, were applied to scale up the cluster production rate. At last continuous

production was tested by the replenishment of the matrix.

In the next chapter, we will introduce an upgraded MACS apparatus, the MACS 1,
in order to scale up the cluster production rate. Also systematically investigation
cluster formation mechanisms, charge fraction and the mass spectra

measurement of clusters are discussed.
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Chapter 6 Development of the Matrix

Assembly Cluster Source (MACS)

In the previous chapter, the first experimental apparatus of the Matrix Assembly
Cluster Source (MACS) was introduced and the principle of the MACS was
demonstrated by the production of Au and Ag clusters as well as preliminary
studies of effects of matrix parameters on cluster production. This Chapter
introduces an upgraded experimental setup of the MACS system, the MACS 1, for
scaling up the cluster production rate, not only transmission mode, but also
using the reflection mode. It also includes systematic investigation of the effects
of metal concentration, matrix temperature and incident beam energy on cluster
size and flux. Also, measurements of charge fractions and mass spectra are

reported.

The work presented in this chapter involve a few collaborators. The instrument
design and development were done together by the author and William Terry.
The software and computer interface development for the MACS apparatus were

done by William Terry. The SIMION simulation was done by the author and
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William Terry. The sample preparations were done by the author, William Terry
(Ag clusters) and Dr. Richard Balog (Au clusters). Charge fractions and mass

spectra measurements were done by the author and Rongsheng Cai.

6.1 Experimental apparatus of MACS 1

6.1.1 Overview

The MACS 1 is the upgraded apparatus based on the principle demonstrated in
the MACS demonstration system discussed in last chapter. The MACS is designed
to scale up the cluster production rate and understand cluster formation
mechanisms by systematic investigation of the experimental parameters.
Compared to the demonstration apparatus, the improvements having been

applied in MACS 1 are highlighted below.

(i) Cooling system; A closed-cycle cryocooler was installed to provide the
cooling power for the condensation of the matrix.

(ii) Evaporator; A high temperature effusion cell (up to 2000°C with a crucible
size of 10cc) was employed for the evaporation of cluster materials.

(iii) Ion source and ion optics; High flux ion source with maximum output
current of 4mA was installed. lon optics was designed and built to focus more
ions onto matrix.

(iv) Matrix condensation support; 1 inch by 1 inch matrix condensation

support was used.
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(v) Cluster production approaches; Both transmission mode and reflection
mode were used in the MACS 1 for cluster productions.

(vi) Analysis methods; Lateral time-of-flight mass spectrometer was involved
in in-flight analysis of clusters produced in the MACS 1 in addition to the STEM

measurement of deposited clusters.

The schematic diagram of the MACS 1 is shown in Figure 6.1. The apparatus can
be switched from transmission mode (6.1a) to reflection mode (6.1b) by rotating
the matrix support. Figure 6.1(c) shows the MACS 1 apparatus in Nanoscale

Physics Research Laboratory in University of Birmingham.
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Figure 6.1 The schematic diagram of the MACS 1 transmission mode (a) and

reflection mode (b). The apparatus can be switched between the two modes by
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rotating the matrix support. (c) The MACS 1 apparatus in Nanoscale Physics

Research Laboratory in University of Birmingham.

6.1.2 Cryocooler

The cooling system used in the MACS 1 is a closed cycle cooling system, which is
able to cool down the matrix to around 10K in around 2 hours with a power of
6.7W. The cooling system consists of a cooling head and a compressor both of
which are from Sumitomo cryogenics, the CH-204 series. The cooling head is
mounted on top of the generation chamber and it is connected with the
compressor via two transfer lines (supply and return). The working principle of
the cryocooler is similar to a refrigerator in which the cooling head is cooled by
the cold helium gas delivered from the compressor and the hot gas is pumped

back for recycle after cooling.

6.1.3 Matrix condensation support

A 1-inch by 1-inch matrix condensation support is used in the MACS 1 instead of
3mm grid in the MACS demonstration apparatus to scale up the cluster
production rate. The matrix support used for transmission mode is 1000 copper
mesh with 10um opening, 15pm line width and 13pm thickness. For
transmission mode, it is a solid copper plate with a thickness of 100um. The
matrix support is fixed on a sample stage on top of the cryocooler. The stage to
fix the matrix support is a window frame and thin gold foil is filled in the gap

between the stage and the matrix support to maintain good thermal transfer as
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show in Figure 6.2(a). A silicon diode temperature sensor, DT-670-CU from
Lakeshore, is fixed against the matrix support to monitor the temperature of the
matrix as shown in Figure 6.2(b). The reading curves of the temperature sensor
is calibrated with three points, ice water, liquid nitrogen and liquid helium. The
top of the cryocooler is electrical insulated from the whole body by a sapphire in
order to monitor the incident beam current on the matrix. The current is read

from the Keithley 6485 picoammeter.

— E___4
Temperature
sensor

Figure 6.2 (a) Photograph illustrates the sample stage and matrix support on the
top of the cryocooler. Thin gold foil is filled in the gap between the stage and the
matrix support to maintain good thermal transfer. (b) Photograph shows the

position of the silicon diode temperature sensor (DT-670-CU from Lakeshore).

6.1.4 Evaporation

The evaporator installed in the MACS 1 is the high temperature effusion cell,
from Createc with a maximum evaporation temperature of 2000°C and a crucible
size of 10cc. The effusion cell is mounted on the angled DN8OCF flange facing the
center. The evaporation temperature is controlled precisely using a PID

controller with an accuracy of 0.1K. To minimize the thermal radiation on the
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matrix, the evaporator is surrounded by a hollow cylinder tube, which is water
cooled. Additionally a radiation shield, made of tantalum, is mounted on top of
the evaporator, which is also attached to the water cooling cylinder. Therefore,
the matrix temperature only fluctuates less than 1K when evaporator is heated
up to 1300°C and about 1.5~2K when it is up to 1500°C. The evaporation rate is
measured using the quartz crystal microbalance mounted next to the matrix
support (5mm away from the matrix), similar to that used in the original MACS
system. The evaporation speed for Ag on the matrix as a function of heating

temperature is shown in Figure 6.3.

