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Abstract

This thesis focuses on the development of the Matrix Assembly Cluster Source
(MACS). There are two major strands to this, the investigation of nanoclusters
produced via matrix assembly, and the monitoring of the matrix, during this pro-
cess. All of the results presented here have been underpinned by the development
of new apparatus by the author. The Nanoscale Physics Research Laboratory at
Birmingham University is already well known for its fundamental cluster research
and the applications of size-selected clusters. The work here represents a significant
thrust towards the scaling up of cluster production to small batch industrial work
(i.e. grams of clusters per day). More specifically, the thesis describes scaling up
production of the original, transmission mode MACS instrument. This has involved
the integration of a Time-Of-Flight (TOF) mass filter, including the development
of control software. The transmission mode MACS source has achieved a silver
nanocluster production rate equivalent to a cluster beam current of 100 nA (pre-
viously several nA). Furthermore, an intrinsic size control of the process has been
demonstrated in the 1-5 nm range for silver by varying the silver concentration in
the matrix.

Furthermore, the matrix assembly technology has been extended to the reflec-
tion regime, demonstrating the ability to produce nanoclusters using a planar matrix
support surface. Not only does this represent a simpler method for production, but
a higher practical conversion rate of incident ions to clusters is achieved, ~1 %
compared with ~0.03 % in transmission. The effect of the beam plate geometry is
investigated, establishing the optimum incident sputtering and collection angles for
cluster production. Based on this proof of principle study, a new high deposition

area (~400 cm?) reflection mode system (MACS2) has been designed, commissioned



and demonstrated, producing a maximum usable equivalent silver cluster beam cur-
rent of 170+£16 nA (averaged over 4.5 minutes). An average equivalent current of
40 nA has been deposited for a sustained period (45 minutes), without matrix re-
plenishment. The utility of the produced nanoclusters has been demonstrated in a
proof of principle biochip study. Patterned nanocluster arrays have been deposited
on glass slides using deposition masks. These are then drop cast with florescent dye.
The dye demonstrates preferential immobilization on the cluster-coated regions, the
primary step towards label-free cluster-based biochips. The MACS?2 is capable of
depositing a batch of 21 glass slides coated for bio-chips in one hour.

Finally, ion-induced light emission from the matrix has been studied, a by-
product of nanocluster production. A simple optical measurement setup has been
developed to measure the visible range light emission. Visible range optical mea-
surements demonstrate significant change in the ion-induced light emission spectra
with the addition of O, Ny, or Ag to the pure argon matrix. Concentrations as
low as 0.1% are readily detectable. These measurements demonstrate that, by care-
ful analysis of emission spectra, the thickness, composition and, in certain cases,

molecular composition of the matrix can be accessed.
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Chapter 1

Overview and Background

Nanoclusters have attracted a huge amount of attention since the pioneering work
of the 1980s. Since the early demonstrations of how matter is arranged down to
the atomic level, and the new properties this yields, significant attention has been
paid both to the fundamental understanding of clusters and the production of new
materials with new and more attractive properties.!™® This work has been enabled by
10-15

the development of a new range of instruments both to produce and characterise

these nanoscale objects.

1.1 Challenges

Over the past thirty years, significant progress has been made in understanding
the behaviour and properties of nanoclusters.!®2* Several key challenges remain in
order to convert the fundamental knowledge into impactful applications. Nanopar-
ticles have gained a significant amount of traction, with more than 1800 consumer
products containing nanomaterials,?> many of which are nanoparticles. The use of
precise nanoclusters, however, is very limited. Small nanoclusters have been shown

326730 often using a fraction of the material

to provide highly desirable properties,
normally required. A significant barrier to commercial usage is the inability to pro-

duce large quantities of precise nanoclusters, with specific elemental composition.



For example, size-selected cluster sources, which utilise mass filtering of the cluster
beam, produce around 0.1-1 nA of clusters, which equates to around 1 ug of clus-
ters per hour (dependent on cluster size and material). Even for small-batch, fine
chemical production or pharmaceuticals, grams or kilograms of catalyst are often
required (0.01-10 g of clusters). Furthermore, characterisation of small particles (<5

nm) has proved difficult and time-consuming.

1.2 Thesis Overview

This thesis reports the development of the novel Matrix Assembly Cluster Source
(MACS) and investigates the production and deposition of nanoclusters by this
unique method. This new technique demonstrates the ability to produce size-
controlled nanoclusters in a scalable way. The MACS production method has been
investigated in two different modes (geometries): transmission and reflection. The
results presented encompasses work carried out on three different Matrix Assembly
Cluster Source (MACS) systems. The first is a transmission mode MACS which has
been upgraded (chapter 3). The second is a proof of principle reflection mode MACS
which is based on the modification of a HREELS preparation chamber (chapter 4),
this chamber has also been used for experiments into the light emission of argon ma-
trices under ion bombardment in relation to the transmission mode MACS (chapter
6). The final system is a custom built MACS operating in reflection mode (5).
Chapter 2 provides a context for the work presented in the thesis, giving an
overview of state of the art cluster beam technologies, their modes of operation
and typical cluster production capabilities. Developments in the burgeoning area
of high flux cluster sources are also reported. Finally, two potential impact areas
for cluster beam technology are considered. Although there is a myriad of possible
applications linked with nanoclusters, the main foci of this section are catalysis and

biotechnology, which provide two obvious fields of application for precisely controlled



nanoclusters.

The development of a high flux, transmission geometry MACS is described in
chapter 3. The system is designed and built to provide a greater cluster flux com-
pared with the demonstrator prototype and permits systematic investigation of the
parameters affecting cluster production. The system is enhanced with the inte-
gration of a lateral Time-Of-Flight (TOF) mass filter for real-time analysis of the
charged nanocluster fraction of the cluster beam. This is further augmented with
full computer control of the TOF mass filter, ion optic lenses, and current, voltage
and ion dose measurements.

The two results chapters, 4 and 5 report the proof of principle of a MACS run-
ning in reflection geometry, and the development of a system demonstrating high
flux and sustained, large area deposition from reflection mode. Several key param-
eters are measured: dependence of cluster production on incident ion trajectory,
the optimal nanocluster ejection angle and the conversion efficiency of ions to nan-
oclusters. The new source showcases high flux production on large area samples for
extended periods. In-situ cluster production rate measurements are demonstrated
by the use of a quartz crystal microbalance (QCM). Patterned nanocluster arrays
have been produced on glass slides by masked deposition. Drop cast fluorescent
dye is shown to be preferentially immobilised on cluster-coated areas after washing.
This represents the first step towards the development of a label-free biochip device.

Chapter 6 presents the measurements of the visible wavelength ion-induced light
emission, a by-product of the cluster production in the MACS using a simple optical
metrology setup is described, that enables the investigation of the composition and
state of the matrix based on the analysis of the ion-induced luminescence during
cluster production. The effects of matrix thickness, composition and ion dose on light
emission are measured. Features relating to argon, silver, nitrogen and oxygen have
been identified (in both their molecular and radical forms). In principle, changes

in the matrix thickness and composition can be detected by careful analysis and



calibration of the light emission during ion beam bombardment of the matrix.

Throughout the thesis the matrix parameters are given in terms of thickness
and concentration an explanation of how these values are calculated based on the
measured gas pressure and metal deposition rate is given in appendix A. The prin-
ciple method of measurement has been aberration corrected High Angle Annular
Dark Field (HAADF) STEM, the the nanoparticle density can be measured directly
from images. The measurement of cluster size in atoms is done by comparison of
integrated HAADF intensities. This method is explained in appendix B.

The remainder of this chapter gives a brief introduction into nanocluster science

and technology.

1.3 Background

The use of nanoparticles dates back to antiquity with examples like the Lycur-
gus cup, whose stained glass has stood the test of time;3'32 however, the study
and understanding of the subject came much later. It is generally agreed that the
underlying concepts of nanotechnology began to develop after Richard Feynman’s
famous lecture ” There’s Plenty of Room at the Bottom” in 1959. The field of cluster
science can be dated to the 1980s with the discovery of "magic number” clusters in
alkali metals.” At the same time, another significant breakthrough was made with
the discovery of fullerenes in 1982.3% These two major discoveries, mixed with the
developing theory of nanoclusters, drew a large amount of scientific interest.?*3
The timing of these discoveries coincided with new methods of making atomic reso-
lution measurements. Instruments like the STM (Scanning Tunnelling Microscope)
were invented in the early 1980s, and the high resolution Transmission Electron
Microscope (TEM),%42 which was improved repeatedly between the 1950s and the

1970s meant that it was possible to directly image nanoclusters in great detail for

the first time.



To give a clearer picture of this subject, a cluster, or nanocluster, is defined
as an aggregation of ~2-200,000 atoms, which puts an upper limit of ~19 nm on
the cluster diameter (assuming a spherical shape). For the purposes of this thesis,
the term cluster and nanocluster will be used interchangeably and refer to this size
range. Larger particles (>10 nm in diameter) will be referred to as nanoparticles.
Understanding the science behind matter that is bridging the gap between atomic
and bulk properties is of great intrinsic interest (and is a topic that is not yet fully
explored).®® The initial investigation was led by gas phase studies.**® Several key
discoveries of highly desirable properties of clusters on surfaces, however, led to a
second boom in the field of clusters.""®4? For example, Haruta demonstrated that
gold could be highly catalytically active in nanocluster form.*

The reason for the observed change in properties of nanoclusters is twofold.
Firstly, there is a significantly increased surface area to bulk ratio, permitting much
greater interaction with the surrounding matter, per mass of material. It is worth
noting that not only is the amount of surface area changed, but also the form of it,
i.e. the number and type of edge, corner or low coordination sites will be changed.
These are usually considered to be highly active sites.’®®! Based on the nanocluster
geometry (structure), more or new types of site can be introduced leading to new
properties. Secondly, as the size of the particle is shrunk, the electronic band struc-

ture observed in bulk materials changes towards a discrete energy level system.??



The number of publications published per annum, relating to nanoclusters,
cluster-ions or cluster-beams, is presented in Figure 1.1. This shows the number
of related publications per year starting from the 1970s up to the present day and

gives an indication of the growth of the field.
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Figure 1.1: The bar chart above shows the number of publications containing the
keywords nanocluster, cluster-ion or cluster-beam. The number of publications
starts to grow from the early 1980s and increases dramatically in the 1990s. Data
is provided by Thomas Reuters, web of science core collection.

These new properties were seen as particularly exciting, potentially ushering in
a new era for tuning and optimising material properties, with size acting as a third
dimension of the periodic table in terms of material properties.>® However, this
potential impact has not been fully realised, with difficulties arising in the stability,
consistency and production of large quantities of highly defined and characterised
nanoclusters. This has generally restricted applications to the larger nanoparti-
cles, which mostly possess linearly scaling "modified bulk” properties. More readily
available nanoparticles have still found many uses, for example sun cream, catalytic

25,5151 These are generally produced by wet chemical

converters and dental resins.
synthesis.’>% The clusters are often formed by reducing a salt to form clusters in
the presence of a capping ligand or surfactant. The ligands attaching to the clus-

ter prevent its continued aggregation. As such, the ligand concentration provides a

level of control over the particle size. Wet chemical methods have been improved



significantly over the last few decades;?” however, the production and extraction of

bare, small-size controlled particles remain an open challenge.



Chapter 2

Review of Cluster Sources and

Applications

To establish a context for the work presented in later chapters, this chapter reviews
cluster beam technology and examines two of the most attractive fields of application

for MACS-produced clusters, i.e. catalysis and biotechnology.

2.1 Cluster Sources

This thesis is concerned with the development of a new type of cluster source, MACS.
Prior to discussing the development of the source, it is important to survey existing
technologies for cluster production in order to assess the potential impact of this new
technology. A wide range of cluster sources have been developed to investigate the
different aspects of nanocluster science. There has been a strong demand not only to
produce nanoclusters but to produce them from different materials, with increasing
control over shape, size and composition. As this thesis focuses on the production
of metal clusters via MACS, the production of metal clusters using various cluster
sources is examined here. In general, cluster science researchers have favoured the
production of nanoclusters through cluster-beam methods, as they provide pristine

(i.e. ligand-free) and well-defined clusters with a high degree of monodispersity.



Cluster-beam sources nearly all form clusters in the gas phase from the vaporised
cluster material. Essentially, three stages are present in each source: vaporisation of
material, nucleation of clusters and growth of clusters. Within each source a wide
range of parameters (e.g. material, geometry, flow rates, pressure etc.) contributes
to the exact attributes of the clusters produced (size, quantity etc.). The following
section describes the general operation and characteristics of different types of cluster

sources.

2.1.1 Thermal-Seeded Supersonic Expansion Source

Thermal-Seeded supersonic sources consist of a large crucible or "oven” over which
a high pressure (several atm) of inert carrier gas is flowed (e.g. He). The carrier gas
and metal vapour mixture pass out of the crucible chamber via a pinhole nozzle,
undergoing supersonic expansion. Figure 2.1 gives an example of a typical thermal
seeded supersonic expansion source. The large crucible is used for two reasons:
firstly, a high metal vapour density is needed to reach supersaturation.®®® Secondly,
the metal evaporant has low directionality and a small interaction cross section.
Therefore, high densities are required to provide adequate material out of the source.
As a result, significant amounts of material are deposited on the chamber walls and

a large feedstock is necessary to avoid frequent venting.
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Figure 2.1: Schematic of an oven-type seeded supersonic expansion cluster source.
The large surface area of liquid metal exposes a high vapour pressure of metal
(several mbar) to the carrier gas (several atm). This is adiabatically expanded
through the nozzle to condense clusters. This schematic was reproduced from [59].



Prior to expansion, small metal clusters are formed through three body collisions
between two hot metal atoms and a single colder gas atom. The resulting gas-metal
mixture undergoes adiabatic expansion, as it passes through the nozzle, cooling to
form a supersaturated vapour, which then condenses further.®® After formation,
nanoclusters continue to grow through collisions; however, due to the high temper-
ature of the source it is difficult to stabilise large clusters (e.g. great than a few
hundred atoms) as they grow.
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Figure 2.2: Panel a) shows a mass spectrum of large Na clusters produced by seeded
supersonic expansion. b) shows the mass spectra of sodium clusters produced using
different masses of carrier gases. As the mass increases so to does the resulting mean
cluster size. These graphs are reproduced from [61,62].

Figure 2.2 a) shows a mass spectrum of sodium clusters produced by a thermal-
seeded supersonic source, demonstrating the production of large particles by this
method (normally limited to <200 atoms®®). The peak size is 344 atoms, produced
with a mass resolution of ~0.6 (Peak size over FWHM). Figure 2.2 b) illustrates the
effect of carrier gas mass on the cluster size produced. As the mass of the carrier
gas increases, larger clusters are formed, due to improved cooling, entrainment and
slowing of the metal diffusion. As the entire source is heated, evaporation is limited

to lower temperature materials with a maximum melting point of around 1300 K.
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The main advantage with this type of source is the capability of producing very
high neutral nanocluster yields, in the best cases of the order 10'8-10 atoms per

second.5® 63

2.1.2 Liquid Metal Ion Source

The principle of the liquid metal ion source is relatively simple: a metal is liquefied
and applied to a sharp heated tip. A large voltage (few keV) is applied between
the tip and a counter electrode. As the metal proceeds along the tip, the tip nar-
rows increasing the charge density. At a critical point the charge density will be
sufficiently high to cause the metal to spray off, similar to electron field emission.
This was seen as a possible source for high production as the main limiting step
is producing a liquid metal reservoir (multiple tips could even be used if required).
The source would even provide ionised particles owing to the ejection method from
the tip, significantly removing losses due to ionisation efficiency. An example of such

a source is given in Figure 2.3.

HEATER —\
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Figure 2.3: Schematic of a liquid metal ion source, reproduced from [64].

Unfortunately, there are several limitations of the nanoclusters produced by this
source. Firstly, they have a wide energy spread, due to the formation mechanism,%*
which leads to relatively low resolution mass spectra. Furthermore, the nanoclusters

contain very high internal energy, which in the absence of a cooling medium, strongly

inhibits the growth of the nanoclusters. The source, however, is an efficient way of

11



producing low melting point metal ions (singly and multiply charged).5% 56

2.1.3 Laser Ablation Source

The laser ablation cluster source is somewhat of a hybrid between the gas aggre-
gation source and seeded supersonic source. First developed at the Smalley lab, it
employs a laser to vaporise cluster material, which is subsequently expanded through
a supersonic nozzle.%” A schematic of a typical laser ablation cluster source set-up
is shown in Figure 2.4. The cluster material feedstock is usually a rod (although
almost any shape can be used in principle). This is usually rotatable and trans-
latable, allowing even ablation of the surface. The source material is vaporised by
high-power focused laser pulses. This gives great flexibility in cluster material that
can be utilised (including semiconductors, refractory metals, etc.). The hot ablated
atoms are then subjected to a pulse of cooling carrier gas, promoting nucleation and
cluster growth. The mixed gas then expands through a supersonic expansion nozzle

(continuous expansion has also been demonstrated).%

Nd:YAG vaporization laser

L — E—

focusing lens

sample rod holder

S

General Valve

growth channel skimmer
- = /
— to detection

rotating rod sample

Figure 2.4: Schematic of a laser ablation cluster source, reproduced from [69]

The peak size produced from laser ablation is similar to that of seeded supersonic
expansion in most cases (i.e up to a few hundreds of atoms). The caveat is that, as

only a small volume is heated, the cooled carrier gas can therefore effectively cool the

12



sputtered material prior to expansion. As such, larger clusters can be stabilised in
principle. The extent of this aggregation is limited due to system geometry. Figure
2.5 shows a mass spectrum of niobium clusters produced by laser ablation. Sizes

up to about 1000 atoms are achieved, with a mass resolution of 0.5 (peak size over

FWHM).

b~ ter Siz
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Figure 2.5: Mass spectrum of photoionised Niobium clusters produced by laser
ablation with a Nd:YAG laser. The peak cluster size is about 130 atoms. This
figure is reproduced from [70].

The most significant advantage of this type of source is the range of materials that
can be vaporised to form clusters. Complex formations of clusters can be produced
by the use of alloy targets or the careful introduction of additives.”"" ™ The average
flux is generally somewhat lower than gas aggregation and thermal seeded sources
due to the pulsing of the laser and loss of nanoclusters in the narrow extraction

channel.
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2.1.4 Pulsed Arc Discharge Source

Pulse arc discharge works in a very similar way to that of laser vaporisation. Es-
sentially, the laser is replaced with an electrical arc source. An example of such a
source is shown in Figure 2.6, where the laser entrance is replaced with a second
electrode. A bias is applied between the two to create a discharge (up to tens of
kV).

- Electrode

\%

Extender

7

He
15 bar

'::i::T \\ 7

Ceramic

7

%

‘\4 Electrode

Figure 2.6: Schematic of a Pulsed Arc Ionisation Cluster Source (PAICS), repro-
duced from [60].

PAICS can discharge more material and permits a faster pulse rate than most
lasers (>100 Hz). There are some sacrifices for the improvement in yield. Firstly, the
discharge is less consistent in terms of yield, pulse energy and duration. Although
not quite as refined as the laser ablation source, high production rates are achievable

(deposition rates of up to 2 A per pulse)™ 7

and the ionisation yield is higher (~ 10
%). An example of a mass spectrum from a pulsed arc cluster source is shown in
figure 2.7, giving a peak size and mass resolution of 7 atoms and 0.4 respectively.
A significant advantage of the PAICS is the low set-up cost, not requiring a pulsed
laser, magnetron, etc.

Both arc and laser ablation methods have been employed in liquids, demonstrat-

ing production of large quantities of clusters. The liquid forms a highly effective
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Figure 2.7: An example of Aluminium clusters produced by pulsed arc discharge
and using a liquid nitrogen cooled carrier gas. This mass spectrum is reproduced
from [75].

cooling medium and allow increased capture of the discharged material.”®™® The

size control, however, is reduced compared to other physical methods described here.

2.1.5 Magnetron Sputtering Gas Aggregation Source

Gas aggregation sources use a vaporisation source to supply cluster material (e.g
Knudsen cell, filament, magnetron sputter head). Lower metal vapour pressures
are achieved compared with oven type sources; however, the chamber and carrier
gas can be cooled (e.g. by liquid nitrogen). This cooled carrier gas is mixed with
metal vapour (mbar range) and passes through an expansion nozzle. Dimer clusters
are formed in three body collisions, which then subsequently aggregate by adatom-
cluster or cluster-cluster collisions.%% 8! Growth essentially stops after expansion
through the nozzle due to the lower pressure.

An example of an aggregation cluster source is shown in figure 2.8. In this
case, a magnetron is used as the vaporisation source. The magnetron provides the
additional advantage of being able to evaporate a wide range of materials (using
RF and DC modes). Alloy targets and dual magnetron systems provide a route to

produce more complex and exotic particles.®2% The magnetron source has another
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intrinsic advantage, in that ~30% of the clusters produced are charged due to the

plasma.®6

diffusion pump

turbomolecular pump diffusion pump 700157
1500157 24001 57!

Figure 2.8: Schematic of the magnetron sputtering gas aggregation source at NPRL.
Section I shows the source including the magnetron, condensation chamber and
expansion nozzle. Sections II and III show the skimmer, ion optics and TOF mass-
filter, respectively. This illustration is adapted from [87].

The size distributions of binary clusters produced using a dual magnetron source
is shown in figure 2.9. For Pd-Sn clusters, the cluster size obtained peaks at ~6x10°
amu, showing that this method results in the generation of significantly larger clus-
ters than the previously described sources. The mass resolution in this case is 0.7
(peak size over FWHM). Although gas-phase cluster formation is a complex process,
significant insight can be gained by the application of classic nucleation theory. To
form a liquid droplet from the gas phase, a critical radius is required such that it
can grow rather than evaporate. This radius derives from the Gibbs free energy of

the droplet,®

AG = 4T — 422 | Tin L

where r is the droplet radius, I' the surface tension, V the volume of an atom, & is
the Boltzmann constant, and T the temperature. P, and P, denote the vapour and
saturation pressure at Temperature T, respectively. The maximum of this equation

is found when the differential of AG with respect to r is zero, i.e.

2VD

r= KTln%
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Figure 2.9: The mass spectra of binary Pd/Sn and Pd/Ti clusters produced from
a dual magnetron gas aggregation system are shown in a). For Pd/Sn, a peak size
of about 6x10° amu is observed with a mass resolution of 0.7. b) Illustration of
the effect of the argon carrier gas temperature on the size of clusters produced and
total amount of atoms deposited. The values are based on AFM measurements of
deposited clusters. These graphs have been reproduced from [84,88].