Evaporation rate of silver as a function of the temperature
1.8
16 L 4
1.4

1.2

Rate (A/s)
2

T < Silver

b 4

P 4
A v

1000 1050 1100 1150 1200 1250 1300 1350 1400
Temperature (°C)

Figure 6.3 Calibrated evaporation speed of silver on the matrix as a function of

heating temperature.

6.1.5 Ion source

The ion source employed in the MACS 1 is a sputter ion gun from Tectra with a

maximum output current of 4mA to replace the Omicron ion source used in the
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demonstration apparatus, which is only up to 100pA. The new ion source is
filamentless, and plasma is ignited from gas phase via the mechanism of
microwave plasma discharge [1]. A microwave generator is mounted in the back
of the ion gun and the energy of the generated microwave is coupled into a
coaxial waveguide and delivered into the plasma cup in front of the ion source.
The injected inert gas, Ar here, is breakdown and discharged in the plasma cup
because of the intense oscillating electrical fields created by the microwave.
Moreover, a quadrupole magnetic field surrounds the plasma cup to enhance the
plasma density. lons are then extracted out from the plasma cup by extraction
optics consisting of two grid elements. The energy of the ions is controlled by
one of the extraction grids. The beam energy can be varied between 25eV to

5keV.

6.1.6 Ion optics and SIMION simulations

Although high flux ion beam can be generated using the new sputter gun, the
initial beam direction is divergent as measured experimentally by beam profile
as shown in Figure 6.4. The increased beam current as a function of energy is
because the electrical field that drives ions out has a linear relationship with the
voltage applied on the grid, which exactly determines the beam energy. In order
to focus more most of ions onto matrix, ion optics were designed. The design of
the ion optics is inspired by the Wehnelt idea, which is a well-established
technique used in many FIB-SEM systems [2-3]. The designed ion optics for the
sputter gun in MACS 1 system consists of four ion optic lens elements including

the Wehnelt and a set of three Einzel lenses. With the ion optics the trajectory of
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the divergent ion beam is squeezed by the wehnelt at the entrance and then
focused by the einzel lenses. To obtain the optimal performance, the voltage
settings and dimensions of each lens element are tested in the SIMION

simulation [4].
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Figure 6.4 Experimentally measured Ar ion beam profile generated from the

Tectra sputter gun at different ion beam energies.

The version of the simulation software we used is SIMION 8.1. In the SIMION, the
dimensions of each lens element are defined by the geometry file, which includes
the geometries and locations of the lenses. As shown in Figure 6.5(a), four lenses
are created in front of the ion source and a plate is placed in the end, the same
position but bigger than the matrix, to record the spatial distribution of ions. The
incident ion beam in the simulation is defined by the .fly file, which includes
source position, source geometry, energy spread, divergent angle and all the
parameters are exactly identical with the Ar beam profile experiment results.
The dimensions (with range of 0~100mm) and corresponding voltage settings

(0~£20000V) of each lens element are automatically tuned in the program. The
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divergence and transmission ratio of the ion beam passing through the ion optics
is figured out by analyzing positions of ions hitting the plate. Following
parameters are varied in the simulation to achieve the best performance of the
ion optics, such as Wehnelt size (OD, ID, aperture size, aperture thickness), lens
size (OD, ID, length), and gaps between each lens element. 2keV ions (red) and

5keV ions (blue) are tested in the simulations as two examples.
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Figure 6.5 (a) The geometry of the ion optics created in SIMION 8.1 including the
Wehnelt (WNT) and other three Einzel lenses and optimal dimensions obtained
from simulations. Each color represents one electrode. A plate is placed at the
end to monitor the spot size of ion beam after passing through the ion optics. (b)
Simulations of the trajectories of 2keV and 5keV Ar ion beam with the optimally

configured ion optics. The optimal voltage settings for each lens are also shown.
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(c) Spatial distributions of the 2keV and 5keV Ar ions hitting on the matrix after

focused by the ion optics.

The optimal dimensions obtained from simulations are also shown in Figure
6.5(a), which is a balance of transmission ratio (>90%), focus (over 85% onto
matrix), required voltages (less than 10kV) and dimensions (less than 100mm in
order to fit in DN10OCF flange). The trajectories of 2keV and 5keV ion beams
passing through the optimal ion optics configuration are shown in Figure 6.5(b).
The required voltages are also shown. The spot size of the Ar ions impinging on
the matrix (which is the final plate in the simulation) is recorded spatially and
the data analyzed in Matlab (by William Terry). The 3D plot of the spatial
distributions of Ar ions landing on the matrix at energies of 2keV and 5keV are
shown in Figure 6.5(c). The results obtained from the simulation show we are
able to focus over 85% ions onto matrix area (1 inch by 1 inch) with required

voltages less than 10kV.

6.1.7 Design of ion optics

The ion optics designed for the ion source are integrated on a DN10O0CF flange.
As shown in the schematic diagram in Figure 6.6 (a), two stainless steel rods are
fixed on the inner side of the flange to support the whole ion optics. For electrical
insulation, PTFE washers are used to mount the set of lenses on the supporting
rods. The designed ion optics were manufactured by the workshop based in
University of Birmingham and the assembled ion optics with ion source is shown

in Figure 6.6 (b-d). Each ion optic lens is connected to high voltage feedthroughs
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via kapton wires. Four high voltage power supplies are used to apply voltages to
create the electrical field on each lens, two positive (up to 5kV, 10mA) and two
negative (up to 10kV, 5mA). The power supplies are MK series from Glassman,

all controlled using Labview (developed by William Terry).

PTFE washers

7

Wehnelt

7

lon optic lenses

lon optics

Figure 6.6 (a) Schematic diagram of the designed ion optics integrated on a

DN100CF flange. (b) Schematic diagram of the designed ion optics assembled in
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front of the ion source. (c) Photograph of the assembled ion optics with ion

source. (d) Photograph of the ion source with ion optics installed in the MACS 1.

6.1.8 Ar beam profile with ion optics

To evaluate the practical effect that the ion optics has over the ion beam, the
beam profile was measured experimentally using the optimal voltage settings
obtained from the simulations. As shown in the Figure 6.7(a), with the help of ion
optics most ions are focused inside the matrix area (from -12.7mm to 12.7mm)
as the half width of the ion beam at all different energies is around 20mm. The

peak current for 5keV ion beam is increased from 100pA to nearly 300pA.
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Figure 6.7 (a) Ar ion beam profile measured for different beam energies using
the lens voltage settings obtained from simulations. (b) Ar ion beam profile

measured for different beam energies using defocused lens voltage settings.
However, in order to keep the matrix being uniformly sputtered during the

experiment, the Ar ion beam is deliberately defocused slightly to achieve uniform

beam current across the whole matrix area. To achieve this, voltages on negative
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lenses are decreased about 5% and voltages on positive lenses are slightly tuned
up about 7%. The profile of Ar ion beam at the defocused settings is shown in

Figure 6.7(b).

6.2 Ag clusters produced in MACS 1

The performance of the MACS 1 was first tested by generating Ag clusters,
especially in terms of the cluster production rate and cluster size control. Similar
to the work conducted using the MACS demonstration system, the effects of
parameters such as evaporation speed, incident Ar ion beam current and energy
and matrix temperature on the cluster flux and size were systematically

investigated under more precise control and with a relatively larger range.

6.2.1 Cluster flux

The flux of clusters produced in the MACS 1 is measured from the density of
clusters deposited on the substrate within certain time. For this purpose, a
sample holder here contains an array of amorphous carbon film TEM grids was
installed as shown in Figure 6.8(a). The equivalent cluster flux is calculated
based on the average cluster density measured from HAADF STEM images times
multiplied by total production area and then divided by the deposition time. The
sample holder used here covers an area of 30mm by 30mm, which is
approximately the area of the matrix condensation support (1 inch by 1 inch). In
order to achieve the maximum cluster flux, the highest beam energy 5keV is used

to sputter the matrix as sputtering yield and maximum output beam current are
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increased with the incident beam energy [9]. Clusters are produced in
transmission mode. Figure 6.8(b) shows HAADF STEM images of clusters
deposited on each sample. To minimize the statistical error, at least 25 images
are taken on each sample. The average cluster density across all these samples
was approximately 1.8x105+1200/um?2. Additionally we have demonstrated that
clusters production area is at least 30mm by 30mm. Therefore the total cluster

flux is

average cluster density X matrix area

cluster flux — -
deposition time

(5.83 + 0.4)x101 /s

If all the clusters produced are positive charged, the cluster flux is equivalent to

nearly 100nA (0.2 mg/hour).
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Figure 6.8(a) Schematic diagram of the sample holder installed to measure the
cluster flux. The sample holder consists a cross array of TEM grids covering an
area of 900mm?. (b) HAADF STEM images of clusters deposited on each sample.
The area cluster density is approximately 1.8x105/um2. Related parameters,
matrix condensation support, 1000 mesh copper grid; matrix temperature, 9K;
condensation time, 300s; metal concentration, 2.2%; Ar gas dosing pressure, 6E-
8mbar; matrix thickness, ~128nm; incident ion beam current on matrix, 300uA;

beam energy, 5keV; deposition time, 20s.
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6.2.2 Large area coating using clusters produced in MACS 1

WY, 4hrs 1hr y 30mins
50~60nm \ 20~25nm o 8~12nm §

/4

Figure 6.9(a) Photograph of 1 inch by 1 inch glass slide mounted on the sample
holder. (b) Three glass slides coated with Ag clusters with deposition time of
30mins, 1 hour and 4 hours respectively. The color of the glass slides changed
after being coated with the clusters and the longer the deposition glass, the more
intense the darker color. The thickness of the coated clusters on the glass slides
have been measured under the Surface Profile equipment (bench-top AFM)
based in the clean room in NPRL, University of Birmingham. The measured
thickness of these samples is 10+2nm, 22+3nm and 55#5nm respectively.
Related parameters, matrix condensation support, 1000 mesh copper grid;
matrix temperature, 9K; metal concentration, 1.2%; Ar gas dosing pressure, 6E-
8mbar; matrix thickness, ~128nm; incident ion beam current on matrix, 50uA;
beam energy, 1keV; matrix condensation time, 300s and deposition time, 300s

for each cycle.

Since it has been demonstrated that clusters can be produced at high flux,
equivalent to nearly 100n4, covering area of 30mm by 30mm, we attempted
coating large area glass slides (1 inch by 1 inch, as shown in Figure 6.9a) with
clusters produced in the MACS 1 in transmission mode. This would demonstrate
large area coating and stable cluster production over a long deposition time,

which that is essential for applications e.g. biochips. The coating process,
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including matrix condensation and cluster deposition, was non-continuous. In
order to avoid contaminating the samples with vaporized materials, the glass
slide was covered by a shutter during the matrix condensation. During the
deposition the shutter on the evaporator was fully closed. Each cycle was 5mins.
The glass slides have been coated with Ag clusters with deposition time of
30mins, 1 hour and 4 hours respectively as shown in Figure 6.9b. The color of
the glass slides changed after being coated with the clusters and the longer the
deposition glass, the more intense the darker color. The thickness of the coated
clusters on the glass slides have been measured under the Surface Profile
equipment (bench-top AFM) based in the clean room in NPRL, University of
Birmingham. The measured thickness of these samples is 10+2nm, 22+3nm and

55+5nm respectively.