This is known as the critical radius. Anything larger will sustain growth, whereas
anything smaller will eventually decompose. Although both seeded supersonic ex-
pansion and gas aggregation can form dimers from three body collisions after passing
the critical nucleation point, the seeded source is unable to provide sufficient cooling
to stabilise larger clusters. The gas aggregation source, on the other hand, permits
the formation of large clusters (~10° atoms) through repeated collisions with cooled
carrier gas.8+87

There are several limitations of this classical model, as macroscopic surface and
volume energy contributions are considered, the fine microscopic structure of the
cluster is neglected. This significantly reduces it’s validity for small clusters (2 nm
and below) where these effects are more pronounced. Even at larger sizes quantita-
tive information is difficult to extract and care must be taken in the temperature,
size dependencies.®® Despite this several qualitative trends in cluster size for exper-
imental can be ascertained from this treatment, these are summarised in Table 2.1.
One example of the dependence of cluster size on a preparation parameter is illus-

trated in figure 2.9 b), where the chamber walls of a magnetron system are cooled
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to different temperatures and the resulting mean cluster size analysed by AFM. The
cold chamber walls pre-cool the carrier gas, allowing it to more effectively cool the
sputtered metal atoms, this results in a larger low temperature region where clus-
ters can be formed and grown, effectively creating a longer condensation length. A
recent study indicates that more than just the size can be altered by the forma-
tion parameters. The magnetron power and condensation length during formation
have also been demonstrated to alter the predominant geometrical structure of the
nanoclusters produced.”®

Table 2.1: The effect of various parameters on the size of nanoclusters produced by

gas aggregation. Increases indicate a positive correlation between the variable and
size, and reductions a negative one.

Parameter Effect on Cluster Size
Increase in Carrier Gas Pressure Increases Cluster Size
Increasing Carrier Gas Temperature Reduces Cluster Size
Increasing Carrier Gas Flow Rate Reduces Cluster Size
Increasing the Carrier Gas Mass Increases Cluster Size
Increasing Metal Concentration Increases Cluster Size
Increasing Aggregation Region Length | Increases Cluster Sizes

An overview of some of the main cluster sources has been provided in the previous
section. Table 2.2 summarises the characteristics of these sources. This review
demonstrates the wide range of different properties available. For a new source to
be viable it must either exceed the current technology in some capacity or target a
new niche. The initial investigation of MACS (see 2.3) indicates that both a greater
flux of clusters (equivalent to a beam current in the range of mA) and size resolution
(M/AM of 1.5) could be achieved.”!

It is worth noting that in addition to cluster beam methods, a wide range of
chemical synthesis methods exists for the production of nanoparticles and nanoclus-
ters.?%9 These methods have not been discussed here as they lie outside the scope
of this work; however, the use of such methods plays a crucial role in the current pro-

duction of commercial nanoparticles, particularly for catalysis. A common method
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Table 2.2: Summary of characteristics of the cluster sources described above. In
some cases, the maximum melting point of materials that may be used with a
particular source is indicated. Source parameters depend on the precise experimen-
tal set up. Therefore, these numbers indicate approximate values under general
working conditions. Data taken from numerous sources.?® 5860,64,69,75,86,92

Source Material | Peak Size | Charged TOF Peak
(Atoms) State | Current (nA)
Seeded Supersonic <1300 K <500 Neutral 10 nA
Liquid Metal Ton Source | <1300 K < 100 Ions 10 nA
Laser Ablation Any <500 Neutral few nA
Pulsed Arc Discharge | Conductors <500 10 % Ions few nA
Gas Aggregation Any 10° 30 % ions few nA

is to start with a salt containing the desired cluster material and form a supersat-
urated salt solution.?®% This is then reduced to the cluster material and capped
with ligands to prevent continued aggregation. The size, shape and composition of
the particles produced can be controlled by varying the experimental parameters.
Generally speaking, these processes are able to produce much larger quantities of
material and require less costly equipment, making them more economically viable.
There are, however, limitations: the nanoclusters produced are capped, precise size
selection is not possible, and the processing can lead to the production of undesirable

by-products.

2.2 Magic Number Clusters

The interest and origin of cluster physics largely stems from the size-dependent
properties of clusters. A key investigation of early sources was understanding the
greater abundance of specific masses exhibited in the mass spectra of small clus-

794 This section will provide an overview of the magic number phenomenon in

ters.
TOF-measured gas phase clusters.
The increased abundance at specific cluster sizes, first observed for supersonic

expansion-produced sodium clusters, can also be observed for other alkali metals.
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The peaks are observed at N = 8, 20, 40, where N is the number of atoms, as shown
in figure 2.10 a). This phenomenon is observed for clusters of other elements, e.g.
for Ag™ peaks are observed at 9, 21 and 41 atoms. The peaks in the abundance are
consistent for elements occupying the same group number in the periodic table, in-
dicating that the abundance can be linked to the electronic structure of the element.
Further support for this observation is given by measurements of anion and cations
of the same material. A shift of two atoms is observed in the high abundance peaks
between anions and cations.?

The explanation of how the electronic structure causes the preferential formation
of specific cluster sizes can be understood using the Jellium model.>®® The model
considers that the valence electrons are a free electron gas essentially shared by the
whole cluster. These electrons are confined by the uniform spherical field of the core.
Once there are enough electrons in the cluster to form a complete shell (based on
radial quantum number and angular momentum), further electrons introduced by

additional atoms will have to fill a higher energy band. This will have an increased

configuration energy cost, lowering stability.
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Figure 2.10: a) Shows the measured abundance spectra of sodium clusters, this
demonstrates increased abundance at specific sizes. b) shows a similar phenomena
in the abundance spectra of silver clusters. These graphs have been reproduced from
[94,95].

There are, however, several discrepancies in experimental results: the fine struc-
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ture of abundance peaks between full shells do not match well to those predicted by
the Jellium model. Furthermore, at larger sizes, peak abundances with an increasing
periodicity were observed. The intermediate peaks were reconciled by the adapta-
tion of the model to include non-spherical (distortions) in the cluster shapes (i.e.
distortions to the confining spherical field) for intermediate filling (in accordance
with the Jahn-Teller theorem).”® A comparison of the formation energy predicted

by the two models is given in figure 2.11.
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Figure 2.11: A comparison of the Jellium model and Clemenger-Nilsson adaptation.
The adaptation allows non-spherical core distortions formation and therefore non-
spherical confining potential. This gives rise to a different fine structure in the
stability as a function of size predicted based on energy cost. Reproduced from [38].

However the changing periodicity observed presented a more significant chal-
lenge, which could no longer be matched to electronic shell filling. By plotting the
abundances against n'/3, i.e. volume, the period of the peaks becomes constant.
The abundance here is dictated not by the electrical shell filling but by geometric
shells.”” The peaks for geometric shell filling can become more complex, as it is pos-
sible to form several different structures from the same element requiring a different
number of atoms to fill each shell.?®

The crossover between electrical and geometrical shell filling dominance can be
seen in the spectra of sodium clusters produced by gas aggregation (see figure 2.12).

The crossover point is not defined intrinsically but depends on the experimental

parameters. Generally speaking, the geometrical effects become more pronounced
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100,101

as cluster size increases. The elevation of temperature, however, reduces this

effect as the structural binding is weakened. The geometrical shell filling abundance
has been shown to be removed completely if the energy is sufficient to melt the

clusters. 102

Counts

Number of atoms (N/3)

Figure 2.12: Mass spectra of sodium clusters, initial high abundances depend on
electronic shell filling. At larger sizes the periodicity becomes dependent on the
volume and matches geometric shell filling. Reproduced from [99].

2.3 High Flux Cluster Beam Sources

As the MACS is concerned with the increase of cluster flux towards the industrial R
& D or batch production scale, this section aims to contextualise the source within
the specific area of high flux nanocluster sources. The cluster beam sources, pre-
sented above, have demonstrated numerous improvements, not only in understand-
ing, but also in the control of size, composition (binary materials, core-shell clusters),

82,83,90,103-105 However, size-controlled cluster

deposition, purity and even structure.
production rates, remain relatively low (<10-100ug/h).86-19 TInteresting develop-

ments are taking place currently across several research groups towards attaining
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the goal of high nanocluster production rates from cluster beam sources (i.e mg to
g)-

A pioneer in this field is the Micro Plasma Cluster Source (MPCS).197110 De-
veloped in Prof. Paolo Milani’s lab, this couples micro plasma vaporisation with
supersonic expansion and aerodynamic focusing.!'* A rod of cluster material is
used as feedstock, which is sputtered in a pulsed fashion (~10 Hz) (similar to laser
ablation or PAICS). This is performed by injecting a small pulse of gas (normally
helium). As the gas reaches the rod, a bias is applied (10? V), igniting a plasma

and sputtering a localised area.
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Figure 2.13: a) Schematic of an MPCS. b) Shows the effect of discharge voltage on
material yield. Reproduced from [109].

The design of the pulsed micro plasma source is illustrated in figure 2.13 a),
alongside the dependence of material yield on bias voltage, which is shown in Fig.
2.13 b). Initially, the increase is linear but diminishing returns are observed at
higher voltages. The output can be further enhanced by careful choice of the pulse
timings. In figures 2.14 a) and b) the effect of the ratio between the delay from gas
pulse to voltage pulse (t~¢) and the gas pulse duration (t,,) is investigated. The
average size is almost an exact inverse of the yield, which is unexpected compared
with the metal concentration in gas aggregation. As such, gas dynamics must have
a significant effect on the cluster formation.

Another method of particle size control has been demonstrated by aerodynamic
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Figure 2.14: The intrinsic control over cluster size a) and yield b) produced is
demonstrated by varying the ratio between the gas and voltage pulse delay (At;_4)
and gas pulse duration (t,,). Size can also be selected aerodynamically. Carbon
films deposited from aerodynamically separated small ¢) and large d) nanoclusters
show a change in roughness and grain size indicative separation. Images have been
reproduced from [108,109].

filtering.!® Figures 2.14 c) and d) show the films made by depositing light and
heavy clusters, respectively. The effectiveness can be seen in the grain size of the
thin films produced (~8 nm and 15 nm, respectively). Focusing has also been used
to control the landing of particles leading to ”site selection”. The 2D position on
the surface can be controlled by the aerodynamics of the source. In the case of soft
materials, the velocity can be used to dictate the implantation depth.!2-115

The MPCS is capable of high-scale production (of the order of 5 nm of material
per minute) and relies on aerodynamic focusing and plasma sputtering parameters
to provide coarse cluster size selection.!?® 1! Since the original studies, a range of
. 113,116-118

materials has been investigate

Recently, other high-flux sources have been reported based on different clus-
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9 and

ter production techniques: a thermal supersonic seeded expansion source,!!
a dual and tri-magnetron gas aggregation sources.?+8129 The thermal supersonic
expansion-based source takes this high-flux source and deposits the clusters into a
room temperature ionic liquid, providing an effective storage medium that limits
aggregation (comparatively). The ionic liquid may provide a way to overcome the
size limitation (discussed in section 3.3) as a controllable synthetic medium which
both stores and grows the nanoclusters.

The dual magnetron gas aggregation source developed at Teer Coatings Ltd,
removes the mass filtering step usually employed in order to gain greater flux. The
charged fraction is directly deposited onto the sample achieving beam currents of
around 100-200 nA, which compares with cluster beam currents of 0.1-1 nA which are
normally realised using mass-filtered sources.®® The system has two other interesting
features, the dual magnetron configuration, which enables the production of binary
materials with tunable gas phase material ratios, and the ability to deposit onto
catalytic support powders using the novel vibrating cup deposition stage.

The schematic in figure 2.15 shows the configuration of the system. After aggre-
gation, an octopole lens deflects the beam down to deposit on an agitated powder.
The beam can also be allowed to pass through the beam deflector in order to reach
a mass-filter that is used to take mass spectra of the cluster beam or perform size
selected deposition. Binary clusters of PdSn and PdTi have been deposited onto
catalytic support powders at weight loadings of ~0.1 %. The catalytic properties of
the produced catalyst powders have been compared to similar reference materials
made by chemical routes (prepared by Johnson Matthey).

A summary of the results for 1-pentene hydrogenation are given in figure 2.15 b).
The results for the chemically prepared samples are indicated by solid symbols, while
the cluster beam-deposited samples are indicated by open symbols. The selectivity
of the catalyst is plotted against the reactivity, the region of optimum catalyst

performance is shaded in yellow ( i.e. >80 % selectivity and activity). A large
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Figure 2.15: a) An illustration of the dual magnetron gas aggregation cluster source
developed at Teer Coatings Ltd. This has been designed for deposition onto cat-
alyst support powders. b) shows the comparison of the activity and selectivity of
catalysts for 1-pentene hydrogenation. The cluster beam materials (open symbols)
are compared with chemically synthesised clusters (solid symbols). Samples have
been made with comparable size and stoichiometry. The yellow box indicates the
location of ideal catalysts. Images are reproduced from [84].

number of the beam deposited cluster materials are found in or near this region.
This is thought to be due to a more monodispersed end product from the cluster
beam route i.e. controlled size, cluster surface interaction and no residual active site
from production.

The three magnetron gas aggregation system is a commercial system produced by
Oxford Instruments. The running parameters (relative magnetron positions, total
and relative magnetron gas flows and condensation length) have been investigated

in detail by researchers in the Institute of Material Science in Madrid.'?* This
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configuration allows better control of the gas flow within the condensation chamber,
allowing the extraction of a larger fraction of the formed clusters (growth rate ~90
nm/min). Furthermore, the three magnetron setup allows the production of ternary
materials with a controllable average stoichiometry.2°

A schematic diagram of the three magnetron source is shown in figure 2.16 a).
A second highly interesting property of the source is the ability to produce binary
and ternary clusters with ordered shells. This is done by changing the order of
the magnetrons (e.g. staggered in vacuum lengths). An example of a CoAu core
shell cluster produced in this way is given in Figure 2.16 b). The shell ordering
can be reversed by changing the position of the magnetrons and the core-shell ratio
modified by the relative magnetron powers. The production of a ternary core-shell-

shell particle has also been demonstrated.
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Figure 2.16: a) is a Schematic illustration of the Oxford Instruments three mag-
netron gas aggregation cluster source (b). An example of a binary core-shell cluster
produced from the source. In this case, a CoAu cluster, the shell order and thickness
can be controlled via the source parameters. Reproduced from [85,120].
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Each source has a very different specific niche role; however, for a general com-
parison the amounts of material produced by each system can be roughly compared
based on their published numbers. An overview of the amount of material produced

by each source is summarised in table 2.3.

Table 2.3: This table summarises the amount of material produced from various
high-flux cluster beam sources. The values here are based on published results re-
viewed in section 2.3. For comparison, the measured films (MPCS, Tri-Magnetron)
have been treated as having bulk density. In the case of the MPCS, the true density
is known to be 40-60 % of bulk (the corrected number is given in brackets).The
dual magnetron average cluster mass is estimated at 7x10° amu from reported
mass spectra.

Source Thickness | Area | Current | Material
(nm/min) | (mm?) | (nA) | (mg/h)
Thermal Cluster Source 3.3 700 - 1.5
PMCS 120 28 - 46(23)
Dual Magnetron - - 200 5
Tri-Magnetron 90 1200 - 90

There is another system that has recently been reported with the potential to
deliver a significant scale-up in cluster flux, the MACS, which is the main topic of
this thesis. The MACS produces clusters via co-condensing a rare gas and cluster
material film on to a mesh, which is then sputtered in transmission geometry to
form, ripen and extract clusters.”! A schematic outline of the MACS system can be

seen in figure 2.17.
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Figure 2.17: Scheme of the MACSI system, a transmission mode Matrix Assembly
Cluster Source (MACS). Reproduced from reference [91].
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Figure 2.18 shows how the mean nanocluster size depends on the silver loading
in the matrix. As the silver loading changes (1-10% by number of atoms) the mean
cluster size varies from <100 to 1000 silver atoms (measured by HAADF STEM). In
the best case, an intrinsic size control of 10 % in the cluster diameter is achieved.
This is equivalent to a mass resolution of >1.5 (Peak over FWHM). A 950 eV 70
nA ion beam was incident on the matrix for 60 s to deposit the clusters seen in the

STEM image in figure 2.18.
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Figure 2.18: The left hand image shows the average size of nanoclusters created by
sputtering argon matrices containing different concentrations of silver. The size is
obtained by comparing the integrated HAADF intensity of clusters to that of a single
atom. The right hand side is an HAADF STEM image of nanoclusters produced
from a matrix with a 2.3% loading of silver atoms. Reproduced from [91].

The ultimate aim of the MACS is to increase the production rate of nanoclus-
ters to an industrially meaningful level, i.e. g/h. The conversion efficiency of ions
hitting the matrix to clusters is ~3 % (i.e. excluding ions hitting the support grid).
Commercial ion sources producing 1 A of ion current are available. If the process
can be effectively scaled this would equate to a nanocluster production rate of ~1

g/s (assuming a cluster size of Agag).
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2.4 Applications of Nanoclusters

The previous sections demonstrate the significant effort invested in the production
and characterisation of size-selected and size-controlled clusters. Fundamentally,
nanoclusters bridge the gap between single atoms and bulk media. Understanding
how the atoms arrange themselves in these clusters, and how this causes the prop-
erties we observe has been a key motivation. Scientific curiosity, however, is not the
sole driving force. The novel properties exhibited by clusters have generated much
interest.? 89122123 Thege size-dependent properties have led to clusters being ex-
ploited in a wide range of applications from optics to theranostics.!13 115, 118,124-126
In application terms, the size-dependent properties of these new materials represent
a new palette of materials with unique characteristics.®® The following sections out-

line two promising fields of application for clusters produced by MACS: nanocluster

catalysis and biochips.

2.4.1 Nanocluster Catalysis

The field of cluster science has been strongly linked with catalysis since the seminal
studies carried out by Haruta in the 1980s demonstrated the high catalytic activity
of small gold nanoclusters.?% 122127 Gold had previously been considered a relatively
inert material due to its macroscopic properties. The results demonstrated that gold
is an effective catalyst for CO oxidation even at low temperature. A graph from
Haruta’s work has been reproduced in figure 2.19, showing the turnover frequency
of gold nanoclusters for CO oxidation as a function of diameter. The fact that it is
not only a useful catalyst but also exhibits such a strong departure from typical bulk
properties, generated a huge interest in the possibilities of nanoclusters as catalysts.

Depending on the reaction and catalyst, a different mechanisms can be respon-
sible for the activity (e.g. low coordination sites, lattice strain, cluster surface inter-

128-132) " With sufficient control of nanocluster pro-

action, compositional formations
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Figure 2.19: The turnover frequency of CO oxidation at 0 °C is compared for dif-
ferent gold particle sizes on a range of supports. The turnover frequency is given
relative to the amount of exposed surface. Reproduced from [26].

duction, the active sites can be optimised to produce model catalysts. Ultimately,
three main properties are key to a good catalyst: activity, selectivity and stability.
The following pages showcase a few examples of small size-controlled nanocluster
catalysts, demonstrating the potential of cluster beam produced nanoclusters in
catalysis.

CO oxidation has often been used as a benchmark reaction for nanoclusters. A
good example is given by Hutchings et al. who studied a series of different gold
clusters on FeO, to isolate the optimal cluster size for catalysing the reaction.'®? In
this case, a bilayer of gold was found to be the most active size, questioning previous
views that the active site is the cluster surface interface. Interesting work has also
been carried out by Heiz and co-workers looking at the nonlinear catalytic properties

134 This work demonstrates the level of optimisation possible

of very small clusters.
with precise control of one’s catalysts.

The high activity of nanoclusters has been demonstrated for other reactions
too. For example, MoS, clusters have attracted significant interest since they were

demonstrated to show high activity for the hydrogen evolution reaction.'®! Measured

activity and DFT calculations showed that it sat just below the highly desirable
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platinum metals. High activity has also been demonstrated for small clusters Pt
(~1.5 nm) for the oxygen reduction reaction, in this case increasing the effective
activity per mass by 6 times compared with industrial standards.!3?

The combination of selectivity and reactivity is required for a good catalyst,
in order to avoid unwanted products or catalysing reverse reactions. Selectivity is
generally improved by having a more defined, uniform system. Unwanted defects
on the surface or different size clusters may either play no role in the reaction or
catalyse unwanted products. Thomas et al. demonstrated an example of this,'3
comparing the reactivity of chemically synthesised gold nanoclusters on silicon at a
5 % weight loading to that of the same sample leached with NaCN. Both produced
identical activity for benzene alcohol oxidation; however, the leached sample now
contained only 0.06 % Au loading. In this case, it appears that the vast majority of
the initial material is just a spectator in the reaction.

An example of size-dependent selectivity is shown in figure 2.20 from Heiz et
al.'1¥" Here, Pd;_3 clusters deposited on MgO are used to react CoHy. Until the
cluster size reaches 4 atoms the reaction cannot be catalysed and does not progress
to producing C4Hg until a cluster size of 7 atoms. In this case, the size restricts
the number of units able to bond to the smaller clusters and, therefore, prevents
specific reaction pathways. The production method has also been demonstrated
to influence selectivity.®* As shown previously in figure 2.15, similar nanoclusters
prepared by cluster beam and impregnation have demonstrated different activity and
selectivity. This is attributed to the formation of different active sites. Interestingly,
the impregnated samples do not show both high selectivity and activity, which is
thought to be due to the wider range of sites available from formation (e.g. ion
exchange sites). In these two cases, the cluster beam method has helped to provide a
more uniform and controlled catalyst-support system leading to increased selectivity.

There is generally an agreement that nanoclusters can be both highly active and

selective catalysts. Small particles, however, are often viewed as unstable and at
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Figure 2.20: The selectivity of Pd clusters to catalyse polymerisation of CoHy for
different cluster sizes (1-30 atoms). Size-selected clusters were deposited on defect-
rich MgO. Reproduced from [137].

risk of sintering or ripening under reaction conditions. Several studies show that
even unprotected nanoclusters below 3 nm can remain relatively unchanged under
mild reaction conditions.!3% 140

Figure 2.21 demonstrates two methods to retain cluster size distributions during
reaction. Figure 2.21 a)-c) shows a series of STM images of Auyg clusters deposited
on a graphite surface taken after annealing at different temperatures (room temper-
ature to 643 K). The clusters were deposited with an energy of 1.7 keV to initially
pin them to the surface. The initial pinning effect is shown to persist despite sig-
nificant heating (up to 654 K), wide spread sintering is only observed at 873 K. In
figure 2.21 images d)-f) demonstrate sintering resistance through the use of a nar-
row size distribution suppressing Ostwald ripening. Figure 2.21 d) shows the size
of deposited Ptgg on SiO, before and after the reaction with He + O at 533 K for
5 h. Figure 2.21 e) and f) show Augys deposited on amorphous carbon under heat
treatment at 250 °C in He and He + O (0.35 and 0.12 bar respectively). In both

cases, the clusters have been soft-landed and it is clear that heating them in the

reactive environment does not significantly effect the mean cluster size.

33



» Aug,; After
15) = before 1805 G 19
& = after &
& J602 3 8o} { 100¢
§10 8.u5 60
g '408 [ [
= c o
— 5 %_Q 401} 50
420 €
o\°£ 201}
0 0 0 ol . e
01 2 3 45 6 7 012 3 456 7 8 910 0123?5678910
cluster area /nm? Size (nm) Size (nm)

Figure 2.21: a)-c) STM images of Auzy clusters pinned on graphite. The clusters
have been deposited at high energy (1.7 keV) to pin them to the surface and are
then annealed at different temperatures. The pinned clusters remain immobilized
on the surface even after annealing at 643 K. d) The size of Ptgg clusters soft-landed
on SiOy (blue). They are then exposed to a hydrogen-oxygen mixture at 533 K
for ~5 h and remeasured (green). e) and f) show the effect of heat treatment on
size-selected Augys. €) is subject to 0.35 bar He at 250 °C and f) 0.12 bar He 4+ Oy
at 250 °C. These images are reproduced from [138-140].