6.2.3 Size distribution

The clusters produced in the high flux samples have an average size of 3.1+1nm,
which is not as narrow as expected when compared to samples produced by the
MACS demonstration system 1.6+0.4nm. The explanation for the “narrow” size
distribution not being maintained in high flux sample is probably due to the high
energy (5keV) of the incident Ar ion beam used to sputter the matrix to achieve
high flux. With such a high energy incident ion beam, significantly more
momentum and energy is delivered to the matrix leading to massive aggregation
of metal atoms inside the matrix which causes the non-uniform distribution of
the metal atoms across the matrix during the sputtering and this non-uniform

matrix eventually leads to broad size of produced clusters [5-10]. However,
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when lowering incident beam energy for example 1keV instead of 5keV, the
clusters exhibit “narrow” size distribution again as shown in Figure 6.10(a). The
size distribution measured from the integrated HAADF intensity of shown in

Figure 6.10(b).

Cluster size in this frame: 1.5nm~2.5nm ="~ | mm— Single atom
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Figure 6.10(a) HAADF STEM image and atomic resolution image of Ag clusters
prepared in MACS 1 using 1keV incident beam energy. All clusters in this image
have diameter of 2+0.5nm. (b) Histogram of size distribution of the Ag clusters.
The number of atoms is measured from the integrated HAADF intensity
comparing to the HAADF intensity of single atoms. The histogram shows the
clusters contain a average size of 250 atoms and half width of the distribution is
from about 150 to 350, which gives a mass resolution around M/AM=1.25.
Related parameters, matrix condensation support, 1000 mesh copper grid;
matrix temperature, 9K; condensation time, 200s; metal concentration, 1.2%; Ar
gas dosing pressure, 6E-8mbar; matrix thickness, ~85nm; incident ion beam

current on matrix, 50puA; beam energy, 1keV; deposition time, 120s.

As shown in the STEM image, all clusters in this image have a diameter of
2+0.5nm. The histogram of size distribution shows the clusters contain a average

size of 250 atoms and half width of the distribution is from about 150 to 350,
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which gives a mass resolution around M/AM=1.25. More details of effects of
incident beam energy on cluster size will be discussed later in the effect of

incident beam energy part.

6.2.4 Size control

As preliminary demonstrated using the MACS demonstration apparatus, the size
of clusters can be controlled during the formation stage without any additional
mass selection. Results show cluster size is sensitive to several parameters,
especially the metal concentration in the matrix. This work was repeated in the
MACS 1 system but more systematically and with much better control of all the
parameters. HAADF STEM images (2Mx) and atomic resolution images (12Mx) of
Ag clusters prepared with different metal concentration (from 0.6% to 4.8%) are
shown in Figure 6.11(a). The corresponding histograms of cluster size
distribution measured from the integrated HAADF intensity are shown in Figure
6.11(b). The Gaussian function was used to fit the histograms of size distribution
in order to obtain the average sizes and size spreads. The cluster size and flux as
a function of metal concentration in the metal are plotted in Figure 6.11(c) and

(d) respectively.
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Figure 6.11 (a) HAADF STEM images (2Mx) and atomic resolution images of Ag
clusters prepared with different metal concentration in the matrix from 0.6% to
4.8%. (b) Histograms of size distributions of the Ag cluster with different metal
concentration in the matrix. The size of clusters is measured from the integrated

HAADF intensity compared with HAADF intensity of single atoms. (c) The plot of
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size of clusters as a function of metal concentration. (d) The plot of cluster flux as
a function of metal concentration. The cluster flux is measured from the cluster
density on HAADF STEM images. Related parameters, matrix condensation
support, 1000 mesh copper grid; matrix temperature, 9K; condensation time,
200s; Ar gas dosing pressure, 6E-8mbar; matrix thickness, ~85nm; incident ion

beam current on matrix, 50pA; beam energy, 1keV; deposition time, 120s.

As mentioned before, the cluster formation in the MACS is possibly through two
mechanisms: clusters preformed due to the potential force [11-14] and
aggregated because of the ion impacts [15-23]. With higher metal concentration
in the matrix, clusters formed in both mechanisms are grown larger by capturing
more atoms, as there is a higher density of cluster material atoms when metal
concentration is high. However, the effects of the metal concentration on each
formation mechanism have different levels. The clusters formed driven by
potential force have limited mean free path that they are only able to capture
atoms within few angstroms (as simulated by Dr. Lanqing Xu). While the clusters
formed due to the aggregation under ion impacts are more energetic that larger
clusters are more likely to be formed with the help of ion-induced diffusion. This
difference leads to the spread size distribution of clusters prepared at higher
metal concentration matrix (4% and 4.8%). The trend of total cluster flux
decreases as a function of metal loading percentage in the matrix is probably due
to the fact that heavier metal loaded matrix is hard to sputter and has a lower

sputtering yield [5-10].
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6.2.5 Different deposition time

To verify that clusters are produced from the matrix rather than through
aggregation at the substrate [24], we deposited with different deposition times.
If clusters are produced and directly deposited, the size distribution should
remain constant. On the other hand, if single atoms are aggregating into clusters
on the substrate, the size of clusters will be increased significantly with
deposition time, as clusters will be able to grow larger with more atoms on the
surface. HAADF STEM images of Ag clusters prepared at two different matrix
metal concentrations (1.2% and 3.2%) and different deposition times are shown
in Figure 6.12 (a) and (c). The histograms of size distributions of these two sets

of samples are shown in Figure 6.12 (b) and (d).
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Figure 6.12(a) HAADF STEM images of Ag clusters prepared at matrix metal

concentration of 1.2% with different deposition times from 5s to 60s. (b)
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Histograms of size distribution of the produced Ag clusters. (c) HAADF STEM
images of Ag clusters prepared at matrix metal concentration of 3.2% with
different deposition times from 60s to 6mins. (d) Histograms of size distribution
of the produced Ag clusters. The size of clusters is measured from the integrated
HAADF intensity compared to the HAADF intensity of single atoms. Related
parameters, matrix condensation support, 1000 mesh copper grid; matrix
temperature, 9K; condensation time, 300s; Ar gas dosing pressure, 6E-8mbar;
matrix thickness, ~128nm; incident ion beam current on matrix, 50pA; beam

energy, 1keV.