The examples presented here highlight the potential of nanoclusters in catalysis
and, in particular those produced with a high degree of size and compositional
control (like those created by cluster beam methods). In his recent review of precise
catalysts, Prof. Stefan Vajda highlights the fact that the field has been hampered
by the difficulty in producing significant quantities of size-selected, highly defined
and characterised particles.!®® The range of high-flux sources under development

discussed in section 2.3 may be able to remove these restrictions!
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2.4.2 Biotechnological Applications

Nanotechnology has developed a growing link with biotechnological applications.
Nanoclusters and nanoparticles, in particular, have demonstrated a range of uses
within the biotechnology sphere, i.e. drug delivery, image markers, radio sensitisers,
theranostics and diagnostics.!26:141-148

Several examples of these are illustrated in figure 2.22. Figure 2.22 a) shows two
possible methods of the bio-functionalisation of nanoparticles. In the first case, a
protein is bonded non-specifically to the bio-ligand, i.e. to existing common groups.
In this case, no modification of the protein is required but orientation is not con-
trolled. The second method employs a specific binding site by modification of the
bio-ligand. This allows control over the binding site and, therefore orientation.
However, the modification may affect function. The use of antibody-conjugated Au
particles has been investigated for cancer detection. The idea is that when mixed
with cells, the antibody will lead to a specific attachment to cancerous cells. As
such, there will be an increased concentration of Au particles around cancerous cells,
which can be detected by light scattering or surface plasmon resonance.!'*® Light
scattering images of antibody conjugated Au particles mixed with non-cancerous
and cancerous cells are shown in figure 2.22 b) and c¢), respectively.

Radio-sensitising is another application for metal nanoparticles. The idea is
that the nanoparticle acts as an absorption centre for radiation allowing a targeted
dose of radiative energy to be delivered to localized areas containing nanoparti-
cles. Therefore, tumour regions could be preferentially targeted by the addition of
nanoparticles. Tumour growth after radiation therapy with different size implanted
Au nanoparticles is shown in figure 2.22 d). Growth at 21 days after radiation ther-
apy was between 40 % and 140 %, compared to ~300% and ~500% without Au
nanoparticles and without any radiation respectively.

One specific application of MACS-produced clusters is in label-free biochips.

Biochips can take several different forms depending on the measurement require-
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Figure 2.22: Nanoparticles have many potential biotechnological applications. A
few examples are given here: a) shows two possible methods of bio-functionalization
of nanoparticles by specific and non-specific attachment. b) and c) are light scatter-
ing images of cancerous and non-cancerous cells, respectively, mixed with antibody
conjugated gold nanoclusters. Lastly, d) shows the use of nanoparticles as radio-
sensitisers, comparing the growth of tumours after radiation therapy using different
size nanoparticle radio-sensitisers. These images are reproduced from [126,142,149].

ments. The main types are antibody/antigen array, functional array and capture
array.’®®  Simple antibody arrays are designed to detect a specific protein, func-
tional arrays are designed to investigate protein interactions, and capture chips
retain molecules that interact with a specific protein.'®® Antibody arrays will be
the focus for the remainder of this section. This type of system relies on the use
of a protein with a specific binding site only accessible to the target protein, e.g.
an antibody antigen pair. An array of such proteins is immobilised on a surface
presenting the specific binding site away from the surface. As a solution is passed
over this surface, if it contains the matching partner, it will bind to the specific site.

The final requirement is that this binding must effect a measurable change to report

the capture and, therefore, presence of the specific protein.
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Two difficulties when making biochip systems are effectively immobilising the
capture protein in the desired orientation without modifying its biological func-

tion71507152

and measuring an observable response from binding. Several methods
exist to generate an oriented layer of proteins. When depositing across an entire
surface, however, a significant difficulty is non-specific binding (the binding of un-
known or undesired materials).’® This can be mediated by the use of additional
blockers; however, this introduces cost and complexity into the system.

A common method employed to observe if a protein has bonded to the cap-
ture molecule when studying the role and processes of proteins is the labelling of
the target proteins with an optical dye or reporter.!®* % This is not ideal, when
working with an unknown solution, as is the case for antigen detection. As such,
it is preferable if the capturing system can provide the response to binding; this is
known as a label-free biochip.!®® Both charge transfer to the supporting substrate
and dye capture/modification have been demonstrated as methods of reporting the
attachment in particular cases.'®” 159

Figure 2.23 shows the scheme of a capture system, employing a fluorescent dye
(rhodamine) as the reporter. The dye initially starts bound close to the biochip
surface (before capture). The close proximity with the gold surface quenches the
fluorescence. After the introduction of an additional DNA chain, the dye is displaced
away from the surface enhancing the optical signal (after capture). The graph in
figure 2.23 b) shows the optical emission after excitation in three different states:
the bare surface (trace a and d), the immobilised capture protein (trace b and e),

and after capturing an additional DNA strand (trace ¢ and f). After capture, a

significant increase in light emission is observed.
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Figure 2.23: a) gives the scheme of a capture response based increase of optical
emission due to dye displacement. Initially, the fluorescent dye (rhodamine) is close
to the gold surface quenching its optical emission. After capture of an additional
DNA strand the dye is displaced away from the surface causing greater light emis-
sion. b) shows a series of plots of the light emission from the system for the control
(trace a and c), pre-capture (trace b and d) and post-capture cases (trace ¢ and f).
These images are adapted from [157].

Multi-functional nanoclusters may be able to provide the solution to both ori-
ented immobilisation and reporting antibody capture. Small metallic nanoclusters
are known to bind strongly to thiol groups.'® Furthermore, nanoclusters produced
by cluster beam methods can be immobilised on a wide range of surfaces if given suf-
ficient energy to be pinned.'®® By first immobilising the cluster by deposition at ap-
propriate pinning energies and then the anchoring of the capture protein by cluster-

161,162 RPjoyre

thiol bonding, the entire capture system can be fixed on the surface.
2.24 demonstrates the immobilisation of proteins on the surface by size-selected clus-
ters (measured by tapping mode AFM).162:163 Tn a) desmoplakin molecules tagged
with cysteine molecules have been deposited on a clean HOPG substrate, whereas
in b) the HOPG, surface is first decorated with size-selected Au clusters (147 atoms
deposited with 23 eV per atom). After scanning with the AFM, the molecules in a)

are displaced away from the area. In the size-selected cluster case, the area remains

decorated due to the anchoring between the cluster and molecule. In figure 2.24
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c¢) and d) two different proteins, human oncostatin M and green fluorescent protein
(GFP) respectively, are deposited onto size-selected clusters. The GFP is unable to

attach due to the inaccessibility of the binding site.

Figure 2.24: a) and b) are liquid phase tapping mode AFM images of desmoplakin
molecules deposited on a HOPG surface. a) shows the surface after deposition of
desmoplakin onto a bare HOPG surface, the proteins can’t attach and are cleared
from the surface after one scan. In b) the surface has been covered with pinned
Auyy; clusters before the protein was added. ¢) and d) show human oncostatin
M and green fluorescent protein(GFP) deposited onto HOPG with size-select Auyg
clusters. The oncostatin ¢) binds to the cluster and is immobilised. Furthermore,
due to accessibility of the binding site a preferential orientation is observed. The
GPF does not bind to the clusters due to a lack of site accessibility and is removed
by scanning, as seen in d). These images are reproduced from [162,163].

Even more critically, if multiple binding sites are available but of different acces-
sibility the predominant orientation of the protein binding can be fixed leading to
a predominant orientation of the protein on the surface.!®® This is observed in the
human oncostatin M shown in figure 2.24 ¢), based on the height measurement of
the attached proteins. Further to this, by modifying the cluster size one can control
the number and, to an extent, the type of available binding sites.16? 64

To address the needs of biochips, the cluster must not only immobilise the cap-

ture protein but also provide a method of measuring the antigen capture. A way
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to do this could be through optical response. Simulations indicate that small silver
clusters coupled with peptides can enhance the optical absorption properties of the
peptide.'65166 Figure 2.25 a) and b) show the simulated absorption of hybrid cluster-
bio system (tryptophan dipeptide and tripeptide).!®” It can be seen that the light
absorption of the system with the addition of the silver clusters is greatly enhanced.
This is also significantly different from spectra of silver without the attached peptide
(peak at 310-320 nm). Figure 2.25 c) shows an example of Tryptophan with Ags. In
this case, experimental (red), theoretical (black) and Lorentzian broadened theoret-
ical results (blue) are presented.'® Again, the bare cluster is distinguishable from
the cluster bound to the tryptophan. These calculations have also been extended to

clusters supported on a surface.'6”
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Figure 2.25: a) and b) show the simulated absorption spectra of hybrid cluster-bio
system (tryptophan dipeptide and tripeptide). Enhanced absorption is observed in
the silver containing systems. c¢) gives a similar example however, here experimental
(red), theoretical (black) and Lorentzian broadened theoretical results (blue) are
available. These images are reproduced from [166,167].

These studies demonstrate that, by careful choice of system, small metal nan-
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oclusters can provide a specific binding site to arrange proteins on the surface. The
presence of the nanocluster can also lead to an enhancement of the visible range
optical absorption properties of the system. These two attributes of small metal
nanoclusters make them an ideal candidate to investigate the formation of a label-
free biochip. The initial step of surface immobilisation is demonstrated with non

size-selected MACS clusters in section 5.6.
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Chapter 3

Scaling up The Transmission

Mode MACS

This chapter covers the work relating to scaling up cluster production in the MACS
(as outlined in section 2.3). Firstly, the chapter further examines the MACS concept
and explains developments made in upgrading the source. Results obtained for the
production of silver nanoclusters from this source are presented demonstrating the
development of the source into a robust high-flux system. This work has been
carried out by the author and Dr. Lu Cao. All STEM measurements have been
taken by Dr. Cao. Finally, the system has been further improved by the integration
of a fully computer-controlled TOF mass-filter, for which the author was primarily

responsible.

3.1 Introduction

The new method of cluster production via matrix assembly has been briefly intro-
duced in chapter 2.3. A more detailed examination will be provided here. The MACS
produces clusters through ion bombardment of an inert rare gas matrix loaded with
cluster material, i.e. Ag or Au. In order to produce a solid rare gas film the matrix

support is cooled to <20 K. The matrix is then co-condensed from an atomic vapour

42



of cluster material atoms and the rare gas. The matrix is grown to a thickness up to
hundreds of nanometers before sputtering. The matrix is then bombarded by argon
ions with a few keV energy to produce clusters. The conceptual idea is that this
method can provide two advantages compared with gas phase aggregation meth-
ods: firstly, the collision cross-section of metal atoms should be increased due to
the higher density of the materials, and secondly, the solid rare gas matrix provides
better cooling during three-body collisions. This should lead to increased cluster

formation through larger numbers of initial collisions.

3.2 MACS in Transmission Mode

In this thesis, it is demonstrated that the MACS can run in two distinct modes:
transmission and reflection. The difference is the type of support employed for
matrix formation. In the case of reflection, a flat copper matrix support plate is
used and clusters are collected as they are ejected out of the plane of the support
(i.e. the surface normal £+ 90 °). The transmission mode uses a high density holey
membrane, i.e. TEM grid or quantifoil.'®® The matrix is then formed from material
deposited onto the bars in a layer-by-layer type growth (unpublished work conducted
at NPRL). The ion beam is incident normal to the surface of the support, i.e. in the
case of the mesh support the ions will be incident at a glancing angle to the sides
of the holes in the mesh. To have the best efficiency in terms of cluster production
per incoming-ion, a high transmission mesh is required and complete coverage of
the holes with a matrix. High hole density membranes with small pores (< 5 pum),
such as quantifoil, provide the best balance between transmission and coverage. The

principle of transmission mode MACS is given in Figure 3.1.
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Figure 3.1: Transmission mode MACS produces clusters by sputtering rare gas and
metal films co-condensed on a mesh support (depicted above). In reality the mesh
holes are not fully covered as show for ease of concept geometry. The insert shows
a more realistic example of the sputtering of a single frame as viewed from above.

3.3 Cluster Formation Mechanisms

There are two main mechanisms considered for metal cluster formation in the MACS:
near instantaneous formation of metal clusters upon condensation and relaxation,
and cluster aggregation through ion beam bombardment. The former has been
found true for metals in rare gas matrices in previous studies.!'%>17 As the matrix
condenses, metal clusters form, driven by the strong local potential to minimise
energy. This process is fast (tens of ps) and short-range (several A). Therefore, the
clusters formed are highly dependent on the concentration of metal in the matrix.
These small spontaneously formed clusters will be referred to as the preformed
clusters, denoting their presence prior to ion beam bombardment.

The second formation mechanism is mediated by ion beam bombardment. Upon
impact of the ion with the matrix significant energy is transferred to the system
causing diffusion and the ejection of material. The increased mobility causes the
metal atoms within the matrix to diffuse and aggregate. Through subsequent ion
impacts the clusters are ripened through the diffusion of metal atoms and clusters.

These clusters are ejected through the collision cascade and thermal spike regimes
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present during ion bombardment. The collision cascade is based on a series of single
atom collisions and recoils. Although the first impact will start a collision cascade,
where the ion is large and energetic enough many collisions can happen in close
proximity. These knock-on effects are no longer isolated events but part of a many-
body system.!™ 172 This overlap of events leads to what is known as the thermal
spike regime, where due to the locality of collision the vast majority of local atoms are
part of the dynamic process. The thermal spike regime can be treated somewhat
like a fluid, with re-condensing around the cooled sides and material flowing out

171 This is the primary route for cluster extraction. The

from the centre of the spike.
thermal spike regime correctly predicts the non-linear increase in sputtering yield of
rare gas ices with increasing ion energy (keV range).!™ Despite neglecting charge
the molecular dynamics approach provides a good description of sputtering yield
and process in the few keV range, however when increasing energy to several tens of
keV or even MeV the electronic sputtering contribution greatly increases, reducing
the validity of such techniques.!™ 17 A visualisation of the spike regime in solid
Ar from the impact of 1 keV Ar atom can be seen in Figure 3.2, reproduced from
[172]. The images are part of a simulation showing the impact of 1 keV Ar atom
into an amorphous argon matrix. The time refers to the time after impact. Further

discussion on cluster formation and growth will be made alongside the experimental

results.

3.4 Scaling Up

One of the most exciting elements of the MACS technology is that it presents a truly
scalable method of cluster production. The technologies of all the components used
in the proof of principle exist in much larger scale versions. It is possible to provide
ion sources producing 6-7 orders more current, as well as evaporators delivering

6-7 orders more material. It is even possible to get cryo-coolers with a cooling
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Figure 3.2: Snapshots of amorphous Ar after the impact of a 1 keV Ar atom. Time
after impact is indicated at the top left. Adapted from [172].

power in the kW range at 4 K. This indicates that even without optimisation of the
process within the MACS, components based on current technologies could provide
equivalent cluster beam currents of >milli-amps (six to seven orders of magnitude
above present size-selected cluster beam production levels). The difficultly comes
from trying to maintain or improve the level of control over the produced particles
while converting from a scientific research level technology to a sustained batch
production technology. In order to achieve this, both a better level of control and
a greater understanding of the system is required. The state of the system prior to
the work of the author is given in a recent publication®® (see figure 2.17).

In order to increase cluster production from an equivalent beam current of ~2
nA to a target of 100 nA, the MACS1 has been redesigned to incorporate a new
evaporator (Createc High Temperature Effusion cell), ion gun (Tectra Genll) and
closed cycle cryo-cooler (Sumitomo CH204) with a large area matrix. Furthermore,
the chamber has been modified so that the evaporator, ion beam and gas dosing
are positioned facing towards the matrix from the same side, permitting cluster

production with simultaneous matrix replenishment. This creates a continuous mode
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of operation. A schematic of the final system with a corresponding photo is shown
in figures 3.3 a) and b) respectively.

a)

Dosing&
Deposition
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lon Gun

Matrix support
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Thermal
Evaporator

Figure 3.3: a) Schematic of the upgraded MACS transmission mode source, with
gas and metal dosing mounted at 45° with respect to the matrix, support surface
normal and 45° out of plane (not visible on diagram). The ion beam is aligned in
plane parallel to the surface normal. b) is a picture of the system to give an idea of
scale.

3.4.1 Evaporation

The new evaporator is a Createc High Temperature Effusion cell capable of reaching
temperatures up to 2000 °C. The crucible is a 10 cc Al;O3 crucible. This is heated
to temperature by radiation from surrounding filaments. The exact temperature is
controlled by a programmable PID controller, which gives a temperature variation
of 0.1 °C after settling. Stable metal deposition rates of >2 A/s are achievable using
materials such as silver and gold. The large crucible of 10 cc reduces the frequency
of replenishment cycles and system exposure to air. Figure 3.4 a) gives the profile of
silver deposition rate with position measured by QCM, at a throw distance of ~10
cm (i.e. the matrix position). The dependence of the deposition rate on temperature
can be seen in figure 3.4 b).

Effective thermal shielding of the substrate is provided by the addition of a
tantalum cap with a small aperture clipped over the water-cooled jacket (cylindrical

water-cooled radiation shield). The additional screening significantly reduces the
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Figure 3.4: a) Profile of silver deposition from the Createc High Temperature Effu-
sion cell. b) Silver deposition rate vs evaporator temperature.

thermal load on the substrate permitting evaporation temperatures up to ~1600
°C, while maintaining a matrix support temperature below 20 K. The previous
system used a home-built direct current heating evaporator with a tantalum crucible.
Evaporation rate was set by the current applied, without control feedback. Due to
the small boat and the resistance change with heating, the evaporation rate variation

was significantly higher.

3.4.2 Cryo-cooler

The MACS uses a Sumitumo CH204 cryo-cooler, with a HC-4E1 helium compressor.
This works by compressing and water-cooling helium, which is then transferred to
the cold head and expanded. The expansion inside the cold head cools the helium
to liquid temperatures. This, in turn, cools the end of the cold head. The warmer
helium gas is returned to the compressor and the process is repeated. The cooler is
able to reach a base temperature of 10 K and gives ~7 W of cooling power at 20 K.
The system takes about 1.5 h to cool down from room temperature. A schematic
of the CH204 and matrix support is given in Figure 3.5. The matrix support is
increased from a 3 mm diameter to a 25 mm by 25 mm square of copper 1000
mesh (10 gm hole 15 gm bar), which is clamped in place with a copper frame. The

sample stage connects to a mounting block which houses the temperature sensor.
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The matrix temperature is measured by a silicon diode temperature sensor (Lake
Shore DT-670-CU). This is calibrated with a three-point measurement: ice water,
liquid nitrogen and liquid helium. A sapphire washer with two gold-coated faces
is used to give electrical isolation permitting direct measurement of the ion beam
current on the matrix (Keithley 6485 picoammeter). Connecting faces are gold-

coated or use a sandwiched gold foil to improve thermal conduction.
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Figure 3.5: Schematic of the Sumitomo CH204 cryo-cooler with custom matrix
support mounting. The 25 mm x 25 mm 1000 mesh matrix support.

3.4.3 Ion Gun

The final key part to the scale-up is the high-flux ion gun. The Tectra IonEtch
sputter gun provides a total ion current of up to 4 mA with an ion energy of 1-5
keV. Increasing the sputtering rate is the main route to higher nanocluster flux.
As discussed, in the cluster formation the ion bombardment controls the nanoclus-
ter extraction rates and nanocluster growth (section 3.3). Assuming that there is
sufficient fresh matrix and enough time for the matrix to relax between successive
local ion impacts, it would be reasonable to assume that the number of nanoclusters
produced should increase linearly with the number of ions impinging on the matrix.
If all 4 mA of ions were incident on the 25 mm x 25 mm matrix, there would be 106
ions impinging per second. Given reasonable relaxation times (100 ns) and impact
areas (25 nm x 25 nm), 10'9 sites are available per second. Therefore, each ion

impact can still be treated as a separate isolated event.
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Although a high ion flux is generated to improve focusing and therefore current
on the matrix, custom optics have been designed. The lens geometry and voltages
have been simulated using SIMION 7.0 to determine the optimal configuration. In
order to optimise the system, several parameters have to be considered, for example
ion mass, ion energy, divergence, lens geometry, and lens voltage. All parameters can
be assigned programmatically and varied in simulation batches. A short overview
of parameter choices and examples of the effects are given below.

In SIMION 7.0, the system geometry can be defined in two ways: by directly
drawing in system components in a manner similar to CAD software, or procedu-
rally using lua code. The latter method is preferable for designing lens systems as
this allows for lens heights, widths, spacings and positions to be defined by vari-
ables, which can then be updated or edited procedurally while running a batch of
simulations. Due to the large number of variables, running batches of simulations
is highly useful for finding optimum conditions. In this way, a geometry file (.gem)
and batch simulation file (.lua) can be combined to test multiple parameters in a
batch, e.g. lens sizes, positions, shapes and initial ion trajectories. The results are
in the form of image and data files, which can be produced after each set of ions
is tested. The results are then analysed to find the best configuration (in this case
by MATLAB script). Prior to simulating ion flights, the geometry is refined, which
essentially means that the software pre-solves the equations for the fields derived
for a set of voltages and the solution can then be quickly recalibrated based on new
voltages and the properties of the travelling ions.

The voltage of each lens can also be changed manually or automatically to run
through a series of voltages. Both static voltage lenses (between simulations) or
time-dependent lens voltages (e.g. mass-filter voltage pulses during flight) can be
simulated. Due to the available power supplies and safety considerations, only volt-
ages below 10 kV have been considered in the simulations presented here. Where

possible, voltages have been minimised to below 5 kV. Initial coarse voltage steps
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are used to find good areas, which are fine-tuned to optimise the values. Three
examples of different lens voltages in an einzel lens system are given in figure 3.6.
In each case, the ion divergence, mass and energy are the same (5 ° half angle, 100
amu and 200 eV respectively). The outer lens voltage is set to 50 V and the inner

to -200 V, -300 V and -400 V in i), ii) and iii) respectively.

a)| i

Figure 3.6: Several examples of different ion beam simulations are shown to illus-
trate the effect of different parameters. Unless stated otherwise, the ions are singly
charged with a mass of 100 amu, the ion kinetic energy is 200 eV and the half di-
vergence of the initial beam is 5 °. a) i), ii) and iii) show three different static lens
voltages. In all cases, the two outer lenses remain at 50 V, while the middle lens
is set to -200, -300 and -400 V respectively. b) i) and ii) employ two different ion
kinetic energies: 2 keV and 100 eV respectively. c) illustrates the effect of a wider
initial divergence angle (10 ° half angle).

The ion mass, divergence and energy have been set from experimental parameters
and measurements (2 and 5 keV have been simulated). For the purpose of illustrating
the effect of energy and divergence, however, they have been changed for examples
b) and c¢) in figure 3.6.Figure 3.6 b) i) and ii) illustrates the effect of ion energy,
having ion energies of 2 keV and 100 eV respectively. Everything else is the same as
Figure 3.6 a) i). Figure 3.6 c) shows the effect of beam divergence, which has been
increased from a 5 ° half angle to 10 °, other parameters remain unchanged.

The simulation outputs a trace of each ion’s trajectory until it either hits a
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defined object or leaves the simulation area. Data from each simulation is output
in the form of a log file, which contains information about specific ions (e.g. mass,
energy, velocity, position etc.) at particular events (e.g. creation, termination, upon
intersecting a plane etc.). The efficiency of the ion-optic lens system and the beam
profile of the ions has been assessed by considering the number of ions reaching the
matrix support plate and their position (analysed by MATLAB script). The optimal
case is chosen based on two parameters: the lens system transmission ratio and the
percentage of ions hitting the matrix. A visualisation of the optimised case is shown
in figure 3.7. A greater than 90 % transmission efficiency was achieved within the

optics, while 85 % of ions also reached the matrix.

5keV lons a) b)

T =g g i § . i

Arb Units

e = TRt =1
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5KV -9.3KV 4.5KV -9.3kV || o

Figure 3.7: a) shows a cut-through of a single run SIMION simulation for the Tectra
IonEtch Sputter Gun ion-optics. 5 keV argon ions, with a half angle divergence of
15 o are travelling from left to right. The voltages shown are the optimum found for
these lenses, ion mass, divergence and energy (with an upper limit of 10 kV). b) is a
projection of ions passing through the plate set on the right-hand side of image a).
The x and y axes denote the point on the plane, and the height is the ion density.

Using the custom-designed ion optics, a current of >1 mA is achievable (25 mm
by 25 mm sample plate, 100 mm working distance). Prior to this, the maximum
current was ~400 pA using a high voltage bias (-1 keV) on the matrix support. The

original and post-lens installation resulting ion beam profiles are shown in figure 3.8.
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Figure 3.8: Ton beam profiles measured: a) prior to installation of ion optics, b) after
installation. The profile is measured using the side of the matrix support holder 3
mm x 30 mm plate. Data for b) provided by Lu Cao.!™

3.4.4 Deposition Stages

Two different deposition stages are employed, one for large area deposition and the
other for sequential deposition (from the original MACS system). Both can be seen
in Figure 3.9. The large area deposition stage in figure 3.9 b) is designed to measure
the total number of clusters produced. TEM grids can be placed to probe the entire
profile of the cluster beam (low cluster beam divergence has previously been ob-
served). The deposition stage is a rectangular plate which mounts perpendicularly
to the cluster beam, two lines of TEM grids positioned in a cross shape to cover a 30
mm by 30 mm measurement area. The cluster densities measured on the grids can
then be extrapolated to the immediate surrounding area in order to calculate nan-
ocluster coverage across the entire sample plate. Figure 3.9 a) shows the sequential
deposition stage, which holds six TEM grid samples, with a rotatable aperture to
expose a single grid at a time. This mounts parallel to the direction of the cluster

beam.

23



Figure 3.9: a) shows the original MACS sample holder designed for taking single
sequential samples. b) is the schematic of the new sample holder to map the spatial
profile of cluster deposition. Two additional plates are fitted over the holder, one to
fix the grids in place and the other as an aperture for biasing.

3.4.5 Pumping and Venting

The vacuum is maintained using a turbo molecular pump backed by a rotary vane
oil pump, giving a base pressure of <5x107® mbar. A foreline trap and speedivalve
are placed between the two pumps to prevent back streaming of impurities and
permit isolation for the two pumps. The gas supply line is pumped using an oil-free
scroll pump, with a base pressure of low 1072 mbar. Prior to use, the line is first
pumped down to the 1072 mbar range and the line is then filled with approximately
0.5 bar over pressure of argon which is then pumped away. This is repeated three
times before an experiment is conducted to reduce impurities and contamination. In
order to pump the chamber down, first the pumps are isolated by the speedivalve,
the rotary vane pump is started and allowed to warm up, the speedivalve is then
opened pumping down the chamber, and when the pressure reaches the 10—2 mbar
range the turbo pump is started. In order to vent, the turbo and rotary are isolated
and stopped. After spinning down (~10-15 minutes), the chamber is vented using

liquid nitrogen boil-off.

3.4.6 Sample Preparation

MACS produces clusters via ion beam bombardment of metal doped rare gas matri-

ces. First, the evaporator is warmed to the evaporation temperature to measure the
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metal deposition rate on the matrix (measured by QCM). The correct background
gas pressure for a specific concentration can then be calculated (or evaporation
temperature adjusted). The evaporator temperature is then reduced to below the
melting point and the matrix is cooled to below 20 K. A matrix is co-condensed by
introducing argon via a precision leak valve at a specific pressure. The evaporator
shutter is then opened to deposit metal simultaneously. The pure argon is dosed for
a short time before introducing the metal to provide a protecting buffer layer on the
support mesh. After deposition of the desired matrix thickness, the shutter and leak
valve are closed simultaneously. The sputtering process is started by setting the ion
optics lenses voltages and introducing argon gas through a leak valve into the ion
gun (~1x1075 mbar), which is then ignited to form a plasma and start sputtering.
Deposition is performed by translating the sample stage into the cluster beam or
exposing the sample by aligning the aperture. During deposition, the matrix current

is monitored to give the ion dose on the matrix.

3.5 High Flux

Replacing the ion source capable of 10-20 puA of sputter current on the matrix
with one capable of achieving 400 pA should allow production of thirty times more
nanoclusters per unit of time (around 10''-10'? clusters per second). To test the
highest flux that can be produced, a ~130 nm thick argon matrix was prepared with
a 2.2 % silver concentration and sputtered with a 5 keV, ~400 pA Art beam for 15
s. The maximum ion energy of 5 keV is used, as this gives the highest currents on
the matrix. The higher energy will also increase the sputter yield of each ion. To
further improve the focusing, the matrix has been biased to -1000 V. The deposition
stage has also been biased to ensure a field-free region between it and the matrix.
Figures 3.10 a), b) and c¢) show a series of images taken from TEM grids positioned

on the sample plate, with the number of clusters in each image given below. Figure
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3.10 d) gives the layout of the sample plate and the positions from where the STEM

images were taken.

10 nm

OO0 @

<€ 30mm >
a) 22323/um? b) 21203/um?
c) 21860/um? d) 21367/pm?

Figure 3.10: Parts a), b) and ¢) show HAADF STEM images of nanoclusters de-
posited onto TEM grids positioned over a large deposition area 30 mm x 30 mm
(red, orange and blue positions respectively). The number of clusters in each image
is indicated in the yellow box. d) is a schematic of the array of TEM grids used to
collect the nanoclusters and the respective nanocluster density on each grid (colour
coded). The nanoclusters are produced from a ~130 nm thick matrix with a 2.2 %
silver loading. The matrix is biased at -1000 V and sputtered with a 400 pA, 5 keV
Ar* beam for 20 s.

To calculate the average density of nanoclusters on a single TEM grid, relatively
low magnification (78 nm x 78 nm) images were taken at five different positions
across the grid (nominally up, down, left, right and middle). A minimum of ten
images (two from each position) were then used in the analysis. The images chosen
are based on the quality of the image, i.e. those in focus, with a good signal-to-noise
ratio and low drift for example. Between 15-20 images are typically used to obtain
the average nanocluster density on a single grid. Nanocluster density on the grid

is then calculated as nanoclusters per unit area. Most conventional cluster sources

deposit just the charged fraction of nanoclusters and, therefore, cluster deposition
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rates are often stated in the form of a cluster beam current. As such, it is useful
to convert the measured nanocluster flux to an equivalent beam current for the
purpose of comparison. An equivalent current value is generated from the number
of nanoclusters deposited, divided by time. This treats each cluster as a single
charge. In reality, this is not the case, as only 10-15 % of the cluster are charged.'™

The total nanocluster current is written as:

eN., e _ Ay

Equivalent Cluster Beam Current = T = TN

A

where e is elementary charge, NN, is the total number of nanoclusters deposited, T is
time, N; is the average number of nanoclusters per image, A, is the total deposition
area and A; is the area of one image. The cluster density measured across all
grid is used average cluster density across the whole plate (30 mm x 30 mm).
This calculation yields an average equivalent cluster current of 9346 nA for a 20 s
deposition. The deposition rate increase compared to current size-selected cluster
beam sources is between two and three orders of magnitude. The rate is similar to
non size-selected gas aggregation magnetron sources, which produce around 100 nA
(although magnetron sources normally deposit a larger and broader particle size).
This is an increase on the previous generation of MACS by around 60 times, which
is about twice as much as anticipated based on the ion beam current alone. This
is due to several factors, which in order of contribution are: the higher energy of
the ion beam, the increased solid collection angle and the improved metal dosing

uniformity.

3.6 Metal Loading

Control over metal dosing has been improved by using a more stable and higher flux
evaporator. This allows faster and more controlled matrix formation. To ensure that

the level of size control is maintained when using higher current ion density beams to
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sputter the matrix, the effect of metal concentration in the matrix has been re-tested.
Nanoclusters were prepared from argon matrices with silver concentrations ranging
from 0.6 % to 4.8 %. All other parameters were kept the same, i.e. a matrix thickness
of ~60 nm, 14-16 K matrix temperature, 1.5 keV beam energy, ~300 pA beam
current, matrix bias of -1000 V and a 30 s deposition. The HAADF STEM images
from these samples can be seen in figure 3.11. The size is measured by comparing
the integrated HAADF intensities of the nanoclusters in these images with that
of single atoms. The nanocluster size distribution for each metal concentration is
shown in figure 3.11.

The results present a similar trend to the one observed in the proof of principle
experiments recently published.”! The average cluster size increases with metal
loading, while the total number of clusters deposited reduces. This can be seen
quantitatively in figure 3.12, where equivalent cluster current is plotted compared
with cluster size and concentration. It can be seen that the current reduction mirrors
the increase in size. This is expected, as when sputtering power is constant the total
material available for cluster production is fixed.

Furthermore, the total amount of metal deposited appears to reduce, based on
the summation of all the atoms contained within the observed nanoclusters. This
could partially be due to the reduced contrast between the background and small
nanoclusters when large clusters are present in the image. This, however, does not
make up for the discrepancy observed. This can be explained by considering the
binding of the system. It is well known that, as a Van der Waals ice, the Ar-Ar bond
has a much lower binding energy than that of the Ag-Ag, and is also lower than
the Ar-Ag binding energy.!™ 17" Put simply, as the amount of metal increases more
Ar-Ag and Ag-Ag bonds need to be broken and thus the sputtering yield drops,
reducing the total amount of metal deposited in the cluster beam. Furthermore,
as the size of the clusters embedded in the matrix grows, more atoms need to be

vaporised in order to release it and more energy is required to extract it. It is worth
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Figure 3.11: HAADF STEM images of silver nanoclusters produced by the MACS
using different silver concentrations in the argon matrix (0.6 % to 4.8 %), alongside
the corresponding size distributions, measured by integrated HAADF intensity. All
samples are prepared from ~60 nm thick argon-silver matrices at 14-16 K. Samples
are deposited for 30 s with a ~300 pA, 1.5 keV ion beam and matrix bias -1000 V.

noting that the cluster does not need to be vaporised itself but simply the argon
binding it to the matrix. This is supported by the observation of large nanoclusters,
which could not be formed from the number of atoms sputtered from a single impact
alone.!™

Seed clusters are formed through two processes: the almost immediate aggrega-

178 and the coalescence of single and small groups of

tion of nearest neighbour metals
metal atoms through thermal spike assisted diffusion. These cluster seeds are then

ripened through subsequent ion impacts providing energy for them and other metal
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Figure 3.12: Equivalent cluster current (green, left axis) and Peak cluster size (black,
right) are plotted against metal concentration. The smaller peaks of the bimodal
distributions are plotted offset to avoid clashing(red)

atoms to diffuse and aggregate. Ultimately, these clusters are also extracted by the
ion bombardment. As the global concentration of metal goes up so will the local
concentration and, therefore, the nanocluster size will increase as more metal atoms
are readily available to grow the seeds. The results for the high metal concentration

matrices present a biomodal size distribution, which is likely due to the divergence

of these two production mechanisms.

3.7 Continuous Production

To form a useful technology, sustained cluster production is needed. An important
feature of the new MACSI system is the mounting of the ion source and evaporator
from the same side (see Figure 3.3). This geometry allows for the simultaneous
replenishment of the matrix, whereas before the matrix had to be rotated between
dosing (i.e. matrix formation) and sputtering. Before ion bombardment, a buffer
layer of matrix is deposited to prevent the damaging of the matrix support during
initial bombardment. The buffer layer is 25 nm thick with a Ag loading of 5 %.
This is then sputtered while being simultaneously replenished. The sputtering and

dosing parameters were a 10 gA beam current, 2 keV beam energy, 8x107¢ argon
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gas dosing pressure, 0.4 A /s metal deposition rate and 14-16 K matrix temperature.
During sputtering, the sample stage shown in figure 3.9 a) was used to prepare six
TEM samples sequentially over a period of 500 s. Clusters were deposited onto
each TEM grid for 15 s. Figure 3.13 shows the extrapolated number of nanoclusters
on each TEM sample. After an initial reduction in the number of nanoclusters
deposited, the production rate stabilises having only a slight downward trend. The
significantly higher flux observed for the first few seconds of sputtering is likely
due to a large burst of ions when the gun is ignited, but could also be due to the
initial extended surface area of the pristine matrix. The continuing decline with
sputtering time is suspected to be caused by non-even depletion of the matrix.
The global amount of material is maintained; however, the Ar*, argon gas and
silver deposition profiles do not match exactly, leading to saturation and depletion
regions. This matrix condition extends into the microscopic regime. Initially, only
small nearest neighbour formed nanoclusters are present in the matrix, but as the ion
dose increases so does the population of larger retained nanoclusters, thus altering

the target composition.
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Figure 3.13: The number of nanoclusters deposited over a 15 s deposition period,
at six different times during continuous production of nanoclusters for 500 s period.
The dotted line provides an eye guide to the cluster production trend. The cluster
density has been calculated from HAADF STEM images, examples of which are
shown on the right for sample 1, 2, 3 and 6.
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3.8 Mass-Filter Installation, Control and Com-
missioning

Considering the results so far, it is possible to question whether the nanoclusters
produced are truly formed inside the matrix or, rather, by surface aggregation of
atoms or small groups of atoms after deposition on the sample surface. The work
presented in this section aims to answer that question through consideration of

cluster size at different deposition times and measurement of TOF mass spectra.

3.8.1 Deposition Time

If the nanoclusters were formed by nucleation and aggregation on the sample surface,
rather than arriving preformed from the gas phase, several different phenomena
would be observed. Firstly, the size of the clusters would be dependent on the
coverage of material put onto the surface and to an extent the time allowed for
aggregation. Secondly, larger nanoclusters or islands (> 10 nm) should be relatively
flat in nature if able to wet the surface. To test this, a series of 4 samples have
been deposited for different deposition times. The results from this can be seen in
figure 3.14. These images show that there is no significant change in the size of
clusters produced, only the number of clusters deposited. This can be seen even
more clearly from the size distribution data presented under the images. Only a
minimal increase is observed in the mean nanocluster size, which would be expected
as when the numbers of nanoclusters deposited increase there is a greater chance of
cluster aggregation via landing on already deposited clusters.

This provides strong evidence that the nanoclusters are formed prior to landing
on the surface. However, instability in cluster production rate with time, makes
it difficult truly to decouple coverage and deposition rate, which is important for
surface nucleations.!™ 0 This is illustrated by figure 3.15, it shows four samples

deposited for different deposition times. In each case a fresh 130 nm thick 2.2 %
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silver matrix is prepared on a clean matrix support and is sputtered with a 0.4 mA
5 keV argon ion beam. After an initial increase, as deposition time increases the

average flux of clusters produced reduces likely due to depletion of the matrix.
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Figure 3.15: The average equivalent nancluster current measured for samples pre-
pared with different deposition times (5,10,15,20 s). Corresponding STEM images
are given to the left. The average current increases with deposition time up to
15 s before reducing. This is likely due to matrix depletion or aggregation of the
metal within the matrix. Samples are produced from a matrix with 2.2% silver
concentration using a 0.4 mA, 5 keV argon ion beam (with -1000 V matrix bias).

3.8.2 Time-of-Flight Mass Filter

To prove conclusively that the nanoclusters are formed before landing on the surface,
TOF mass spectrometry can be used to compare with previous results. To do this, a
TOF mass-filter has first been simulated and then integrated into the transmission
mode MACS1 system. The mass-filter chosen was developed at the University of
Birmingham by von Issendorff and Palmer.!8! A schematic of it can be seen in figure
3.16. This uses three separate field regions: an acceleration region, a field-free region
and a deceleration region. The charged clusters are focused into the acceleration
region of the mass-filter via ion optics. A short positive pulse (typically us - ms) is
applied to the bottom plate, accelerating the clusters into the field free region. The
velocity of each cluster is determined by its charge-to-mass ratio (i.e. the higher the

charge-to-mass ratio the greater the particle’s vertical velocity). The clusters then
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enter the field-free region, progressing through at a constant velocity. Therefore,
each charge-to-mass ratio will reach the deceleration region after a different time
duration. An identical pulse is then applied to the top plate of the TOF cancelling
the cluster’s vertical kinetic energy, leaving it travelling along its original axis. By
changing the time delay between the acceleration and deceleration pulses different
size clusters will be displaced sufficiently to align with the exit aperture. This process

is illustrated in figure 3.16.

iH

Figure 3.16: Schematic of the Von Issendorff-Palmer mass-filter reproduced from
reference.!8! There are three electrically screened regions, acceleration (lower), field-
free (middle) and deceleration (upper). For full explanation see text.

The charge-to-mass ratio passed by the filter is given by:

el, o

]

where e is the elementary charge, U, the pulse voltage, d; the width of accel-
eration and deceleration regions, h the displacement distance between the entrance
and exit apertures, a the pulse duty cycle and f? the pulse frequency. Hence, all pa-
rameters are fixed after construction besides the pulse voltage, frequency and duty

cycle. If perfectly focused, the resolution of the filter reduces to a ratio of the dis-
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placement distance and the width of the final aperture (essentially the probe size).

The resolution can be written as:

where M is mass, AM is the width of the mass peak, h is the lateral displacement
distance and Ah the FWHM of the convolution of the aperture and ion beam.
Although the absolute time required between pulses can be calculated for given
charge-to-mass ratios and plate voltages, it is more accurate to calibrate with a
real source. This has been carried out using a beam of argon ions. Although it is
possible to use many different combinations of plate voltage and pulse frequency
for greater transmission, a high voltage should be used, giving a high deflection
angle that reduces loss of clusters (or argon ions) through the field-free region. The
optimal value is highly dependent on the initial particle velocity. Again, for the
greatest transmission efficiency, the delay between acceleration pulses should be set
such that the acceleration region is "filled” before a subsequent pulse, assuming this
is after the deceleration pulse for the previous cycle. In addition to these filtering
pulses, a third pulse is employed, called the clearing pulse. This is applied sideways
after each deceleration to prevent clusters with integer fractions of the charge-to-

mass ratio progressing through after multiple cycles.

3.8.3 Focusing Ion Optics

A key part of integrating the mass-filter with the MACS source is the ion optics.
In order to achieve a high signal and resolution, effective extraction and focusing
of the nanoclusters is required. When designing ion optics many parameters con-
tribute to the efficiency of the system. In order to find the optimal lens geometry,

configuration, position and voltages, SIMON 7.1 was employed as introduced in
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the ion source section (3.4.3). The exact divergence and energy spread of the nan-
oclusters produced in MACS1 is unknown so several different reasonable values are
considered. Experimental data indicates that the divergence of the nanoclusters is
low. When additional TEM grids are placed to the side of the initial grid (e.g. 3-5
mm off the central axis), few or no clusters are observed. Likewise, the nanocluster
energy range can be narrowed by deduction. The incoming ion energy is usually
1.5 keV, which produces a sputtering yield of ~600 atoms, while even more atoms
are involved in the complete sputtering event (e.g. atoms that are excited or dis-
placed but not removed from the matrix). In addition, it has been reported that
the mean energy of argon atoms ejected from the matrix is low, in the hundreds of
meV range.!™ As such, an energy of more than a few eV per atom is unreasonable
even for small clusters. Therefore, an energy range of 1 - 100 eV per nanocluster is
chosen with a divergence half angle of 5-10 °. Furthermore, the nanocluster size is
intentionally varied. Small (10s of atoms) and large (1000s of atoms) nanocluster
sizes have been simulated to ensure an effective lens system across the produced size
range.

The final design of the ion optic system in MACS1 was based on the simulation
results and is shown in figure 3.17. This gives the entire setup for the system prior to
upgrading the ion source (i.e. using the omicron ISE-5 ion gun). The only difference

with the upgraded system is the addition of the ion source optics shown in 3.7 a).

3.8.4 Control

In addition to the design and installation of new lenses and the TOF, the imple-
mentation of new control software was required. This would enable a single user
to control easily the entire system without the assistance of a second person, which
was not possible up to now. Further, functionality is also incorporated, such as
mass spectra sweeps and a dose monitor. This would have been either much more

time-consuming or impossible to carry out manually. To provide full control of the
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Figure 3.17: Schematic of the final ion optic setup for coupling the MACS source
and the Von Issendorff-Palmer TOF mass-filter. The beam direction of travel is from
right to left, the initial spread of the ions (red) is based on manual from the ISE-5
ion gun. The nanocluster initial trajectories are based on experimental data from
the MACS1 running in transmission mode. The upper image shows direct focusing
of the nanoclusters into the TOF spectrometer while all plates are grounded. The
lower image is with the pulses switched on.

mass-filter and ion optics, several different instruments required controlling. A flow
diagram of the communication is shown in figure 3.18. The control software itself
is written entirely in LabVIEW 2012 and incorporates elements of commercial con-
trol software supplied with instruments (i.e. LabVIEW VIs for the Glassman and
Wienner power supplies), as well as software written entirely by the author (e.g.
picoammeter and pulse generator command controls and all additional functional-

ities). A brief overview of the user interface and functionality is given in the next

few pages.

3.8.5 Tuning and Mass Filtering

The section of the interface shown in figure 3.19 presents all the settings and com-
mands needed to tune up the ion optics to improve the focus and, therefore, the
mass-filter transmission efficiency and quality of the cluster beam produced (e.g.
size, shape etc.). Furthermore, the mass-filter is also controlled here allowing the
pulses to be turned on and off, and the parameters set for filtering a specific size.

The ion optics have sixteen channels over two modules, which can all be controlled
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Figure 3.18: Communication or data flow diagram of the computer controlled ele-
ments of the MACS1 system. This setup provides complete control of TOF mass
filtering, mass spectra measurements, ion optics and current measurements (ion
beam or charged clusters). Additional utilities are also provided in the user inter-
face, save/load data and settings, timer and dose display (integrated current) and
dose limit warning. Computer image from [182]

here. The channels can either be set individually to specific voltages or to the same
voltage (right-hand purple box). A reading of the set and output voltage is fed back
to the interface, as well as the current drawn by each channel. The settings of the
mass-filter calculate a specific pulse frequency for filtering the desired size (central
purple box) based on the calibrated frequency (Ar; peak frequency). The main
graph displays current readings taken from the picoammeter against time. This
current is used to tune up ion optics or to provide a dose level for cluster or ion
deposition. A set limit for dose can be provided, after which an indicator is given
that the required level is reached (LED illuminates). The tuning, mass filtering and
current readings can all be carried out simultaneously. Commands required for all of
these operations (e.g. on/off, reset etc.) are highlighted with a green box. Finally,
the red highlighted LED indicators provide information on the state of the system
and the processes it is running. The upper five indicators report the completion or
state of tasks, e.g. if the instrument ID is confirmed, the lower four report different
possible errors based on the breakdown of communication within the system.