As shown in the HAADF STEM images and histograms of size distributions, the
size of clusters prepared at both matrix metal concentration remains the same
with different deposition time and the size distributions are quite similar.
However, the distribution does shift slightly towards larger size as the
deposition time increases due to clusters landing on top of each other with such
high density. The results provide indirect evidence that the clusters are
produced from the matrix rather than from single atoms aggregation. The direct
proof is taking mass spectra of the clusters that will be discussed in mass spectra

part.

6.3 Au clusters produced in MACS 1

Similar to the work done on Ag clusters, effects of different parameters (metal

concentration, incident beam energy, matrix temperature etc.) on size and flux of
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Au clusters produced in MACS 1 using transmission mode have also been

investigated.

6.3.1 Metal concentration

HAADF STEM images of Au clusters prepared with different metal
concentrations are shown in Figure 6.13(a). The histograms of size distribution
measured from the integrated HAADF intensity compared from the HAADF
intensity of size-selected Aug;3 clusters prepared using the magnetron sputtering
cluster source (with a mass resolution of +5%) are shown in Figure 6.13(b). The
size and flux of clusters as a function of metal concentration in the matrix are

plotted in Figure 6.13(c-d).

Cluster size (number of atoms) Cluster size (number of atoms) luster size (number of atoms) Cluster size (number of atoms) Cluster size (number of atoms)
(c)
P~ 11
@ 3500 5x10
e [
[e]
s 3000 } ax10Mf
-
O 2500 <
3 2 3x0"f
€ 2000 e
S (]
£ 1500 Pl
e o
‘@ 1000}
g 1x10"f ¢
% 500 [] °
= (] °
O o - s R R 0 R L \ d
0 1 2 3 4 (] 1 2 3 4
metal concentration (%) Metal concentration (%)

Figure 6.13 (a) HAADF STEM images of Au clusters prepared with different metal

concentration in the matrix from 0.5% to 3.5%. (b) Histograms of size
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distribution of the prepared Au clusters. The size of clusters is measured from
the integrated HAADF intensity compared with HAADF intensity of size-selected
Auo23 clusters prepared using the magnetron sputtering cluster source (with a
mass resolution of £#5%). (c) The plot of cluster size as a function of metal
concentration in the matrix. (d) The plot of cluster flux as a function of metal
concentration in the matrix. Related parameters, matrix condensation support,
1000 mesh copper grid; matrix temperature, 9K; condensation time, 200s; Ar gas
dosing pressure, 6E-8mbar; matrix thickness, ~85nm; incident ion beam current

on matrix, 50uA; beam energy, 1keV; deposition time, 120s.

As shown in Figure 6.13, cluster size increases as a function of the metal
concentration in the matrix, while the flux of clusters decreases with the metal
loading percentage in the matrix. The explanations are exactly same as that of Ag
clusters based on the speculated the cluster formation mechanisms in the MACS.
Another fact also consistent with the Ag cluster results is the size distribution of
clusters starts to bifurcate into two peaks when the metal concentration is
sufficiently high, as shown clearly in the STEM image and histogram of size
distribution of 3.5% metal concentration sample. This behavior indicates the

bimodal clusters formation mechanisms in the MACS.

6.3.2 Matrix temperature

The effect of matrix temperature on cluster size has also been investigated in the
MACS 1 with the Au clusters produced in transmission mode. The temperature of

the matrix is controlled through the flow of helium gas, the higher flow the
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higher cooling power and therefore lower temperature. The temperature of the
matrix fluctuates less than 1K during experiments. HAADF STEM images of Au
clusters prepared with four different matrix temperatures from 9K to 22K are
shown in Figure 6.14(a). The histograms of size distribution are shown in Figure

6.14(b).
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Figure 6.14 (a) HAADF STEM images of Au clusters prepared with different
matrix temperature from 9K to 22K. The temperature of the matrix fluctuates
less than 1K during experiments. (b) The histograms of size distribution of the
Au clusters. The number of atoms in cluster is measured from the integrated
HAADF intensity compared with the HAADF intensity of mass balance, the size-
selected Auogz3 prepared in the magnetron sputtering source. Related parameters,
matrix condensation support, 1000 mesh copper grid; condensation time, 200s;
metal concentration, 2.8%; Ar gas dosing pressure, 6E-8mbar; matrix thickness,
~85nm; incident ion beam current on matrix, 50pA; beam energy, 1lkeV;

deposition time, 120s.
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As shown in the STEM images and the histograms of the size distributions, the
distribution shifts to smaller sizes with the increased matrix temperature. The
explanation to this phenomenon is not quite clear yet. We propose that the
matrix temperature affects the following conditions: sputtering yield of the
matrix, mobility of atoms in the matrix and the sticking co-efficient of the
condensed atoms. The effect on the sputtering yield is mainly attributed to the
thermal spike that atoms in a warmer matrix require less energy to eject [25-26].
The mobility of atoms affected by matrix temperature can be described by
kinetic energy and Brownian motion [27]. For simplicity, the sticking co-efficient
is treated as 1. Although metal atoms are more mobile in a warmer matrix
intended to form larger clusters, they are more easily ejected from the matrix
during ion bombardment as requiring less energy, meaning the clusters have less

“germination time” (the time allowing cluster growth before leaving the matrix).

6.3.3 Effect of incident beam energy

Here, we varied the incident beam energy from 1keV to 4keV to study the effect
of beam energy on Au cluster size and flux in transmission mode. HAADF STEM
images of Au clusters prepared with different incident beam energy are shown in
Figure 6.15(a) and the histograms of size distribution are shown in Figure

6.15(b).

As shown in the both STEM images and the histogram of size distributions, the
size of clusters, both average and maximum size, is increased with the incident

beam energy. However on the other hand, the size distribution becomes broader
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when using high energy incident ion beam. For example, the mass resolution of
the 1keV sample is about m/Am=1, while it is about m/Am~0.6 of the 4keV
sample. The total cluster flux is also increased with incident ion beam energy as
seen from the cluster density on the images. The changes in cluster size and flux
can be explained based on the sputtering yeild, ion induced diffusion and energy
transfer. The sputtering yield is increased with the beam energy, which results in
the higher cluster flux [9]. Also high energy incident ions deliver more
momentum to the matrix promoting the diffusion of metal atoms inside the
matrix to aggregate into large clusters [6-10]. On the other hand, competing with
the metal atoms aggregation in the matrix is the “germination time” decreases
with the increased incident beam energy [25-26]. The ion-induced diffusion and
vast aggragation lead to a non-uniform distribution of metal atoms inside the
matrix, which contributes to the broader size distribution. All of these have

effects on the clusters size.
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Figure 6.15 (a) HAADF STEM images of Au clusters prepared with different
incident beam energy from 1keV to 4keV. (b) Histograms of size distribution of

the produced Au clusters. The number of atoms in cluster is measured from the
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integrated HAADF intensity compared with the HAADF intensity of mass balance,
the size-selected Auogz3 prepared in the magnetron sputtering source. Related
parameters, matrix condensation support, 1000 mesh copper grid; matrix
temperature, 9K; condensation time, 200s; metal concentration, 2.8%; Ar gas
dosing pressure, 6E-8mbar; matrix thickness, ~85nm; incident ion beam current

on matrix, 50pA; deposition time, 120s.

6.4 Measurement of charge fractions

% e0® matrix

T em e
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clusters

Figure 6.16 (a) Schematic diagram of the dedicated sample holder for charge

clusters

fraction measurement. It consists of three columns which are electrical isolated
from each other by PTFE rings enabling the application of different bias voltages:
positive, negative and ground. An aperture is mounted in front of these three

columns and the aperture is grounded to screen the electrical field generated on
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the column. (b) Photograph of the sample holder installed in the MACS 1
apparatus. (c-d) Schematic diagram showing the charge fraction measurement in

both transmission and reflection mode.

The charge fraction of clusters is measured with the help of a dedicated sample
holder. As shown in Figure 6.16(a-d), the sample holder consists of three
columns which are electrical isolated from each other by PTFE rings enabling the
application of different bias voltages: positive, negative and ground. An aperture
is mounted in front of these three columns and the aperture is grounded to
screen the electrical field generated on the column. Therefore, it is electrical field
free between the aperture and the matrix, while there is retarding field between
the columns and the aperture. TEM grids are mounted on every column to collect
clusters produced from the matrix. The charge fraction of clusters is determined
by measuring the difference on cluster densities on each biased column,
grounded, positive and negative. To verify the retarding field between the
aperture and columns, the sample holder is placed in front of the Ar ion gun and
Ar beam current using the same beam energy (1keV) measured on the column is
plotted as a function of retarding voltages in Figure 6.17. The Ar beam current
was measured at three different conditions: first with aperture and a copper
mesh over the aperture (blue), then with aperture but no mesh (green) and
finally without an aperture (red). As shown in the plot, the electrical field is well
screened when the aperture is on as the current remains relatively stable when
the column is negatively biased, such that it does not attract more Ar ions. There
is very slight difference with or without the mesh. The retarding field between

the column and aperture also works well, as the high energy Ar ion beam can be
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stopped at some point around 400V. The voltage to stop Ar ion beam is actually
much less than 1000V because the column starts attracting secondary electrons

when it is positive biased.
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Figure 6.17 Current detected on the dedicated sample holder as a function of
retarding voltage for the following configurations: with aperture and mesh over
aperture (blue), with aperture only (green) and without aperture (red). The

incident ion beam is Ar ions with energy of 1keV.

The charge fraction measurement obtained from both transmission and
reflection modes using different experimental parameters are summarized in the
Table 6.1, 6.2 and 6.3. Table 6.1 shows the charge fractions of clusters produced
in transmission mode as a function of matrix thickness. Table 6.2 is the charge
fraction results of clusters produced in reflection mode as a function of matrix
thickness. Table 6.3 is the charge fraction of clusters production in reflection
mode as a function of incident beam angle. The average cluster density on each

sample was obtained by measuring over 25 images to reduce the statistical error.
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The charge fraction (Rpos and Rueg) of clusters is determined by comparing the

average number of clusters on the grounded column and biased columns using

the equations:

Ny — N,
Rpgs: ONneg

0

Ny — N,
Rneg: ON pos

0

where the Ny, Npos and Npey are the average numbers of clusters on grounded,

positive biased and negative biased columns.

Matrix Cluster density (x10*/um?) Charge fractions (%)
thi(ckn;zss 0 bias +50V bias | -50V bias Positive Negative
nm
85 1.5+0.3 1.6+0.32 1.6+0.31 n/a n/a
170 1.4+0.3 1.4+0.3 1.4+0.3 n/a n/a
255 0.86+0.2 0.78+0.15 0.8+0.16 9.3 6.9
425 0.62+0.1 0.56+0.1 0.58+0.11 9.6 6.4

Table 6.1 The charge fractions of clusters produced in transmission mode as a
function of matrix thickness. Related parameters, matrix condensation support,
1000 mesh copper grid; matrix temperature, 9K; metal concentration 1.1%; Ar
gas dosing pressure, 6E-8mbar; incident ion beam current on matrix, 50uA;

beam energy, 1keV; deposition time, 120s.

Matrix Cluster density (x10*/um?) Charge fractions (%)
thi(ckn;zss 0 bias +50V bias | -50V bias Positive Negative

nm

85 2.1+x0.4 1.9+0.4 1.8+0.4 12 15
128 2+0.4 1.7+0.3 1.7+0.3 13 15
170 2+0.4 1.8+0.4 1.8+0.4 14 11
255 1.5+0.3 1.3+0.3 1.3+0.3 13 11
425 1.2+0.2 1+0.2 1+0.2 15 13

Table 6.2 The charge fraction results of clusters produced in reflection mode as a

function of matrix thickness. elated parameters, matrix condensation support,
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copper plate; matrix temperature, 9K; metal concentration 1.1%; Ar gas dosing
pressure, 6E-8mbar; incident ion beam current on matrix, 50pA; beam energy,

1keV; deposition time, 120s; sputtering angle 40°.