The most common cause of instrument communication errors is incorrect instru-

ment configuration rather than a real-time failure. The setting for each instrument
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Figure 3.19: The user interface for tuning the ion optics and filtering with the TOF
mass-filter is shown above. The purple boxes indicate settings for the ion optics and
mass-filter (e.g. voltages, pulse frequency etc.), the green box highlights commands
to perform set actions and the red box contains indicators of complete, in-progress
or error status. The graph displays the measured current from the picoammeter
with an integrated dose indicator above.

can be edited in the ”Settings” tab (with the exception of the high voltage power
supplies discussed later). A screen shot of this tab is presented in figure 3.20. The
instrument communication and device settings are highlighted in purple boxes and
the measurement settings in green. The measurement settings provide different
measurement parameters for the picoammeter. This allows the user to specify the
measurement range and number of measurements taken per data point, as well as

how they are averaged. This provides the ability to increase measurement accuracy

greatly or to manipulate measurement time to capture more dynamic processes.

3.8.6 Mass Spectra

The control required for the acquisition of mass spectra is more sophisticated, re-
quiring several instruments to carry out actions in the correct sequence and timing.
The user interface panel is given in figure 3.21. The filter settings for the acquisition

of mass spectra and the commands used to carry out measurements are highlighted
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Figure 3.20: The settings user interface permits the communication (purple) and
measurement parameters (green) to be edited. The latter allows the range and
number of samples taken by the picoammeter to be set, as well as whether they are
averaged from repeated measurements or use a moving average.

by purple and green boxes respectively. The general overview of the communication
is as follows: first, a look-up table is generated of all required time periods based on
the frequency range, step size and calibration settings. The communication to the
BNC pulse generator and picoammeter is configured and an ID check performed.
Once confirmed, the parameters for the zero-check measurement are sent to the pi-
coammeter and the zero-check is performed. Following confirmation, the running
parameters of the picoammeter are transmitted and the first frequency for the sweep
is sent to the BNC pulse generator. The pulse generator is then armed, starting the
pulses. This is followed by a short delay (settle time) and then a measurement re-
quest to the picoammeter is made. Once the measurement is confirmed, the data
is requested, received and uploaded to the data set. Subsequent steps just repeat
this process, e.g. set new pulse frequency, settle, request data and upload until the
end of the sweep range is reached. At the end of the process, the pulse generator
is disarmed, channels switched off and then the communication channels are closed.

The data is retained after this and can be saved at any time. Only resetting or
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starting a new sweep will remove the data from the memory. During this process, it
is possible to change ion-optic voltages and run utilities (timer, save etc.) as these

are controlled by separate parallel threads.
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Figure 3.21: The ”Mass Spec” tab is displayed above. Here, all the settings for taking
mass spectra can be controlled, e.g. start/end position, step size and calibration
frequency are set by values highlighted by the purple box. The green box indicates
the commands to prime the picoammeter and run the mass spectra, e.g. zero-check,
sweep etc.

3.8.7 Utilities

In addition to the main functionality already presented, there are other more minor
utilities incorporated into the software, such as the timer, save and reset data from
the graphs, and save or load all settings within the interface. These can be seen in
figures 3.19 and 3.20. A couple of the more important extra features are present in
Figure 3.22, i.e. the combination of controls for the Glassman high voltage power
supplies and error reporting: a) and b) respectively. The Glassman software has
combined the single channel control software provided to allow control of the chan-
nels separately and to manage the communication ports in parallel. Part b) presents

three error feeds providing additional feedback from the BNC pulse generator and

72



picoammeter. The first two are standard error reporters for RS232 ports; the third,
however, is a custom feed that will provide more insight into error in the system,
similar to the LED indicators (e.g. the number of communication errors and last
successful process). This platform can be improved upon for further error tracking;
however, given the proposed design of the system easy error location is currently

achievable for a familiar user.
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Figure 3.22: The front panel for the incorporated Glassman high voltage power
supply control a), and error reporting b). This gives control of several single high
voltage channels in parallel (adapted from series control) and additional support in
tracking down communication errors respectively.

3.8.8 Commissioning

After installation, the first step is to calibrate the mass-filter using a known charge-
to-mass ratio ion. In this case the argon ion source provides a perfect tool, being
well defined in mass, charge state, beam energy and having a large signal (micro-

amps at one specific size). The lens voltages were set to the optimum voltages

73



determined from the simulations and then tuned to increase the white beam (i.e.
the beam passing through the mass-filter without the mass selecting pulses on). The
resulting mass spectrum is shown in figure 3.23. The frequency where the peak is
found is then fed back into the calculations to calibrate the filter. The insert shows
calibrated mass spectra taken while sputtering the matrix support. Peaks for Ag;
and Cu, are visible. The signal of the size-selected Art beam is very low compared
with the white beam signal (< 0.001%). The transmission ratio of ~50 % is typical
for this type of filter (depending on system parameters); therefore, the transmission

efficiency has been investigated further.
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Figure 3.23: The mass spectrum of the argon ion beam is plotted in black and is the
average of ten spectra. This gives a clear peak for the calibration of the filter, which
can then be used to measure charge-to-mass ratios. The insert is of a calibrated
spectrum taken while sputtering the matrix support (e.g. Cu and Ag) with an
argon ion beam. This insert is provided by Lu Cao

Due to the higher kinetic energy of the argon ions (keV) compared with nan-
oclusters(eV), it is possible that the beam does not get displaced vertically before
reaching the end of the chamber. To test this, the pulse voltage has been increased
to provide greater deflection. The results are given in Figure 3.24. As the pulse
voltage is increased so is the transmitted current due to the increased angle of the
ion trajectory. There is, however, a limit to this. If the trajectory becomes too

steep, extra ions will hit the plate before the first opening or exit of the filter; refer
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to Figure 3.16 for a schematic of the mass-filter. In addition, the higher voltage
results in a greater pulse frequency, which means that eventually the ions do not
completely "fill” the acceleration region before the next pulse; however, the same
number of atoms will still hit the first plate reducing the filter efficiency. The ideal
case for maximum transmission would be to optimise with a combination of both
frequency and plate voltage. From this, it follows that if nanocluster velocity is
dependent on it’s size, the measured size distribution can be somewhat skewed by

different transmission efficiencies, however this can be accounted for experimentally.
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Figure 3.24: The peak current measured in mass spectra of the argon ion beam
is plotted against the pulse voltage used. As the voltage increases so does the
transmission of the ion beam. The linear trend is used as an eye guide.

One further step was taken to improve the transmission efficiency: the entrance
and exit apertures were replaced with expanded letter box apertures (from 3 mm
diameter to 5 mm x 10 mm) and the post TOF lenses were realigned. These two
changes were able to increase the transmission ratio of the filter from ~0.03 % to ~2
%. Reducing the ion energy from 1.5 keV to 0.5 keV gave an even more dramatic
increase in transmission efficiency of up to 70 %! This clearly demonstrates that the
loss of Arts is mainly due to insufficient voltage to displace them before reaching
the end of the chamber.

The final validation of the installation and software development can be seen

in Figure 3.25, which shows mass spectra of silver clusters produced by the MACS
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using different matrix loadings (1, 1.5 and 2.5 %). These results have been provided
by Lu Cao.!7
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Figure 3.25: The mass spectra of clusters using MACS in reflection mode. Three
different silver loadings in have been used in the matrix: 1 %, 1.5 % and 2.5 %
(black, blue and green respectively). A simple polynomial fit has been added to
each spectrum as an eye guide. Data provided by Lu Cao.

3.9 Conclusion

To conclude, in this chapter the MACS1 has been designed and built to scale up
production of size-controlled nanoclusters. The source has been improved, by in-
troducing improvements to both the system geometry and components. High-flux
cluster production of size-controlled nanoclusters has been demonstrated, achieving
an equivalent cluster current of nearly 100 nA (equivalent to ~100 pg/h). Clusters
have been produced across a range of sizes, while maintaining size control (from
hundreds to thousands of atoms per cluster). Furthermore, the source has been

demonstrated to run in a continuous mode via real-time replenishment of the ma-
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trix. The Von Issendorff-Palmer TOF has been simulated for optimum coupling
with the source and subsequently commissioned and the transmission efficiency op-
timised. Bespoke software has been developed to control the TOF, ion optics and
current measurements, allowing the measurement of MACS produced clusters in the
gas phase. These results demonstrate that clusters are preformed before landing on

the surface.
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Chapter 4

Proof of Principle of Reflection

Mode MACS

This chapter presents the first results from the MACS used in a reflection geometry.
The effect of sputtering and collection angle is investigated as well as the total
cluster yield of the system. For demonstration and comparison with previous MACS
results, all work is carried out with silver clusters. This work has been carried out
by the author, Dr Feng Yin and Jian Liu. The cluster production was conducted
by the author and Dr. Yin, all the STEM imaging was carried out by Jian Liu.
Sample analysis was completed by Jian Liu and the author, independently, and

then compared.

4.1 MACS in Reflection Mode

A significant level of complexity when using the MACS in transmission mode comes
from the matrix support. The most effective grids have been found to be those with
small holes(1.2 pm hole 1.3 pm bar), which provide better matrix coverage of the
holes.!™ The best commercial grids for cluster production yield were found to be

1 168

Quantifoi Quantifoil is a carbon film with an ordered array of micron (~1 pum)

size holes, which is supported on a standard copper TEM grid (3 mm diameter).
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To use this effectively careful grid handling and mounting protocols are required.
Furthermore, it is necessary to deposit a thin buffer layer of argon onto the grids
prior to experiments to protect the very thin (~10 nm) carbon film from damage
during sputtering. Replenishment must be carefully controlled to maintain ”filled”
holes maximising the useful area, without excess dosing, which can block the holes
completely and prevent cluster production.

Moving to larger areas (> 10 cm?) this type of support becomes very difficult
to work with, and uniform cooling also becomes a problem. As the grid is thin and
can only realistically be supported on the outer edges, the thermal path from the
cold head becomes much longer and the thermal conduction becomes bottlenecked
by the thickness of the mesh and the lower thermal conductivity of the carbon film.

Layer-by-layer growth of argon has been observed on bare copper grids in exper-
iments carried out in the department. This demonstrates that the holes will fill in
uniformly from the edges. If the holes were to be fully covered during cluster for-
mation they would become blocked due to the thick film (10’s ym). As such, during
the cluster production process in transmission mode MACS most of the sputtering
must take place in a grazing regime (figure 4.1 a), rather than direct transmission
through the matrix as originally envisaged (figure 4.1 b)). The available surfaces for
sputtering using a mesh support are the inside of the holes/bars. This prompted
the hypothesis that a single flat plate placed at an angle can provide a greater us-
able area. Adopting a plate support would also remove the need for complex grid
handling and buffer layer protection of the support. Moreover, thermal conduction
would be improved (thicker support) and the parts can be easily sourced or produced

in-house.
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Figure 4.1: Top down cross-sectional representation of the sputtering regime in
a single mesh hole in the transmission geometry. a) depicts the sputtering regime
predicted based on layer-by-layer growth observed in as yet unpublished experiments
at the University of Birmingham. b) illustrates the previous concept of transmission
sputtering of the matrix. This change has a significant impact on the available
sputtering area in the transmission geometry.

The proposed principle of the reflection mode operation can be seen in figure
4.2. This arrangement provides much greater access for dosing, sputtering and
collecting clusters. There is also increased flexibility in support geometry. As this
is no longer a transmission technique confined by the mesh geometry the optimum
angle for sputtering and collection must be explored. This open geometry allows
a wide range of sputtering and collection angles to be tested in order to optimise

performance.
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Figure 4.2: The principle of reflection mode in the MACS is shown in the concept
image above. An argon ion beam is impinged onto a cryogenically cooled matrix
of co-condensed metal and rare gas atoms. Nanoclusters are formed, ripened and
extracted by successive ion impacts. This arrangement offers greater freedom in the
system geometry, and convenience in matrix support handling.

4.2 Experimental Setup

The MACS system described in this chapter was a proof of principle instrument
that is based around the chamber of an LK High Resolution Electron Energy Loss
Spectrometer (HREELS). Figure 4.3 a) shows a picture of the entire system, how-
ever, the top chamber was put to use for MACS research, the full chamber drawing
is shown in Figure 4.3 b). No substantial modifications were carried out on the un-
derlying system. A Pfeiffer 250 L/s turbo-molecular pump and gamma vacuum 100
L/s ion pump are mounted on port 1 and an ion gauge, is mounted on port 2, details
shown in Figure 4.3 b). View ports are also kept on ports 7 and 8. The remaining
labelled ports are new introductions and are considered in the next section. This
base system has been used for both these proof of principle measurements and the
ion-induced light emission described in Chapter 6, the wide range of ports provides

the flexibility required for these experimental investigations.
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Figure 4.3: a) presents an image of the entire HREELS system as new, prior to
modification for use as a MACS system, reproduced from [183]. b) is the technical
drawing of the upper chamber labelled as used for the production of nanocluster via
reflection mode matrix assembly.

4.2.1 System Modification

As shown in Figure 4.2 the reflection mode allows variation in sputtering angle
(o) and cluster collection angle (). To take advantage of this a system permit-
ting manipulation of the sputtering angle and the ability to make angle-resolved
measurements of the produced nanoclusters is required. To implement, this there
are four main changes to the upper chamber shown in figure 4.3, the ion source,
evaporator, cryogenically cooled matrix support and sample holder, which are each
described in brief here. A simplified schematic of the entire system is shown in figure
4.4.

The matrix is cooled to below 20 K by a continuous flow of liquid helium through

the cold finger. A diagram of the cooling lines can be seen in Figure 4.5. To avoid
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Figure 4.4: Schematic of the proof of principle reflection mode MACS system (based
on the LK HREELS chamber). The insert shows a close up of the matrix support and
defines the sputtering (ion bombardment) and collection (cluster deposition) angles
a and [ respectively. The rotation of the cold finger allows the sputtering and
collection angles to be changed. Additional ports have been left out for simplicity.
blockage from frozen water vapour, the lines are first pumped out and then cycled
with warm helium gas from the top of the dewar before cooling (~10 minutes),
the transfer line is then slowly inserted into the liquid helium. The flow to the tip
(red line in figure 4.5) is restricted initially to speed up the cooling of the shield
(blue line in figure 4.5). Once the radiation shield is sufficiently cooled this is then
reversed , i.e. restricting flow to the shield and increasing flow the tip, in order to
provide greater cooling at the tip. The ultimate temperature is reached after 1.5-
2 h of cooling, without additional thermal load this is 9-10 K. The temperature is
measured by a four pin 27 2 Rhodium-Iron resistive sensor from Oxford Instruments.
This is housed in the support block (see figure 4.6)

To load and sputter the matrix the Createc HT'C thermal effusion cell evaporator
and Omicron [SE-5 ion gun have been installed on ports 6 and 5. The effusion cell is
fitted with 10 cc Al,O3 crucible, to permit horizontal mounting this is used with a 5

cc boat inserted into the crucible, which prevents melted evaporants flowing out. To

investigate different sputtering angles the sample stage is mounted on a rotary drive
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Figure 4.5: Scheme of cryogenic cooling lines, transferring liquid helium to the cold
finger. The shield line (blue) within the transfer-line acts like a cryostat, while the
tip (red) delivers liquid helium to the end plate of the cold finger.
and manipulator. This set-up allows rotation of the matrix support through 360°
as well as x, y, z manipulation, as such the support can be carefully aligned to the
beam and sample stage. The matrix support plate itself is shown in Figure 4.6, the
mounting block after the sapphire isolation houses the Rhodium-Iron temperature
sensor and fixing point for biasing the support. This is electrically isolated from the
main body of the cold finger by a sapphire spacer and ceramic washers on the screw
mountings. The sapphire faces are coated in gold to improve thermal contact. The
main support plate is a simple copper plate chosen to be smaller than the ion beam
(plate 15 mm x 30 mm) to give a near uniform current density.

The sample stage holds an array of up to 12 TEM grids, the array is mounted

horizontally i.e. permitting azimuthal angle-resolved measurements (5 in figure
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Figure 4.6: Schematic diagram of the cold finger. The matrix support is formed by
the copper plate (15mm x 40 mm x 2 mm). The support is electrically isolated
from the cold finger by a sapphire spacer that is used to provide electrical isolation.
The two faces of the spacer are coated in gold to increase thermal contact. The
system is capable of reaching a base temperature of 9 K.

4.4). This array is fixed to a stainless steel rod which is then mounted on a linear
translator (see figure 4.7). The spacing between the 12 TEM grid holders increases
along the holder to give more even angular increments from the centre of the cold
finger. The samples are isolated from the linear drive by a PTFE mounting block,
so that they can be biased for deposition. However, all experiments were performed
with the stage grounded to avoid any charging by cluster deposition or stray ion

beam. A foil is mounted on a second rod, which is used as a simple shutter to avoid

undesired depositions. The schematic of this stage can be seen in Figure 4.7.

4.2.2 Sample Preparation

In this system, nanocluster production performed in a two stage process. First, the
matrix is deposited onto the cooled matrix support, which is aligned perpendicu-
larly to the thermal evaporator. Argon is deposited by backfilling the chamber to a
pre-selected pressure via a precision leak valve. The metal concentration is varied

by changing the evaporator temperature, and deposition rate is measured by QCM.
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Figure 4.7: Schematic of the deposition stage for reflection mode MACS. A total of
12 TEM grids can be mounted. Samples are spaced to give an even angular spread
from the centre of the cold finger. A securing plate is used to fix the TEM grids in
place. A grounding wire is also fixed to one of these screw to avoid charging.
During formation matrix temperature remained between 15-18 K. Examples of the
change in silver deposition rate with evaporation temperature and the deposition
profile of the evaporator are shown in Figure 4.8 a) and b), respectively. The depen-
dence of deposition rate on temperature has been carried out in both heating and
cooling directions. These results are averaged to negate the influence of the ramp
direction. The rate in terms of A/s is too low to be measured by the QCM in real-
time, therefore it is calculated based on the thickness deposited over an extended
duration, two hundred seconds per point for the temperature dependence and sixty
seconds per point for the deposition profile. The deposition profile is measured by
translating the QCM along the line of the matrix position. The profile appears to
be relatively flat at the centre of the chamber and across the matrix surface. Dur-
ing preparation of the matrix the sample stage is covered with a shutter to prevent
contamination.

After matrix formation the matrix is sputtered to produce clusters. First the
matrix rotation is set to the desired sputtering angle. The deposition stage is moved

in until it is <0.5 ¢m from the matrix support the alignment is carried out before
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Figure 4.8: The effect of both evaporator temperature and substrate position has
been calibrated. Graph a) shows the effect of evaporator temperature on the de-
position rate of silver. b) is the profile of the evaporant beam, the central position
has been set by the observed peak and the matrix support positioned accordingly.
The temperature dependence measurements were carried out at the peak position
for maximum signal.

cooling). The alignment is made such that the edge of the matrix support always
meets the sample position on the sample stage (see figure 4.15). This will cause
the centre of the support to be slight offset from the centre of the chamber (<1 °
change to sputtering angle). Based on the alignment position the angle between
the matrix support and each sample can then be calculated. The matrix is then
sputtered using a 2.5 keV argon ion beam, with a current of approximately 6 pA
(argon gas pressure 9x10~7 Torr). To improve the accuracy of the ion dose, the
current is measured in real-time using labview and a picoammeter, the current is
integrated during the deposition to give an ion dose value. Once a set dose level
is reached the ion gun is switched off (the same ion dose has been used in each
experiment). The dose is chosen such that the matrix is not depleted, based on
previous experimental results. Collected samples are then removed from vacuum
and transferred to the microscope or a vacuum box (1x1072 to x107® mbar) for
imaging and interim storage, respectively. Nanocluster densities are measured by
counting the number of clusters per frame, from five different areas across the TEM

grid with a minimum of two images from each area. Nanocluster size is assessed

using HAADF intensity analysis as illustrated in appendix B.2.
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4.3 Dependence of Nanocluster Production on Sput-
tering Angle

To reproduce the glancing incidence geometry found in the transmission mode a
low sputtering angle with a collection close to in-line with the matrix surface was
investigated. The sputtering angle («) was set to 10 ° from parallel to the matrix
surface and the collection angle () varied from 8 ° to 110 °. A total of eight samples
were collected over that range. A ~100 nm argon matrix is formed with 1.1 % silver
loading. This has then been sputtered for 30 seconds using a 3 pA, 2.5 keV argon

ion beam. Sample images of the resulting clusters from three of these positions can

be seen in Figure 4.9.

Figure 4.9: HAADF STEM images of silver clusters produced in reflection mode
with a sputtering angle («) of 10°. Each image is take from a TEM grid placed at
a different collection angle (), indicated in the top left of each image. The argon
matrix thickness was ~100 nm with a 1.1 % silver loading. The matrix temperature
during formation was 15-18 K. This has been sputtered for 30 seconds using a 3 A
Art beam at 2.5 keV.

The nanocluster density at each angle is shown in figure 4.10 a), the profile is
fitted with a Gaussian. The peak flux is observed at a collection angle 59°, which is
not expected from previous transmission mode results. The previous transmission
mode demonstrated a narrow low-divergence beam exiting from the matrix area, i.e.
almost parallel to the surface. This is probably due to the channel nature of the
mesh holes. The average size distribution of the produced nanoclusters across all

collection angles is presented in Figure 4.10 b).
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Figure 4.10: The cluster density as measured on each TEM grid is given in a). The
Gaussian fit (red) gives a peak density at around 59 °. The average size distribution
of nanoclusters deposited across all grids is shown in b). A peak value is observed
at 100 silver atoms with a mean of 820. The FWHM is 380 silver atoms. The bin
width is fifty silver atoms. The insert provides a reminder of the geometry with «
being sputtering angle and [ cluster collection angle. i denotes the total number of
clusters measured.

The peak size is ~100 silver atoms with a Full Width Half Maximum (FWHM)
of about 380 silver atoms. Throughout this chapter peak values and FWHM values
of cluster size distributions are calculated based from fitting the size distribution
histogram with a lognormal function. The majority of clusters are small with only
a minor fraction < 5% of large outlier nanoclusters > 2000 silver atoms. A more
detailed view of the size distribution is given in Figure 4.11, the size distribution of
nanoclusters imaged at each collection angle is depicted separately. Each sample is
imaged in 5 regions (four quadrants and the centre) taking a minimum of 25 images
per sample, a minimum of ten images are analysed to provide a good statistical
representation. Although, samples with lower density (~1x10) will have fewer
particles to analyse, the total number of particles is given in each figure denoted by
i. Samples generally show consistent particle density and size distributions across

all areas imaged.
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Figure 4.11: The size distribution of the nanoclusters observed at each collection
angle is plotted in a histogram. In all cases the sputtering angle («) is ten degrees,
the collection angle (/3) is displayed in the top right of each graph. The insert in
the bottom middle indicates the geometry. The bin width is 50 silver atoms. The
peak and mean cluster size is shown for each distribution, as well as the FWHM
and number of particles imaged (i).