Sputtering Cluster density (x10*/um?) Charge fractions (%)
angle (°) 0 bias +50V bias | -50V bias Positive Negative
10 1.3+0.3 1.2+0.2 1.2+0.2 14 12
20 1.8+0.4 1.5+0.3 1.6+0.3 14 11
30 1.9+0.4 1.7+0.3 1.7+0.3 12 14
40 2.7+0.5 12.3+0.4 2.4+0.5 16 13

Table 6.3 The charge fraction of clusters production in reflection mode as a
function of incident beam angle. Related parameters, matrix condensation
support, copper plate; matrix temperature, 9K; metal concentration 1.1%; Ar gas
dosing pressure, 6E-8mbar; matrix condensation time, 200s; matrix thickness,
85nm; incident ion beam current on matrix, 50pA; beam energy, 1lkeV;

deposition time, 120.

As shown in the tables, the charge fractions of both positive and negative clusters
produced in transmission mode is limited to less than 10% across the parameter
space. However, in the reflection mode, charge fraction is sustained to around
15% for both positive and negative across all different thickness and incident
angles. There are possibly two explanations. Firstly the transmission mode here
is actually reflection involves at the micrometer scale, that the windows of the
holey membrane are not closed and clusters are produced by Ar ions grazing the
matrix or sputtering at very low angle. Therefore the energy transfer from
incident ions to the clusters in transmission mode is much less than that in the

reflection mode where ions are actually hitting the matrix at relatively large
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angle [28-30], resulting in less ionization. Another possibility is the Ar matrix is
not a good electrical conductor and it might be charged during the Ar ion beam
sputtering. Clusters produced in the transmission mode are formed inside the
micro-channels and are travelling through the channel before landing onto the
substrate. If the matrix is charged but not uniformly charged, an electrical field
will be created inside those channels which may deflect and stop the charged
clusters flying out. While in the reflection mode there is no such obstruction after

clusters are released out of the matrix [31-32].

6.5 Mass spectroscopy of clusters produced in the MACS

6.5.1 Experiment setup

The lateral time-of-flight mass filter is attached to the MACS 1 in order to acquire
mass spectra as shown in Figure 6.18. The clusters are produced in the reflection
mode as the charge fraction is higher than that of the transmission mode. A set of
ion optic lenses with an XY deflector are built in between the cluster generation
chamber and the mass filter to extract and focus clusters through. The
orientation of the matrix is 45 degree from the incident beam direction. In order
to prevent the ion optic lenses shorting from the vaporized metal, a metal case
has been designed to protect the lenses as well as screen the electrical field

around the outside of the ion optic lenses.
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Figure 6.18 Schematic diagram of MACS 1 experimental apparatus equipped with
lateral time-of-flight mass filter for mass spectra measurement. lon optic lenses

are built in between to extract and focus cluster ions into mass filter.

6.5.2 SIMION simulation

As the matrix facing an angle to the axis of the ion optic lenses, the trajectory of
cluster beam is simulated in the SIMION 8.1 to make sure it can be focused into
mass filter through the ion optics, as well as to obtain the optimal voltage
settings on each lens element for different cluster sizes. In the simulations,
clusters produced out of the matrix are given random directions with initial

energy spread between 1-50eV and the cluster size distributions between 1-100,
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500-1500 and 3000-5000 Ag atoms are tested. The simulated trajectories of
clusters with different size distributions are shown in Figure 6.19. The optimal

voltage settings for each lens element with different cluster sizes are listed in

Table 6.4.

Ag clusters 1-100 atoms

Ag clusters 500-1500 atoms

Ag clusters 3000-5000 atoms

Figure 6.19 Simulated trajectories of the cluster ion beam for clusters with

different size distributions.

Cluster size Lens1 Lens2 Lens3 (XY lens) Lens4
1-100 atoms 800V 600V 200V 800V
500-1500 atoms 1500V 850V 440V 800V
3000-5000 atoms 2200V 1500V 500V 800V

Table 6.4 The optimal voltage settings for each lens at different cluster size

distributions obtained from simulations.
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6.5.3 Mass spectra

Figure 6.20 shows the mass spectra when sputtering the bare matrix
condensation support at room temperature. Two peaks are detected at 65amu
and 108amu respectively, which belongs to residual Cu and Ag atoms as the
matrix condensation grid is made of copper and some silver is left on the surface
from the evaporation. The copper and silver ions are generated by the high
energy ion beam bombardment. No peaks of clusters are detected as there is no

matrix formed on the grid.
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Figure 6.20 Mass spectra of sputtering the matrix condensation grid at room
temperature. Two peaks detected at 65 amu and 108 amu respectively belong to
copper and silver atoms as the matrix condensation grid is made of copper and
some silver is left on the surface from the evaporation. The incident Ar ion beam
current on the matrix support is about 30puA with beam energy of 1keV. The

matrix support is grounded.
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Figure 6.21 The mass spectra of Ag clusters produced with different metal
concentration (from 1% to 4%) in the matrix. Clusters are produced in reflection
mode. The matrix is pre-condensed for Smins at Ar gas dosing pressure of 8E-
6mbar before ion beam sputtering. The incident Ar ion beam current on the
matrix is kept at 30pA for metal concentration between 1% and 1.5% (a-c) then

is switched to a higher current 50~60pA for the heavier metal loadings from
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2.1% to 4% (d-g) to get a better signal. The beam energy is kept at 1keV and

matrix support is grounded.