* indicates the peak flux position.

4.4 Cluster Yield

In terms of viability as a cluster source the amount and deposition area of clusters
produced is a key parameter. The cluster beam is observed to be broad, with clusters
produced across an 80 ° arc. This is unexpected compared with the low divergence of
clusters in transmission mode. However, this is generally observed when sputtering
ices. 187186 This maybe due to the grid shape channelling both the incoming ions
and outgoing cluster confining the beam. If ejected nanoclusters are recaptured,
further ion impacts would be required to release the cluster (a minimum of one).

Furthermore, in transmission mode a large portion of the argon ions will be wasted
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as they hit the face of the matrix and sputter material out in the opposing direction
of the impinging ions (i.e. conventional sputtering). Therefore, the efficiency of
reflection mode (ion to cluster conversion ratio) is expected to be higher. The
yield is calculated based on the number of nanoclusters deposited divided by the
number of ions impinging on the matrix. Which in turn is calculated from the
measured drain current between the electrically isolated matrix and ground. Thus,
the exact value should be treated with some caution as it is not a true measurement
of the ions incident on the matrix but the sum of incoming ions as well as the
contribution of outgoing electrons and ions. Current measurements performed on
different surfaces as well as single point Faraday cup measurements seem consistent
with typical matrix current measurements so the discrepancy is considered to be
small.

The yield achieved in high flux experiments with transmission mode is <0.03 %
using a copper 1000 mesh matrix support. STEM measurements of the deposited
TEM grids are used to calculate the average cluster density over the total deposition
area. The total number of clusters can then be calculated and compared with
the number of impinging ions during deposition (calculated from real time current
measurement).

In order to calculate the yield in reflection mode the profile of nanoclusters col-
lected in 1D has to be extrapolated to a surface, based on the target geometry (40 x
15 mm rectangle). Using the surface extrapolation the total number of nanoclusters
produced can be calculated and hence the yield. The beam hits the entire plate with
a near uniform current density of argon ions (due to defocusing). The azimuthal
angular cluster density has been measured by HAADF STEM of TEM grids (fig-
ure 4.10), relative to the centre of the matrix support. Therefore, just the vertical
extrapolation is needed to give total cluster flux. A linear fall off of cluster flux in
the z-direction is used as an approximation. This is pinned to 50 % at the extremes

of the matrix support (i.e. top and bottom of the plate). The 50 % at the edge is
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based on the fact the cluster flux measured at the centre is the sum of contributions
form the entire plate above and below (which are equal). As such, at the top there
is no contribution from the plate above (as there is none). The extended distance

below is neglected as the contribution will become smaller with distance.

Cluster density (a.u.)

Vertical height (mm)

Figure 4.12: A representation of the cluster beam shape based on measured az-
imuthal angular distribution (/) showing a skewed Gaussian shape and assumed
linear fall off vertically across the matrix support (z direction). Such a profile can
be used to estimate total cluster production and obtain the argon ion-to-nanocluster
yield.

The profile of produced cluster flux has been extrapolated from the 10 ° sput-
tering angle data shown in figure 4.10. The resulting cluster beam shape can be
seen in 4.12. The extrapolation covers all measured angles and the full height of
the plate (40 mm). This calculation should be a lower limit as in reality the beam
profile should extend below and above the plate to some degree. After integration
of the entire beam the equivalent cluster current is 28 nA over the deposition (~ 30
s). The average ion beam current measured over this time was 3 pA giving a con-
version of 0.0093 (almost 1 %). In comparison, the yield observed in transmission
mode for high flux measurements using a copper 1000 mesh is of the order of 0.03

% (Chapter 3). The ~1 %, observed in reflection provides a much more efficient

92



method of cluster production. This is primarily due to the much greater area used

in reflection mode ( i.e. 100% of the surface).

4.4.1 Incident Angle Dependence

To investigate the effect of incident angle on nanocluster production, further mea-
surements have been made for sputtering angles ranging from 10° to 45 °. All other
parameters remain unchanged (i.e. energy, matrix thickness and metal concentra-
tion, as well as matrix temperature). Due to experimental constraints the absolute
ion dose measured at the matrix support varied between successive experiments due
to the build-up of a metal film on the insulated surfaces of the coldfinger supporting
the matrix. This introduces a degree of uncertainty in the measured sputter current
dose, except for the initial 10° case. In the worst case, the error in the ion dose
value, introduced by this experimental artefact, is of the order of 50 % . As such
the absolute flux is not a reliable result for all other sputtering angles, however the
distribution can still be considered. The nanocluster density versus collection angle
and as a function of incident sputtering angle can be seen in figure 4.13 a). This
shows the nanocluster density measured by STEM. The peak collection angle for
cluster ejection changes with the incident sputtering angle. Figure 4.13 b) is ob-
tained after factoring in the solid angle of the grid projection relative to the centre
of the matrix support plate. This produces an asymmetric distribution reducing the
contribution of the low-angle samples, as they are very close to the matrix support.
Factoring in the solid angle projection adds more weight to samples covering small

solid angles (i.e. high collection angles), which in turn have lower cluster densities.
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Figure 4.13: The measured nanocluster density is plotted against the collection
angle for incident ion beam angles (sputtering angle). a) plots the ”as measured”
cluster density for different collection angles, sputtering angle is given in the top
left corner. Peak trends are given by gaussian fits b) presents the data after solid
angle compensation for the relative angle and distance of each TEM grid compared
with the centre of the matrix. The solid angle consideration skews the originally
Gaussian distributions (lines are used as eye guides).

Considering not only the collection angle but the combination of both sputtering
angle and collection angle, further information can be extracted about the effect of
sputtering angle on the production of nanoclusters. Figure 4.14 plots the sputtering
angle against the angle with the highest observed nanocluster flux, for both the
as measured density and solid angle corrected values i.e. the optimum collection
angle (/) for a particular incident ion angle («). In both cases a near linear trend
is observable. In the case of the solid angle correction, a near direct correlation
is observed (gradient of 0.85 and 0.6 for the solid angle corrected and raw values
respectively). A gradient of 1 would indicate a constant value for the sum of the

sputtering and peak collection angle and would mean the peak nanocluster produc-
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Figure 4.14: The collection angle of the maximum cluster density is plotted against
the sputtering angle, for both the ”as measured” (green) and after solid angle cor-
rections (blue). In each case a linear trend is observed with gradients of 0.6 and
0.85 respectively.

tion is independent from the surface orientation. The average sum of sputtering
and collection angle over the 15-45 ° sputtering angle range is 10443 ° for the solid
angle corrected maxima, and 7846 ° for the raw data maximum cluster flux. The
error values here are based on standard deviations of the sum of the sputtering and
collection angles.

The shift to larger collection angles for smaller incident sputtering angles («)
can be linked to the system geometry. As the alignment of the sample plate is made
relative to the edge of the matrix support, this point is fixed and as the incident
sputtering angle is changed this point effectively becomes a pivot (see figure 4.15).
When the sputtering angle « is reduced, the ion density will increase in position
i) relative to position iii), positions shown in figure 4.15. Similarly the distance
between the support and samples reduces at the edge nearest to the ion source,
the distance from i) to ii) in figure 4.15, while the distance from points iii) to iv)
remains unchanged. These two effects will lead to the increase in the cluster density
observed at high collection angles when « is reduced. Therefore, the peak collection
angle will shift towards larger angles.

The size distribution of clusters produced at each sputtering angle has also been
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Figure 4.15: Illustration demonstrating the effect of changes in the incident angle
a on the ion density gradient across the matrix support and the throw distance. a)
shows a high sputtering angle () and b) a low sputtering angle. As the sputtering
angle decreases, points i) and ii) become closer together. Due to the alignment
method, points iii) and iv) always have the same separation. Reducing alpha also
increases the ion density a point i) relative to point iii).

measured. The average size distribution across all collection angles as a function
of sputtering angle is given in figure 4.16. In each case the peak, mean size and

FWHM of the distribution is given.
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Figure 4.16: The average size distribution of deposited nanoclusters is shown for
different sputtering angles (shown top right). In all cases a lognormal distribution is
observed. There is no significant trend observed as a result of the sputtering angle.

A similar lognormal size distribution is seen across all sputtering angles, the peak
nanocluster size remains between 70 and 140 silver atoms. The number of large clus-
ters (>2000 silver atoms) also remains within the experimental error of 3-7 % for all
sputtering angles. The size distributions appear unchanged by sputtering angle with
just experimental fluctuation. This consistent peak size at higher sputtering angles
is some what surprising given that this generally results in high sputtering yields.

However, it does indicate limited surface aggregation in the resulting nanoclusters

97



due to ejected atoms. The limited effect of sputtering angle of size relaxes system

geometry constraints.

4.5 Conclusion

This chapter has reported the use of the matrix assembly technique in a reflection
geometry. This simplifies the existing technology both for maintenance and day-to-
day running, providing a more reliable and consistent source. Low angle sputtering
(10 °) has been employed as this is likely the same process that takes place in the
transmission geometry based on argon growth mode studies. The method was shown
to produce a wide beam of nanoclusters with the FWHM of the beam giving a half
angle of ~30°. Further to this, the practical efficiency increased from <0.03% of ions
being converted into nanoclusters in high flux transmission mode, to 1 % in reflection
mode, a dramatic improvement largely due to the more accessible geometry. The
peak ejection angle was found to be dependent on sputtering angle with a linear
relation between the sputtering and collection angles. The average angle between
incident and peak ejection angle in this geometrical configuration was found to be
~86°.

Furthermore, the size distribution appears to be largely independent of the sput-
tering or collection angle, with mean nanocluster size being ~ 100 atoms. An average
of 60% of the nanoclusters produced are small containing <500 silver atoms. The
number of large outlier nanoclusters is also similar for all angles at between 3-7 %.
The invariance of the size away from the peak where there is much less material
deposited is an indication that surface aggregation does not play a significant role
in the resulting cluster size.

With this ion-to-nanocluster conversion rate, current commercial ion beam sources
of 1 A could be used to achieve a equivalent nanocluster beam current of 10mA,

which is about 4-5 orders more in terms of the number of clusters than current
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unfiltered high flux cluster beam technology! This would bring the production level
to grams of nanoclusters per hour. This exploratory work forms the basis for a
new practical source scaling up cluster production. The results demonstrate such a
source could not only increase the rate of production but also deposit clusters with
relatively uniform density over large areas (with appropriate choice of geometries).
The development of the first such source is the focus of the following chapter and is

the start of a new strand of research within the MACS technology.
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Chapter 5

Development and Demonstration
of a MACS for Routine

Nanocluster Deposition

The work presented in this chapter covers the design, construction and commission-
ing of the new reflection mode MACS2. These experiments have all been conducted
with silver clusters which provides a good comparison to previous results. The au-
thor, who lead the work, was supported at times by both Thibaut Mathieu and
Dr. Vitor Oiko in constructing and commissioning the source. Again all STEM was
conducted by Jian Liu and Fluorescence Microscopy of nanoclusters deposited onto
glass was carried out by Timothy Poon. Any other contributions are stated clearly

in the appropriate section.

5.1 Concept and Development

The success of the initial reflection mode experiments provided a strong case for
further investigation and adoption of this new geometry, specifically the increased
ion to nanocluster conversion ratio observed in Chapter 4) compared with that in

transmission (see Chapter 3). The new cluster source is built based on reflection
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mode cluster production for routine deposition. The key criteria of this source are;
to produce large quantities of nanoclusters (equivalent to hundreds of nA), to deposit
nanoclusters over large area substrates (10s of cm?), to establish a robust system
for routine nanocluster production by non-experts. The resulting system takes the
role of a sample production instrument for size-controlled nanoclusters for model

catalysts, biochips and colloids.

5.2 Design and Construction

As the instrument should deposit large numbers of clusters over an extended area
(e.g. for biochip production), the starting point for the design is to decide on a

deposition stage that permits the production of such samples.

5.2.1 Deposition Stage

To provide a means for large-area deposition a previously purchased deposition
chamber for coating glass slides has been employed. This provides a mounting for
21 glass slides, an area of about 400 cm?, which can all be deposited onto without the
need to break vacuum. This was supplied by Inanovate, the full assembly drawing
can be seen in figure 5.1 and the technical drawing in figure 5.3 a).

To maintain a high flux a large fraction of the nanoclusters produced must be
collected. This can be achieved either by bringing the deposition stage close to the
generation position to capture a large solid angle, or by focusing the nanoclusters
onto the deposition stage (e.g. electrostatically). Previous results have shown that
10-15 % of the nanoclusters are produced either positive or negative,'”® limiting the
cluster collection possible from ion-optic extraction and focusing. Furthermore, the
effect on the ion beam from the addition of such extraction optics would need to
be considered. Figure 5.2 shows the percentage of nanoclusters collected for a given

distance between the matrix and deposition stage. The size of the deposition area
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Figure 5.1: Drawing of the fully assembled deposition chamber supplied by Teer
Coatings Limited. Inside the carousel can be seen which is driven by two drives
mounted on top of the chamber (one for height and the other for rotation).

is set to a single glass slide (75 x 25 mm). These results are based on the angular
spread of produced nanoclusters observed in chapter 4. The fraction captured is
first considered for the 1D case of a 75 mm (blue) and 25 mm (green) plate. These
are then combined for the 2D case, to give the fraction of nanoclusters collected as
a function of distance. The spread of the cluster flux is then based on the fit of the
cluster density from angle resolved cluster deposition (chapter 4). In this calculation,
production is considered to be symmetrical in the horizontal and vertical planes (i.e.
lower estimate compared with expected vertical production profile). The insert in
figure 5.2 provides an illustration of the process with a support at two different
locations a) and b) with respect to the matrix. In each case a different fraction of
the cluster beam (orange) is collected. Based on these considerations, as long as a
deposition distance of 10 cm or less is used a greater fraction can be collected by
direct deposition onto a glass sized substrate than through ion extraction methods.

To achieve a shorter distance between the matrix deposition stage, the chamber
requires modification to introduce the beam both perpendicular and close to the

deposition surface. The modifications can be seen in figure 5.3 b). This design has
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Figure 5.2: The fall off of collected nanocluster percentage with distance, based on
the azimuthal nanocluster divergence measured in chapter 4. The 1D case for a 75
mm and 25 mm plate are indicated by the blue and green lines, respectively. The
combined collection percentage in 2D is indicated by the red line, considering a 75
X 25 mm substrate (i.e. MACS2 substrate). The insert provides an illustration of
the substrate at two different positions a) and b). The MACS 2 uses a matrix to
deposition stage distance of ~8cm.

a distance of ~ 8 cm between the matrix and deposition stage, which corresponds
to an expected collection of ~15-20 % of the produced nanoclusters. The ISE-5
ion source can produce a maximum of ion current of 80 pA, which should yield a
maximum equivalent nanocluster current of 120-160 nA. This is based on the 1 %
conversion demonstrated previously and the 15-20 % collection efficiency.

The decision to integrate the ion source into the deposition chamber restricts
the system to a two stage cluster production process i.e. matrix formation followed
by sputtering, due to the limited space for evaporation sources. There are two ad-
vantages to splitting the process, firstly the matrix formation chamber can be made
very flexible to incorporate additional evaporation sources or metrology tools, etc.
Secondly the formation and deposition stages can be completely isolated from each
other by means of a gate valve without the introduction of further distance between
the sputtering position and the deposition stage. The advantage here is two-fold,

the deposition stage is completely removed from cross contamination sources during

matrix formation and the cold finger can be retracted from the deposition stage and
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Figure 5.3: Technical drawings of the carousel deposition chamber; a) presents the
drawing of the as supplied box chamber for housing the carousel. b) shows the
modified chamber, with this configuration the ion gun can be mounted from the
back, close to the carousel deposition surface (~8 cm). The ports are used as
follows A is a sample stage, B cluster beam inlet, C pumping port, D vent valve, E
gauge, G and H are view ports, F' and J have been removed in modification. The
removal of the two back ports gives space for a larger ion source to be mounted in
future configurations. The additional top port can be used for either a Faraday cup
or view port.
closed off after deposition. The deposition chamber can then be vented, the samples
removed and replaced without the need to warm up the cold finger. With sufficient
pumping multiple depositions could be completed in one day, under the current
conditions this allows subsequent day depositions (which would be impossible if the
cold finger is warmed up between depositions ~6 hours).

To provide a clear view of the how the entire system is setup, an image of the

final system is given in Figure 5.4. A greater level of detail can be seen in the concept

diagram, which is shown in figure 5.5. The system comprises two main parts, the
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Figure 5.4: Photograph of the fully assembled MACS2 instrument. i), ii) ,iii) and
iv) denote, a translatable horizontal cold finger, matrix generation(dosing) chamber,
ion gun & sputtering position and the deposition chamber, respectively. The whole
system is mounted on a custom welded stainless-steel frame.

matrix formation chamber and the deposition chamber. The first is where the matrix
is condensed in preparation for cluster production. This houses the cold finger, metal
source, gas dosing and deposition monitor (QCM). Metal deposition is performed by
a Createc high temperature thermal effusion cell, argon gas is leaked into the system
via a precision leak valve and is balanced with the metal evaporation rate to obtain
the desired matrix composition. The second chamber is the deposition chamber,
which is isolated from the generation chamber by a gate valve. The matrix is
translated into the deposition chamber and is sputtered with keV argon ions, to form,
ripen and extract clusters which are deposited onto the deposition stage; a carousel
containing 21 glass slides. The three main components in the deposition chamber
are the ion source, deposition stage and fast entry door for sample removal. The
concept drawing has been slightly simplified for ease of viewing (e.g. the deposition
turbo pump which would be coming up from below the carousel has been removed),
the exact system is as shown in Figure 5.4. Individual components will be discussed
in more detail in the following sections. The full pumping diagram of the system is

shown in a later section (figure 5.10).
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5.2.2 Matrix Support

The MACS2 system requires a new matrix support to provide an angled target for
sputtering, while mounted on a horizontal cold finger. The cryogenic cooling system
itself is the same continuous flow helium cooling system explained in detail in the
previous chapter (see figure 4.5). There are several important considerations for the
design of the matrix support; the surface area, volume and joints for cooling and
the shape and angle for cluster production. As the ion source produces a radially
symmetric Gaussian beam and the produced nanoclusters exit into the deposition
chamber via a circular DN63 port, a support plate with a circular projection in both
directions was chosen. As the matrix support angle was shown to have a relatively
small effect on the peak production compared to the collection angle, a sputtering
angle of 45° was adopted as this is the largest sputtering angle previously tested
(shown in Chapter 4) and thus provides the largest projected size to the ion gun
per surface area of matrix support plate. The increased target size increases the
accessible ion current and reduces the radiation heat load per area of usable target.
Therefore the final matrix support is ellipsoidal as can be seen in the 3D drawings
shown in figure 5.6 a) and b). Finally a gold coated sapphire spacer connects the
cold head and the matrix plate electrically isolating the support. The ion beam
current impinging on the matrix support can then be measured directly. Figure
5.6 ¢) - e), shows a second matrix support plate that was designed for use with
higher melting temperature metals by reducing the surface area and therefore heat
the load from the evaporator and background radiation. This reduces the heat load
by about 40-50 % (depending on experimental conditions). In addition, the volume
and number of joints is reduced compared with previous systems by incorporating
the temperature sensor into the matrix support rather than an additional spacer
block. The key features remain the same in both versions, however the projection
of the matrix support to the beam is reduced from a 28 mm diameter circle to 22

mimn.
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Figure 5.6: a) and b) show CAD drawings of the end of the cold finger and matrix
support plate. c¢), d) and e) is a reduced size plate used for high melting point
materials to reduce heat load and maintain sub 25 K temperatures. In both cases
the support is a 45 ° angled ellipse which projects as a circle both parallel and
perpendicularly to the cold finger. The diameter of the projected circle is 28 mm
and 22 mm, for the standard and reduced size plate respectively. A temperature
sensor is clamped inside the back of the plate. The entire plate is electrically isolated
by a sapphire spacer, the front and back faces are coated in gold to improve thermal
conduction. Ceramic washers prevent electrical contact through the fixing screws.

5.2.3 Evaporation

The source of the cluster material is a Createc high temperature effusion cell, which
is mounted vertically from the bottom of the matrix formation chamber. This
orientation requires the rotation of the matrix support to face the bottom of the
chamber before deposition of a matrix. The cold finger is mounted on a differentially
pumped rotary feedthrough to permit rotation for metal deposition, the evaporated
metal impinges at 45° to the surface normal of the matrix support. The need
for rotation could be removed by mounting the evaporator horizontally. However,
this would require the addition of a boat within the evaporator crucible to prevent
liquid metal flowing out of the evaporator. The inclusion of the boat increases the
evaporation temperature required and in turn the heat load on the cryogenic system.

Therefore this setup is only feasible for low melting temperature materials (<1000

°Q).
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Material impinging on to the matrix is measured using a quartz crystal micro
balance (QCM). The micro-balance is mounted on a screw drive which is used to
measure the deposition rate at different positions. When the matrix support is in-
serted for matrix formation, the QCM is positioned along side the matrix to measure
material deposition in real time, the quantity of metal deposited onto the matrix
support can be calculated from the rate measured by the QCM in the offset position,
compared to that measured at the matrix position. Figure 5.7 a) is the measured
evaporation rate with respect to matrix position and 5.7b) an example of the metal
deposition observed during the formation of a matrix for cluster production. Graph
5.7a) is fitted with a Gaussian to show the extended profile, during deposition the

QCM is positioned at ~15 mm offset from the matrix centre.
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Figure 5.7: The evaporation profile is mapped by QCM measurement, the resulting
profile is shown in a). A Gaussian is fitted to the measured points to provide a
guide to the extended evaporation profile. b) gives a typical measurement of silver
deposition from the QCM during matrix formation. This is positioned along side
the matrix and the profile is used to calibrate the readings to values on the matrix.

5.2.4 Ion Source

The ion beam source is the Omicron ISE-5 ion gun, used in the reflection mode
experiments presented earlier (Chapter 4). The ion beam profile and operating
conditions are well known. An ion beam profile for different energies is given in
figure 5.8. An ion beam energy of 1.5 keV has been adopted for these experiments
as it gives the most uniform profile across the entire width of the matrix. Reducing

the energy further increases the uniformity but greatly reduces the sputter current.
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In real time, the beam size and rough profile can be checked by looking at the light
emission from the matrix, which is visible to the eye. In-situ measurements of the
beam can be performed via the top flange (see figure 5.3 b) however, a view port

for visual confirmation of matrix alignment is generally used.
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Figure 5.8: Beam profiles of the Omicron (ISE-5), for different ion beam energies.
Increased energy provides a more focused beam but at the cost of uniformity across
the matrix. As such 1.5 keV was adopted for the experiments.

Regular maintenance of the ion gun is required to ensure reliable performance
(about every operational 20 hours). Primarily this is due to sputtering of the carbon
apertures inside the source, which leads to build up of carbon on the isolating
ceramics, which requires cleaning to prevent arcing and shorting. This involves
removing all ceramic parts and cleaning off the sputtered carbon to return maximum
isolation (>50 G{2). In addition to cleaning the lens pieces can also be realigned in

the event of misalignment (a specific alignment jig is used to perform this).

5.2.5 Pumping and Venting

The system is pumped with two Leybold TMP 151, 6”, CF flange-mounted 145L/s
turbomolecular pumps, one on each chamber, backed by a large three phase Edwards
28 oil-sealed rotary pump. To evacuate the chamber the rotary pump is first used
to rough out the chambers to 1072 mbar, before starting the turbomolecular pumps.

A typical pumping time of the system is shown in Figure 5.9, such records are
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kept to check for increased base pressure, introduction of contamination or early
leak detection. The base pressure of both chambers is in the mid 10™® mbar range

without baking.
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Figure 5.9: A typical pump down cycle for turbo pumps after roughing(1x1072),
pressure for the main (matrix formation) and deposition chambers are shown in red
and, black respectively. The two upper lines show a x10 zoom of the latter part of
the curves.

Both the formation and deposition chambers are connected to a nitrogen line
for venting, as shown in the full pumping diagram (Figure 5.10). To vent, the
turbomolecular pumps are isolated from the rotary pump using a speedivalve and
then stopped (the rotary pump can also be stopped at this time). After the turbo
pumps have come to a stop (spun down), nitrogen gas is slowly added to the chamber
to vent it. A regulator is attached to the nitrogen inflow line to prevent significant
over pressuring of the system.

The rotary pump is also used to pump the gas line before dosing, reaching a base
pressure of 4x1073. To further ensure the quality of the gas supply the gas line is
flushed three times before each experiment. To flush the gas line it is filled with
0.5 bar over-pressure of argon. This is allowed a short time to equilibrate and is
then pumped out again. This process is used to purge out any air or contaminants,

which may have leaked into the gas line over time. When filled for dosing the gas
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Figure 5.10: Pumping diagram of the MACS2 system. The vacuum is maintained
by two turbomolecular pumps backed by shared a rotary pump. This vacuum fore
line is shown in black. In addition to backing the turbo pumps the rotary pump
also differentially pumps a rotary stage fitted to the cold finger. The venting and
dosing lines are shown in blue and green respectively. The dosing line is also purged
by the rotary pump to remove impurities before use. The blue arrows indicate the
location of the gas source or in the case of the vacuum line the exhaust.

line is at an over-pressure of approximately 0.5 bar, given the base pressure of the
gas line (5x1073 mbar) this gives ~5 orders of magnitude between the desired gas

and contaminations in the line. This is comparable to the purity of the gas source

(i.e. gas bottle) .

5.2.6 First Samples

Results from the first tests of the system can be seen in figure 5.11. The panels a),
b) and c) show the cluster size distribution, the raw HAADF STEM image and an
enhanced contrast image, respectively. The cluster intensities are measured using
the two circle method discussed in appendix B. Based on previously calibrated in-

tensities this would give a peak cluster size of 40-50 silver atoms, which is consistent
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with mean diameters of the clusters in the STEM images. The silver nanoclusters
were produced using a 120 nm thick matrix with a 1.3 % silver concentration, de-
posited at 12 K. The matrix was sputtered for 600 s with an estimated ion beam
current of 6 A and an ion energy of 1.5 keV. For the initial samples the sapphire
had been removed to achieve the lowest possible matrix temperatures, therefore the
current is estimated based on measurements under similar conditions. The average
nanocluster density was 200460 nanoclusters/per frame (3.2x10' per cm?). The
size distribution is shown to have a lognormal distribution. This provides the first
proof that the system functions, the remaining sections will give a detailed account
of the MACS2 source in use. These demonstrations will focus on sustained high flux

cluster production deposited onto large area supports.

a) 250: \
o 200 \
2 ]

g J

35 1501
© ]

g 100
[S ]

2 1

50
0 5x10° 10x108 15%108

HAADF intensity (a.u.)

c) 3

Figure 5.11: The first silver nanocluster sample produced from MACS 2 using a
3 % silver concentration, silver-argon matrix. The samples were deposited for ten
minutes with a beam energy of 1.5 keV and an estimated ion current of 6 pA.
a) shows the size distribution of the measured nanoclusters based on their HAADF
intensities. b) and c) present examples of raw and enhanced contrast HAADF STEM
images, of the kind used for size and density analysis.
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5.3 High Flux Production

An important specification of the source is the quantity of nanoclusters it can pro-
duce. To establish the amount of nanoclusters produced both the density and the
spatial spread of the nanoclusters is required. To achieve this two different calibra-
tion measurements have been employed. The cluster density has been mapped in a
cross pattern. An example of the average number of clusters per frame at different

positions on the substrate is given in Figure 5.12.

Sample position Deposition 1 Deposition 2
Clusters per frame | Clusters per frame
(x10) (x10)
1342 20+3
912 184
14+2 2243
1142 17+2
743 1542
Average 11+2 18+3
Grid positions
on sample Ratio between 0.8 0.85
average and center
flux values
Equivalent current | 28+6nA 5017nA

Figure 5.12: The number of nanoclusters deposited per 78.7 nm x 78.7 nm STEM
image (frame) is shown for different positions on the substrate (colour coded). An
illustration of the substrate is given on the left. The results from two different depo-
sitions are given as an example. The equivalent cluster beam current deposited on
these samples is given. Finally the ratio between the average number of nanoclus-
ters per frame and the number of nanoclusters per frame on the centre grid is given
(value used for equivalent current calculation).

As the source is designed for high volume production (~400 cm? equivalent to
twenty one slides per deposition run) , it is not feasible to map the full spatial
distribution by STEM measurements on every sample produced, it would be both
too expensive and time intensive. However, both the nanocluster density and size

at different positions across the sample can be inferred from the analysis of a single
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TEM grid. This is based on previously measured relations of the density and size in
a given place relative to that measured at the centre. To provide the most accurate
measurement the centre position was chosen as in principle this has the highest
signal. The density of nanoclusters in the centre has been measured and compared
to the average nanocluster density in all five positions. To verify the behaviour
this has been repeated for different deposition conditions (time, current and metal
concentration e.t.c), no significant variation was observed. The ratio between the
average of the centre point remains similar for each repeat with the average ratio
between the centre density and total area density across all samples being 81+6
%. This scale factor allows estimation of the average density across a wide area
by measuring the density on a single grid, providing a good estimate of collected
cluster flux. To calculate the total nanocluster flux produced, rather than just the
flux deposited on to the sample, extrapolation beyond the collection area is required,
which requires further analysis.

The production rate is limited by the incident ion current, to demonstrate high
flux nanocluster production the maximum uniform ion beam current of 30 uA at 1.5
keV is impinged on a 1 um thick, 2.4 % silver loading argon-silver matrix. Higher
currents can be produced but require a more focused beam leading to significant
inhomogeneity in the beam across the matrix. Three consecutive samples have been
deposited for 90 s each. The average of the equivalent currents measured across
all three samples is 80 nA + 5 nA. The average equivalent cluster beam current
deposited onto each sample is plotted in Figure 5.13.

The size of the deposited nanoclusters has also been measured by the atom count-
ing technique. The intensity of a single atoms is used to weigh the nanoclusters by
comparison of the integrated intensities. The cluster size distribution once again
shows a lognormal tendency as often observed for diffusing particles growing by the
addition of adatoms or coagulation.'®” Figure 5.14 shows the size distribution of the

nanoclusters produced across all samples. The peak size is 48 silver atoms, with a

115



Deposition time (s)

100 I 1 1 L L I L I L 1 I I I 1 L I 1 1 L l .

Average equivalent current (nA)

Consecutive samples

Figure 5.13: The average equivalent nanocluster current of three MACS2 nanocluster
samples deposited consecutively each for 90 s. Deposition is carried out using an
ion beam current and energy of 30 pA and 1.5 keV respectively. The matrix was
prepared with a thickness of ~1 ym and silver concentration of 2.4 %. The error is
derived from the variation in the number of clusters in each image.
half width variation of 25 atoms. Based on the mean cluster size across all three
samples (61 silver atoms), the MACS2 would deposit ~20 pg of nanoclusters per
hour. Figure 5.15 considers each sample individually, a), b), and c¢) are the size dis-
tribution of each, of the three samples, d) provides the average nanocluster size(black
squares), peak nanocluster size(white triangles), and variance(error bars). The peak
cluster size of the deposited nanoclusters are 49 silver atoms, 47 silver atoms and
48 silver atoms respectively (calculated from the lognormal fit parameters). There
is no significant change in nanocluster size with time (ion dose), the stability of
the source will be investigated further using long deposition times and ion doses.
Considering the size distribution of each sample separately, it is apparent that they
are consistent with each other.

As stated in the design section both the ion source and matrix support plate
have a radial symmetry (at least in projection), therefore a reasonable assumption

is that the cluster profile maps to that of the incident ion beam. This hypothesis
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Figure 5.14: The histogram plots the size distribution of nanoclusters deposited
across all three high flux samples. The histogram is then fitted with a lognormal
distribution which gives an average and peak cluster size of 61 silver atoms and 48
silver atoms, respectively. The variance is calculated to be 50 silver atoms. The bin
width used is twenty silver atoms.
is supported by the radial falloff in nanocluster flux observed on the substrate. In
the discussion of the proof of principle reflection mode data a skewed Gaussian is
observed in the azimuthal plane. The skewing is likely due to the angle of the
plate i.e. inhomogeneous current density. If correct, the vertical (polar) direction
would have a normal Gaussian distribution of nanocluster flux, due to the fact it
sits perpendicular to the beam. To confirm the vertical nanocluster distribution,
nanocluster density has been measured across an array of five TEM grids with 1 cm
spacing between centre of each (~30 © arc). The results are presented in figure 5.16,
a shallow curve is observed. This is consistent with beam profile considerations.
The black line is the ”as-measured” nanocluster density of the samples and the red
line indicates the density after factoring in solid angle.

By considering both the polar and azimuthal distributions of cluster flux mea-
sured, the total produced cluster flux can be mapped. In each case, the as-measured

distribution has been fitted with a Gaussian, which is then normalized. Each fit is

measured over the same range, as such the two profiles can be multiplied together to
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Figure 5.15: The first three graphs a), b) and c) present the size distribution of
nanoclusters deposited onto three consecutive samples from the same matrix. The
final graph d) gives a summary of the distributions showing the average (black
squares), peak (white triangles) and variance (error bars) of the cluster size in all
three samples. Over this short time frame no significant changes are observed in the
size distributions

form a square matrix of the normalized cluster density. This profile of the emitted
nanocluster density is given in figure 5.17 a). This normalized flux can be equated
to an actual value of produced clusters by scaling the entire mesh from the position
measured. Applying this gives the total equivalent cluster current produced over
the entire 80 ° arc. The total equivalent current produced for the high flux samples
is 350£50 nA (Averaged across the three samples). This is over four times greater
than the portion of the cluster beam that is deposited on a single glass slide (81+5
nA) as shown in figure 5.13. However, based on the geometry of the tube housing
the matrix (DN63 flange) a 75 mm x 75 mm circle is about the largest substrate
that can be used at an 8 cm working distance. Therefore the maximum usable flux
produced by the source, is calculated by truncating the previous cluster profile as
shown in figure 5.17 b). In the case of the three high flux depositions demonstrated
above, the average usable equivalent cluster current from the source was 170+16

nA. This will be referred to as the ”produced” equivalent current of the instrument
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Figure 5.16: The nanocluster density of five different samples positioned along a
vertical line in the centre of the sample. The separation between each sample is 1cm,
in total covering approximately a 30 ° arc from the centre of the matrix support.
The upper graph displays the cluster density as measured from STEM images and
the lower after factoring in solid angle projection of the grids.

compared with the ”collected” equivalent current (i.e. the fraction that is deposited

onto the sample).

5.4 Large Area Sustained Production

The increased production rate alone is not sufficient to make a case for the devel-
opment of a new technology, the source needs to maintain stable and consistent
production. To investigate this, a 45 minute long deposition has been conducted
onto 15 glass slide size samples (three minutes each). As real time replenishment of
the metal is not possible here, a thick matrix has been used (3.6 ym). The matrix is
prepared at 25 K with a silver concentration of 1.8 %. This is then sputtered with
a 15 pA, 1.5 keV argon ion beam, for the duration of the deposition.

The lower current is used as this permits better defocusing of the beam, which
provides a more uniform profile and therefore more homogeneous depletion across

the matrix. Homogeneous depletion is preferred in order to maximize the use of the
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Figure 5.17: Two 3D plots of the cluster beam profile produced by MACS2.This has
been extrapolated from the gaussian profile of azimuthal and polar cluster densities
measured by HAADF STEM. a) Gives a profile of the entire beam, the zero angle
is perpendicular to the ion source (i.e. 45 ° from the surface normal of the matrix
support. b) Shows the beam truncated to the maximum collectable solid angle
(based on chamber geometry).
matrix, thereby reducing waste and extending the matrix lifetime. In this case, it
will also reduce the risk of sputtering through the matrix into the support, which
would result in a reduced flux and the introduction of contamination. TEM grids
are mounted on the 1%¢, 374, 5" 10", 15" positions in the rotatable sample carousel
to provide information on the deposition rate and nanocluster size at different sput-
tering times. Glass slides are mounted in the other deposition positions. Figure 5.18
shows the equivalent collected cluster current obtained during sustained deposition.
The results show significant longevity in the production with an average equiv-
alent collected nanocluster current of 40414 nA. Moreover the rate takes thirty
minutes to drop ~50 % and looks to continue to drop off at a reducing rate, giving
a "halflife” of around thirty minutes without any replenishment. If the flux was
related purely to the total amount of material available to sputter (i.e. depletes
homogeneously and formation is unaffected by rearrangement), while the thickness
is significantly greater than the penetration depth of the argon ions (tens of nm)

there would be a constant production rate. This is not observed so a more detailed

consideration of what is going on inside the matrix during sputtering is required.
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Figure 5.18: The sustained cluster deposition, shows a steadily deceasing produc-
tion yield with time (ion dose). The STEM images show examples of nanoclusters
deposited in samples 1,3,10 and 15. The average collected equivalent cluster cur-
rent is 404+13 nA. Error bars come from the standard deviation from the number of
clusters recorded per image.

There are two other major factors that are ion dose dependent and impact upon the
sputtering process and therefore the number and size of clusters produced, namely
the metal concentration and the arrangement within the matrix.

Assuming arrangement of the metal is the primary variable changing the yield.
This is due to the fact that metal atoms or groups of atoms involved in a collision
spike will either be extracted or given sufficient energy to cause some diffusion of
the clusters and surrounding atoms. For clusters that remain in the matrix each
subsequent impact affords the cluster an additional chance to grow by acquiring
further metal atoms. Therefore with time clusters are either grown or extracted
leading to a reduced population but larger clusters inside the matrix.

Considering the matrix concentration there are again two possible causes of com-

positional change, excess dosing of argon and preferential sputtering of the weakly

bound argon.'® The excess dosing and re-condensation is more significant at low
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concentrations (the region considered here), the chance of direct collision is relatively
low. Furthermore, the smaller silver clusters can be extract within the argon ejection
spike without the need to break many metal bonds. In high concentrations systems,
preferential sputtering becomes more prominent as metal "frame works’ form within
the argon matrix significantly reducing sputtering yields. To form the ion beam
a gas pressure of 9x10~7 mbar is required, which will also deposit argon onto the
matrix during sputtering, thereby reducing metal concentration, and causing metal
free layers, leading to fewer smaller clusters. This pressure is between 10-25 % of
the original dosing pressure ( ~ 0.2 ML/s). .

To confirm if the decrease in yield is primarily due to the aggregation of silver
clusters and atoms to form larger clusters, or the dilution of the matrix, the cluster
size for each sample has been measured. Figure 5.19 presents the size distributions
of deposited nanoclusters obtained by comparing the measured intensity of single
atoms with that of the clusters. The resulting histograms have been fitted with
a lognormal distribution (black line). Over the duration of the deposition a slight
reduction in peak nanocluster size can be observed, which is consistent with a slight

reduction in metal concentration expected.
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Figure 5.19: The graph sequence shows the size distribution of nanoclusters de-
posited at different intervals throughout a 45 minute long nanocluster deposition.
The entire deposition is completed using a single matrix. Each sample has been
deposited for 3 minutes a), b), ¢), d), and e) show results from samples 1, 3, 5,
10, and 15 respectively. Each plot is fitted with a lognormal distribution (black
line), the key parameters of the resulting fit are shown on the right hand side of
each graph. Both the peak nanocluster size and distribution width reduces with
increasing deposition time. The bin width used is twenty silver atoms.

A more surprising feature is that the size distribution narrows with sputtering
time, both in absolute and relative terms (i.e. peak size over variance decreases).
The effect can be seen more clearly by plotting the cluster size and size variation with
respect to sputtering time (Figure 5.20). The black squares represent the average
cluster size, the triangles the peak nanocluster size, and the error bars the variance
of the measured particle size (these values are calculated based on lognormal fit

parameters). From this plot, a clear trend of reducing size and polydispersity is

visible with longer deposition times. To extract further information a complete
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description of what is occurring inside the matrix at a microscopic level is required.

This is currently under investigation via molecular dynamic simulations.

200

100 | 1:

Cluster Size (Silver Atoms)
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Figure 5.20: The nanocluster peak (triangles) and average size (black squares) are
plotted against sample (i.e. sputtering time). The variance in size is shown by the
red error bars. Every sample is deposited for three minutes, the cluster sizes are
calculated based on the cluster intensity compared to the intensity of a single atom.
These are compiled into histograms and fitted with log-normal to get the values
shown.

To quantify the amount of nanoclusters collected over this period, the mass can
be calculated. Given the size and number of the nanoclusters deposited, in total
as ~10£4 pg, have been deposited. The total mass of clusters produced by the
source can be extrapolated as described previously to arrive at a value of ~21 ug.

An average deposited cluster density of 2.5x10'? clusters/cm?

is deposited over a
280cm? area in 45 minutes. This concentration, permits a full batch of twenty one

slides to be coated for use, e.g. as bio-chips, in one hour.

5.5 In-situ Cluster Flux Measurement

Full exploitation of high flux nanocluster production is not possible without the
tools to characterise the samples produced. Although STEM provides detailed in-
sight and characterisation, it is very time intensive and requires the production of

specific samples. Implementation of a high throughput or real time technique for
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characterisation and quality control is key to further development. One of the pos-
sibilities is the direct measurement of the mass of deposited nanoclusters using a
QCM inserted into the nanocluster deposition beam. To trial this method a new
QCM holder plate has been fabricated to allow mounting of 1-3 small 6 MHz quartz
oscillator crystals to the deposition stage. These crystals are driven using an STM-2
controller which both drives oscillation and measures the oscillation frequency of
the crystal. As mass is deposited the oscillation frequency reduces which allows de-
termination of the deposited thickness if the deposition material and area is known
(within a working linear region). Before use the crystal is calibrated against either
another dedicated QCM monitor or by co-depositing onto a flat substrate e.g. silicon
or mica and measuring the deposited thickness with a line profiler. This can either
be performed by shadow deposition or scratching the surface after deposition and
measuring the depth. Unlike dedicated UHV QCMSs these are not water cooled so
if measuring in the line of sight of an evaporation source they should be allowed to
cool before recording the reading, however in the case of cluster deposition radiative
heating will be small and the total heat capacity of the clusters is small compared
with the macroscopic size of the crystal.

A demonstration experiment directly measuring cluster deposition using a QCM
is presented in Figure 5.21. The trace shows two depositions initiated at following
points a) and c¢), with a break between them where the ion gun and gas dosing is
stopped b). Finally at d) the ion gun is switched off leaving the gas dosing on. The
black trace is a background measurement taken directly following the experiment.
During the ~40 minute deposition the QCM records a thickness increase of 1 A, this
means a mass equivalent to 1 A of bulk density silver has been deposited across the
QCM (i.e. 0.105 pg/cm?). The deposition is carried out with a 15 yA, 1.5 keV argon
ion beam, impinging on a 0.7 pum thick matrix with a silver concentration of 1.9 %.
This matrix has been sputtered under the same conditions for three minutes prior

to this measurement. The amount of material deposited across the plate during
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Figure 5.21: Raw data taken from QCM measurement during nanocluster deposi-
tion. Several distinct features are visible a) the ion beam is switched on starting
cluster deposition, b) the ion source and gas flow are switched off, ¢) ion beam and
gas dosing are switched on and d) the ion gun is switched off. A steady increase in
the mass measured by the QCM is observed during deposition. The black trace is a
background measurement zeroed and taken directly after deposition for reference.
deposition is ~2 ug. After deposition the mass on the QCM remains constant (
point d) ) proving this is not simply temporarily adsorbed material.

This type of measurement provides an excellent way to obtain real time infor-
mation on the amount of cluster material being deposited. For applications such as
catalysis. Where the catalyst loading is a key parameter, such measurements could
be sufficient for batch quality control, using known tested matrix parameters. To

complete a rigorous quality control more methods like TOF or STEM measurement

are necessary.

5.6 Bio-sensing Proof of Principle

The principle of a bio-chip is to detect the presence of a particular protein in a
solution (i.e. antigen). This is achieved by using a paired capture protein (e.g.
antibody to a specific antigen). This capture protein needs to be anchored in place

to prevent removal into solution and be provided with a means to "report” the
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capture. This can be carried out by using a linking protein to fix the antibody to
the surface and connect a reporting dye. This dye can be optically probed and is
chosen such that the response to the optical probe changes with the attachment
of the antigen to the antibody. The scheme of a bio-chip system is shown in the
left image of figure 5.22. There are several draw backs to this system. Firstly it
is possible for other unknown species within the test sample to bind to the dye,
also causing an optical response. Furthermore, unless the surface is fully saturated,
species from the sample may attach directly to the surface altering the system.
Blockers can be employed to prevent attachment to these sites but this requires
significantly more cost and introduces another layer of complexity into the device.
Small clusters have previously been demonstrated to be good immobilizers of

161,163 and also work as light emitters and absorbers.!66:167:188,189 © Ag qyich

proteins
multifunctional clusters could be used to provide both the pinning function, and a
reporting response (e.g. an optical response to an antigen). This type of technique
is often referred to as a label free biochip.'%*192 This is desirable as it removes the
need for reporter dyes, which often need to be tailored for each protein detected
due to interaction with the system. Additionally, this could extend the lifetime of
a bio-chip system as the clusters would not experience photo-bleaching unlike most
dyes (the degradation of light emission through excitation and exposure to light).
The principle of a cluster based bio-chip is shown in the right hand side of Figure
5.22. Furthermore, in principle the number and properties of the binding sites can
be controlled, eliminating the need for blocker molecules.¢?

To explore this avenue, the optical absorption and immobilization of small silver
nanoclusters has been investigated. Silver nanoclusters were deposited onto glass
slides (with a peak diameter of 1-2 nm based on previous results) to measure their
optical absorption. Silver nanoclusters were chosen as they are a well known plas-

monic particles and bind strongly to thiol terminated ligands such as linker proteins.

The first step was to ensure that the nanoclusters themselves remain on the glass in
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Figure 5.22: Bio-Chip schemes for standard configuration (left) and multifunctional
cluster based system (right). The standard configuration anchors directly to the
surface and employs a linker to connect both an antibody and an optical dye to
the surface. The attachment of the antigen to the antibody is measured through a
modification of the optical emission of the dye due to the dye and antigen interaction
(electron transfer, additional fluorophore contribution from the antigen). The cluster
method proposes to link directly to the antibody, relying on an optical interaction
between the cluster and the captured antigen.
sufficient quantity to provide a measurable optical signal. This was performed by
preparing a high coverage sample and comparing the optical absorption spectra of
glass slides with silver nanoclusters to blank glass slides.