The mass spectra of Ag clusters produced with different metal concentration
(from 1% to 4%) in the matrix are shown in Figure 6.21. The size ranges of
clusters detected at different metal concentrations are also marked in the mass
spectra. The mass spectra measurement of the clusters directly demonstrates the
proof-of-principle of the MACS technology. The variations in the mass spectra
such as cluster size, size distribution and flux at different metal concentration
are also consistent with the STEM results discussed previously. Please be aware
the peaks observed in all the mass spectra shown above are not referring to the
magic numbers. Instead they are more likely the fluctuations due to the unstable

incident ion beam current or charging and discharging of the matrix.

6.6 Summary

In this chapter, the design and operation of a new experimental setup of the
MACS system, the MACS 1, to scale up the cluster production rate has been
discussed. The MACS allows further exploration of the effects of different
experimental parameters on cluster size and flux. The cluster flux we have
achieved in the MACS 1 is equivalent to nearly 100nA of Ag clusters produced
from the 1-inch by 1-inch matrix in transmission mode. The effects of metal
concentration in the matrix, incident beam energy and deposition time on both
Ag and Au cluster size and flux have been investigated. The charge fractions of

the clusters are also studied, with charged fractions of <10% and <15% for
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transmission and reflection mode, respectively. Mass spectra are obtained from
the charged clusters using lateral time-of-flight mass selector, further confirming

the cluster production and size control in the MACS.
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Chapter 7 Conclusions and Outlook

In this thesis, we have presented work exploring size dependent propagation of
size selected Au nanoclusters through few layer graphene; atomic structure
control of size selected Au nanoclusters during formation and the principle
demonstration and development of the new technology, the matrix assemble
cluster source (MACS). In this chapter, we summarize the conclusions from the

work and raise revealed opportunities and challenges for the future.

Size dependent propagation

The work presented in Chapter 4.1 exploring the size dependent propagation of
size selected Au nanoclusters through few layer graphene. Results show the Auss
nanoclusters penetrate through the FLG while the Aug23 nanoclusters, with same
deposition energy, remain on the surface. This work has demonstrated the
utilization of nanoclusters to control the properties of grahene-based materials
or novel membranes through mechanisms of defects generation or dopants of

nanoclusters. It would be interesting to investigate the applications of the
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nanostructured membrane decorated by clusters, for example as filters for

selective permeations.

Atomic structure control

In this work, we have combined the HAADF STEM imaging technique with multi-
slice simulation to determine the structures of size-selected Auoz3 clusters as a
function of magnetron power and condensation length. Results have
demonstrated that the structure of clusters is a function of the formation
parameters. Significantly, one can eliminate icosahedral isomers in Augz3 with a
specific set of parameters. This approach offers opportunities to explore the
properties of nanoclusters not only as a function of size but also atomic
configurations. However, in order to produce ensembles of isomerically pure
clusters, take Auogz3 as the example, the elimination of the decahedral or fcc
isomers is a necessity. Possible routines are to investigate the formation
parameters with broader range, or to add further process after the cluster

formation, such as using laser to heat up clusters in flight.

The MACS

The MACS is designed aiming to scale up the cluster production rate by ~7
orders of magnitude. The concept of the MACS technology has been introduced
in chapter 5 and the MACS demonstration system has been built to demonstrate
the proof-of-principle. Preliminary studies of effects of metal concentration and
incident beam energy on cluster production have been presented. We have also
reported the progress on scaling-up the production rate by using powerful ion

source and high-density matrix support.
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The technical development and more systematical investigation of the MACS
were presented in Chapter 6. The cluster flux with the upgraded MACS 1 has
been improved to equivalent to nearly 100nA. Effects of different parameters
such as metal concentration, incident beam energy, matrix temperature on
cluster production were studied intensively. The charge fractions of the clusters
were also studied and mass spectra measurement was achieved from the
positively charged clusters using the lateral time-of-flight mass selector, further

confirming the cluster production and size control in the MACS.
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Figure 7.1 Schematic diagram of MACS 1.2. In MACS 1.2 clusters are produced in
reflection mode. The neutral clusters are deposited onto powders for catalyst
studies and the positively charged portion are used for mass spectra

measurement to monitor the size.
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One of the biggest future challenges for the MACS is to understand the cluster
formation mechanism. Although we are able to produce clusters using the MACS
method, the mechanisms behind their formation still incompletely understood.
Simulation work is in progress (by Dr. L. Xu) to reveal what is happening in the
matrix during the Ar ions sputtering. The simulation results show that clusters
can be preformed in the matrix and the size of clusters remaining in the matrix
increases with the number of ions, which have bombarded the matrix. Other
challenges are technical issues in scaling up the production rate such as efficient
cooling, pre-cooling of the matrix gas, matrix replenishment, high flux ion beam

management and how to recycle metals which all require future investigations.

In short time, the next step of the MACS project is to upgrade the MACS 1 to
MACS 1.2. The schematic diagram of the MACS 1.2 is shown in Figure 7.1.
Clusters are produced in reflection mode in MACS 1.2. An ion source with 4mA
output current will be adopted. Based on the efficiency of 1%, by efficiency we
mean the number of clusters produced per argon ion incident on matrix from
which a cluster beam can be formed, we are aiming for 40pA cluster production
rate equivalent to ~10 milligram materials produced per hour. We have already
achieved over 10pA cluster production rate over 1 hour in recent experiments,
measured by QCM. According to the charge ratio results, the neutral clusters
(more than 70%) will be used to deposit onto a powder deposition system for
catalyst applications, where the positively charged clusters (less than 15%) will
be used to monitor the size of produced clusters in real time using the lateral
time-of-flight mass filter. The delivery time for MACS 1.2 will be this year. The

plan to build super abundant cluster source, the MACS 3, is also around the
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corner. In MACS 3, an ion source (from microsystem) with beam current of
800mA will be applied. In principle, we are able to produce at least 1mA cluster
beam equivalent to grams of materials per hour using MACS 3, based on the
obtained efficiency. Other plans on the MACS are testing another matrix gas e.g.
using CO; to replace Ar to save the cooling power and using laser instead Ar ions

to ablate the matrix.
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