A 1 pm argon matrix containing a silver concentration of 2 % was prepared for
cluster deposition. The clusters were then deposited onto the slide for 30 minutes
using a 20 pA Ar™ beam with an energy of 1.5 keV. The average estimated cluster

2 equivalent to ~1.5 ML of silver atoms.

density across the slides is 1.4x10' cm™
The absorption spectra measured from this slide are presented in figure 5.23. Each
of the five traces gives the absorption from a different position on the nanocluster
coated slide (colour coded). The background subtraction has been performed using
the absorption averaged from several glass slides (see insert). All spectra have been
taken using the Cary50 UV-VIS absorption spectrometer, which can be seen in
Figure 5.24.

The nanocluster coated slides show an additional peak after background subtrac-
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Figure 5.23: Absorption spectra taken with the Cary 50 UV-VIS absorption spec-
trometer. The absorption traces are measured from different parts of the same
sample, marked in matching colours on the insert (far right). The absorption inten-
sity falls as the position moves away from the centre of the nanocluster beam (rough
position marked with cross). The background is given by the average of five blank
slides these can be seen in the left hand insert.

tion, between 430-450 nm, this is consistent with the absorption of plasmonic silver
nanoparticles, although determination of exact size is not possible without know-
ing the exact shape and surface interaction.!?® 9419 Tt is that likely the particles
remain in the 1-10 nm range,'%198 however for typical colloidal solutions this wave-
length would signify much larger particles. Further evidence of nanoclusters being
the source of the absorption is the reduction in intensity in the outer positions, as
shown previously the nanocluster flux reduces with distance from the centre. The
absorption shown here demonstrates that particles can be produced and deposited
in sufficient quantities to achieve measurable UV-VIS signals.

The next step is to test immobilization of a thiol terminated molecule using
the clusters. In this case a boron-dipyrromethene dye (DODIPY FL L-cystine) is
chosen to be the attaching molecule, this gives access to the location of the protein
via laser fluorescence microscopy. To confirm the dye is attached to the cluster
and not just the glass slide between, the slide is patterned with cluster arrays.

These are formed by mask deposition using the mesh mask (nickel 100mesh). If the
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Figure 5.24: Schematic of the Carry 50 UV VIS spectrometer, including the light
pathway. This image has been reproduced from the system manual and is labelled
by the author!%

dye preferentially attaches to the clusters a contrast will be observed between the
cluster coated regions, the bare glass sections. The experimental procedure is shown
in Figure 5.25.

Briefly, nanoclusters are deposited in an array of squares across a glass slide
(10" cluster/cm?), the dye solution is drop cast onto the slide and left for 24 h
at room temperature. The dye solution is 500 pl in total, 450 pul TCEP (tris(2-
carboxyethyl)phosphine) at 10 mM and 50 pl of BODIPY FL L-cystine at 1 mg/ml.
The excess dye solution is then washed off with ethanol, and the slide is dried with
N, gas. Finally the glass slide is imaged using fluorescence microscopy.

Fluorescence microscopy works by using a short wavelength to excite a sample to
emit (fluoresce) at a longer wavelength (lower energy). The results present in figure
5.26 were taken using a Nikon A1R Inverted Confocal Total Internal Reflection
Florescence Microscope (TIRFM). Excitation was performed with a 488 nm source
using 50 % of the laser power to avoid significant photo bleaching of the dye. Images
were taken with a 40x dry lens and exposure time of 31 ms, using a 44.7 um pinhole.

The PMT was biased to 135 V and a dark current offset of -80. All images were
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Figure 5.25: In order to achieve consistent results a systematic method is required
for processing slides into biochip demonstration samples. The procedure is as follows
a) slides are cleaned with isopropanol and dried in air, b) the slides are mounted
in vacuum and nanoclusters are deposited onto the surface through mesh grids, c)
samples are stored in closed tin foil lined boxes prior to use and blown with Ny
to removed any dust etc. before processing, d) a solution of the dye and reducing
agent is drop cast onto the slide and left for 24 h, e) excess dye solution is removed
by washing with ethanol and dried with Ny gas, f) finally the slide is placed in the
confocal microscope for florescence analysis.
taken at a resolution of 512 pixels by 512 pixels.

Images of dye-coated cluster arrays deposited through two different meshes (One
a nickel mesh with a bar width of ~110 gm and a 220 pm pitch, and the other a
copper grid with 19 gm holes and 6 pum bars) are shown in Figure 5.26. It is
clear that more dye is observed in the nanocluster coated areas of images a) and
b). The average pixel intensity in the cluster coated regions is 5-7 times greater
than that for the darker uncoated regions. Panel d) shows an image of a partially
washed slide (after a single rinsing cycle), where significant residue remains on both
cluster coated and blank regions. In images a) and b), taken after several rinsing

cycles the uncoated areas become darker and the contrast more pronounced. This

demonstrates that the rinsing process is able to remove the dye from the cluster free
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regions but not the coated areas. As such, the dye must be more strongly fixed in

the cluster coated regions.

Figure 5.26: Fluorescence microscopy images showing position of the optically active
dye (BODIPY FL L-cystine) on the substrate. The dye preferentially ”sticks” to the
nanoclusters, so that the nanocluster coated regions appear bright. a) and b) show
the florescence microscope images of nanoclusters deposited through two different
mesh size grids 19 pm and ~ 110pum holes respectively and then drop cast with dye.
c) is an SEM image taken of the larger mesh grid and d) an example of how the dye
lays across the surface if excess dye is not washed off.

These results demonstrate the first step towards the development of label free
biochips based on multifunctional clusters. Silver nanoclusters have been proven to
act as an anchor providing a ”site” for proteins to be immobilized. Furthermore,
the absorption of a single layer of silver clusters is measurable from a standard UV-

VIS spectrometer providing a possible high throughput measurement technique for

measuring the optical response to surface modifications.

5.7 Conclusion

This chapter has presented the design and demonstration of a reflection mode MACS
system. The level of production has been increased to a usable equivalent current
of 170 nA (80 nA deposited) from a 30 pA ion source. This represents a significant
step forward for MACS technology, improving on the number of clusters produced
by approximately a factor of two compared with the previous transmission mode

source, and with less than a tenth the ion beam current. Furthermore, this is an
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increase by over a factor hundred compared with conventional size selected cluster
beam sources (~0.1-1 nA)* and comparable with an unfiltered magnetron source
(~100 nA).3* Although, significantly less in terms of deposited mass due to the size
of clusters produced. This level of increase in such a short time is very encouraging
for the technology. Furthermore, this technology has been demonstrated to work in a
sustained fashion without real-time replenishment, depositing an average nanoclus-
ter equivalent current of 40 nA over a 45 minute period. During the course of the
deposition the cluster peak size decreases due to unintended argon dosing from the
ion source. The use of a QCM to measure the real-time in-situ deposition rate has
been demonstrated and proven to be a viable technique for real-time measurement
of the cluster deposition rate. Finally, an example of the utility of the nanoclus-
ters themselves can be seen in the conceptual biochip system, demonstrating the
functionality of Ag clusters deposited by MACS as an anchor for the reporter dye,
with multifunctional potential as an intrinsic reporter based on the enhancement
of absorption properties.'®® An additional advantage of using small nanoclusters is
that the particle can be tuned to give different attachment sites providing a method
of potentially controlling which proteins immobilize and to an extent which orienta-
tions are permitted.'®? Furthermore, the detailed knowledge of the number and type

of sites presented can be used to prevent unwanted attachments through saturation.
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Chapter 6

Ion-Induced Light Emission from

Argon Matrices

This chapter reports results from optical metrology of the ion-induced luminescence,
observed as a by-product of cluster production in the MACS operating in transmis-
sion mode. Optical metrology can probe a wide range of properties from chemical
composition and bonding to material thickness.* %9202 This investigation aims to
provide insight into the processes taking place within the matrix under ion bom-
bardment and ultimately develop a tool capable of real-time monitoring of the state
of the matrix. This work was conducted in collaboration with my co-supervisor Dr.

Feng Yin, and Dr. Richard Balog.

6.1 Introduction

In the MACS process sputtering of the matrix induces a strong luminescence (vis-
ible to the naked eye) from the argon matrix. This by-product of the nanocluster
formation and extraction via ion beam bombardment, is of acute interest for two
main reasons; firstly, the luminescence could provide information on the mecha-
nisms and processes taking place inside the matrix and secondly, it could report

real-time information on the composition and condition of the matrix. This would
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be highly advantageous from a system feedback control view point. Sputtering
and light emission of frozen rare gases has been studied quite extensively in the
past. 18 1737175,203-207  There have also been extensive studies of frozen ices in con-
junction with matrix isolation spectroscopy used to study molecules and clusters in
pseudo-gas-phase conditions.!?3,170,208-212

The initial work comes primarily from trying to develop an understanding of
molecular crystals, considering the rare gases as a ”"simple” model starting case due
to their limited interaction and inert behaviour. This initial thrust drove towards
developing a complete description of the molecular crystals and focuses on the crystal
forces, formation, growth, band structure and lattice dynamics. A good overview of
this work can be found in reference 213. Sputtering of rare gases has found significant
scientific interest as it deviates from sputtering yields predicted by linear collision
cascades. The collision cascade description breaks down due to the large number
or particles in motion within a local volume and the fact some particles undergo

175 This is replaced with the thermal spike model, where the

multiple collisions.
vast majority of local atoms are in motion and given more energy than the binding
energy. The thermal spike process is active for a much longer time scale (10712-10710
s) than the initial cascade (107'3-107!2 ) as the sputter region continues to emit
atoms while cooling.?!* The behaviour can be well described by a liquid or high-
pressure gas region around the initial impact.'™> '™ This effect can cause a locally
lowered binding energy which coupled with the low energy of thermally ”evaporated”
atoms, leads to most emitted atoms having low kinetic energy.!”™ It has also been
shown that for high sputtering energies (tens of keV or more) the small amounts of
the electronic energy deposited can couple into lateral motion having a noticeable
effect on sputtering yields.!" 215

There has been limited interest in the visible range spectra of Ar as this is largely

suppressed in the solid phase (compared with gases) however a rich and highly ef-

ficient UV range spectra is observed. This is largely due to the large ionization
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energy (~16 eV), after ionization it effectively couples to an excimer emission (9.8
eV from Ar3). 216217 This large band gap also causes solid argon to be transparent
into the UV range which makes argon and rare gases in general a useful support
for optical absorption or photo-excitation studies of isolated particles (matrix isola-
tion spectroscopy). Also, due to the weak support interaction of rare gas matrices
this allows pseudo gas phase cluster properties to be probed while permitting ac-
cumulation of a large number or density of particles prior to measurement (unlike
in-flight measurement). Studies have demonstrated that clusters and atoms can be
deposited into matrices.?!% 2?21 Through these studies the limits and properties of
matrices containing different levels of metal have been well established, in the regime
examined with the matrix formation in the MACS (<10 %) limited homogeneous
aggregation of atoms is expected (clusters of a few atoms only).?'®* Furthermore
it has been possible to observe the absorption and emission spectra of small silver
particles in or impinging on matrices.?2%:22

Despite this extensive study, the case of keV bombardment of metal containing
matrices does not appear to have been studied, this is likely due to the significant
effort generally made to ensure limited structural change of the matrix during optical
measurement, which is completely at odds with the experimental conditions in the
MACS. In the MACS there is both, significant modification of the matrix, and a
large excess of energy deposited into the local regions, which results in a highly

dynamic system.

6.1.1 System Set-up

The optical metrology set-up is given in Figure 6.1. This is a modification of the
proof of principle reflection mode MACS system (described in chapter 4). There are
two main parts to the system, the transmission MACS section and the optical mea-
surement section. The light emission from the matrix exits the vacuum chamber via

a standard DN40 borosilicate view port which is coupled to the optical measurement
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system, which is located inside a black-out box. Inside, the light is focused into a
Triax 190 monochromator, using a convex glass lens (with a focal length of 20 cm).
The transmitted light is then directed into a photomultiplier to give a photocurrent,
which is measured by a picoammeter (Keithley 485) and recorded with Labview
software. In the case of total photocurrent measurements, the monochromator is

replaced and the photomultiplier is used directly.

b)

d)

f)
a) e) 9)

c)

h)

i

Figure 6.1: Experimental set-up of the modified HREELS system for use in optical
measurements. a) ISE-5 ion gun, b) Createc thermal evaporator, ¢) matrix support
(copper 1000 mesh), d) UHV vacuum chamber, e) optical window, f) optical blackout
box, g) monochromator and h) photomultiplier.

The vacuum is maintained with turbo molecular pumps backed by rotary vane
pumps. A base pressure in the low 10~8 mbar region can be achieved with this set-up.
To reach the ultimate pressure for luminescence experiments the chamber undergoes
a short baking cycle (24-48 h), during which time the chamber temperature is main-
tained between 100°C and 120°C. Once the chamber pressure has reached below
2.5%107® mbar still while warm, the bakeout is stopped and the system cooled. An
example of the before and after gas compositions can be seen in table 6.1. Post
baking the pressure is maintained using a Gamma Vacuum ion pump and reaches
values in the high 107!% mbar region. Experiments carried out before section 6.3.4

are conducted without baking.
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Table 6.1: This table shows the residual gas measurements made before and after
the system bakeout. A significant decrease is observed in the overall pressure as
well as in the partial pressures of specific residual gases e.g. water and nitrogen.
All pressures are given in mbar.

a.m.u. 1 2 16 17 18 20
Before Baking | 9x107'9 | 9x107'0 | 1.9x107!0 | 5.3x10719 | 1.6x107° | 1.4x10710
After Baking | 2.4x10719 | 1.9x10710 | 0.4x10719 | 1.2x10710 | 4.4x10719 | 0.5x10~10

a.m.u. 28 32 40 Total
Before Baking | 5.7x10710 | 0.4x10710 | 1.4x10719 4.4x107°
After Baking | 1.9x1071% | 0.1x10710 | 0.5x10710 1.5x107"

The system schematic in figure 6.1 shows the geometry of the transmission mode
MACS system: the matrix support is a copper 1000 mesh grid (25 x 25 mm di-
ameter) mounted on the end a copper cold finger. The cold finger is cooled by a
continuous flow liquid helium cryostat (see figure 6.2 for details). Both the Omicron
ISE-5 ion gun a) and the Createc high-temperature effusion cell b) are mounted on
the same side of the matrix support c¢), which allows continuous replenishment dur-
ing sputtering. However, to prevent stray light from these sources, they are situated
out of line of sight of the matrix and the collection view port (i.e. offset above and
left for the ion gun and evaporator, respectively). Argon gas is supplied to the ion
gun by a dedicated precision leak valve. An additional precision leak valve is used
to provide the matrix dosing pressure inside the chamber. The gas line comprises
1/4” stainless steel tubing connected with Swagelok tube fittings, that is pumped
with a small turbo molecular pump, backed by a rotary vane pump. A schematic of

the gas line is shown in Figure 6.3.

138



Stainless Steel
Cold finger

Sapphire

Isolated
screws

Tempe‘r‘ature N\ «—— Brazed copper
‘ block

Sensor

' O O| Biasscrew| © D
e}
€
€
N .
o Matrix _
Support

25 mm

Figure 6.2: Schematic diagram of the cold finger. The top edge of the matrix support
is clamped between two copper plates (gold foils are used for improved thermal
contact). The only other connection between the brazed copper block and the
matrix support is formed by a sapphire washer used to provide electrical isolation.
Both faces of the washer are coated with a gold film in order to increase thermal
contact. The base temperature obtainable in the absence of an external heat load
is 9 K.

6.1.2 Matrix Preparation

The first stage is to cool the matrix to below 20 K, to achieve this liquid helium is
flown through the cold finger. The cooling system here is identical to that used in
chapter 4, a diagram of the system is shown in figure 4.5. The base temperature
of the set-up with this matrix support is 9-10 K. This is reached after about 2 h of
cooling in this manner.

To purge the gas line of impurities it is filled with argon gas to a pressure of
approximately 1 bar (absolute), which is slowly released into the gas line turbo to
be pumped away, this process is repeated three times. The gas line is then filled with
the desired gas or gas mixture to run the experiment, to ensure the correct doping
level of oxygen or nitrogen in the argon matrix the composition is checked using an
RGA. Once the cold finger reaches temperature the gas is backfilled into the chamber

to provide the desired dosing pressure, the matrix is grown for a specific time to
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Figure 6.3: Schematic of the gas dosing lines for matrix formation and sputtering.
This permits the mixing of gases for doping matrix and isolation of the argon ion

gun gas supply

produce a known matrix thickness on the support. The method for calculation of
the matrix thickness is outlined in appendix A. Sufficient mixed gas can be stored
in the isolated line for the duration of the experiment. The rest of the gas line
is purged and argon gas is introduced into the ion gun to produce the ion beam
for sputtering, the beam is defocused to give a near uniform current density across
the matrix. During the initial 3-4 minutes of sputtering the ion gun warms up, to
maintain a constant current on the matrix the focus is adjusted slightly, until it
stabilizes. When studying the equilibrium state of the matrix under bombardment
the dosing gas pressure is maintained, the level chosen is based on experimental

measurement of the dosing pressure required to maintain a stable luminescence.

6.2 Photocurrent Measurements from Argon Ma-
trices During Depletion

The bombardment of a frozen Argon matrices with keV Argon ions leads to the

production of thermal spikes where many atoms are given energy and move simul-
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taneously. Assuming that visible range light emission does not occur as a result
of a specific decay of a single high energy interaction, it is logical to assume that
each ion can cause multiple light emission events. If this is the case, the greater
the interaction the region available to the ion, the more light will be emitted. To
investigate this, two different parameters have been tested, the matrix thickness
and ion beam energy. In solid Argon keV ions can penetrate up to tens of nm.'"!
By increasing the argon matrix thickness, more energy should be delivered into the
matrix itself, rather than reaching the support, leading to greater light emission.
Naturally, energy deposited directly into the metal support will not contribute to
the argon luminescence. Neither will energy deposited near the support surface due
to quenching.??%:222223  Secondly, by increasing the energy of the impinging ions
more energy is delivered in to the matrix, covering a larger volume,!"% 173,175,216
which would be expected to increase light emission. The total visible light emission
of a pure argon matrix during ion beam bombardment has been measured directly
using a PMT. Figure 6.4 shows the change in photocurrent produced by sputtering
different thickness matrices (53 nm, 106 nm, 159 nm and 265 nm) with the same
ion beam current and energy (6 pA and 1.5 keV, respectively). It can be seen that
the thicker the matrix the higher the initial light emission intensity. As the argon
becomes sputtered away by the ion beam the light emission reduces. This agrees
with the hypothesis that the light intensity is directly proportional to the concen-
tration of argon atoms, which are the light emission centres. The matrix is not
replenished so the sputtered area not only reduces light emission by having fewer
emission centers, but also, by reducing the chance of the ions hitting the matrix.
As such, the drop in rate will be of a greater than linear power dependence. When
matrix becomes thick (significantly thicker than the ion penetration depths) the
light emission should remain constant, this saturation can start to be observed in

peaks emission seen when sputtering the 159 nm and 265 nm-thick matrices (shown

in figure 6.4).
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Figure 6.4: Metal free matrices have been prepared by dosing for different lengths of
time in an argon pressure of 4x107% Torr (resulting in a matrix thickness of 53 nm,
106 nm, 159 nm and 265 nm, respectively). Light emission has been induced via
ion bombardment with a 6 A, 1.5 keV Ar™ beam. Total light emission is collected
with a PMT and plotted versus sputtering time.

The dependence of luminescence intensity on the incident ion energy has also
been measured, the results can be seen in Figure 6.5. The green line plots photocur-
rent against incident ion energy (upper panel), while the black line plots sputtering
yield as a function of ion energy (lower panel). The values for the sputtering yield
have been reproduced from the work of Urbassek et al.!™ The increased ion energy
is known not just to transfer energy to just a single atom, but quite effectively into

the local matrix area.!7%173,224

As the ion energy increases so to does the light
emission, this can be attributed to the increased volume of interaction, resulting in
a greater number of light emission centres. This correlates well with the trend in
sputter yield at higher incident ion energies. Similar findings have been reported in
previous work.?'® These results indicate that it is unlikely that the emission route
or mechanism within the matrix undergoes significant change as the incident ion
energy increases. However, as there are many other possible routes to remove the

energy non-radiatively or even radiatively in different energy ranges, spectroscopic

measurements would be required to confirm this.
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Figure 6.5: The intensity of the initial peak in light emission from a ~125 nm thick
argon matrix (green) is measured under argon ion bombardment at different ion
energies (1-5 keV). Light emission increases with ion energy. The dependence of the
sputter yield on the incident energy is shown by the lower black graph. The latter
data has been reproduced from Urbassek’s work.!™

6.3 Spectroscopic Measurements

To probe composition and emission mechanisms spectroscopic measurement has
been applied. To provide wavelength resolved spectra, the Triax 180 monochromator
has been placed before the PMT. The measurements are calibrated by measuring
the spectrum of a red laser pointer, which is given in figure 6.6, and has been
used to measure the resolution and wavelength correction required. The calibration
has been confirmed with a multi-peak lamp to ensure there are no scaling errors.
The experimental resolution is the FWHM observed in the laser spectrum, in this
case 6 nm. However, using the matrix as a source will increase this for several
reasons; spectrometers are designed to work optimally with collimated light sources.
Therefore with light coming in at different angles (due to the large light source of 25
mm X 25 mm) there will be broadening in the spot size and therefore the spectral
resolution. Furthermore, as this set-up probes excitations from a solid phase, further
broadening will arise due to the band structure changes from nearest-neighbour

interactions.?!'®
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Figure 6.6: Light emission spectrum of a red laser pointer passing through the
optical set-up. This measurement of a known wavelength laser is used to calibrate
the system, giving both resolution(FWHM ~6 nm) and wavelength position for
correction (also confirmed with a multiple peak lamp).

6.3.1 Light Emission During Growth and Depletion of Ar-

gon Matrices

In order to distinguish changes in light emission arising from compositional changes
in the matrix rather than it’s depletion or growth a stable light emission signal
is required on the time scale of the spectroscopic measurements i.e. minutes. As
demonstrated previously both the thickness and depletion of the matrix leads to
a change in light emission intensity. This has been investigated further to find an
equilibrium replenishment rate and confirm that the emission mechanism is not
affected by the matrix thickness or incident ion energy. Firstly, to demonstrate that
the light emission increases are due to the thickness of the matrix rather than a
compositional or mechanistic change, wavelength resolved measurements have been
taken at high argon dosing rates. A dosing pressure of argon (5x107% Torr) was
used while sputtering with a reduced ion beam current (4 pA), to ensure net growth
of the argon matrix. Figure 6.7 shows repeated scans taken under these conditions.

An increase in the luminescence signal is observed with each scan, without spectral
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modification. The scan time is about three minutes for all experiments unless stated

otherwise.
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Figure 6.7: Ion-induced luminescence of argon with a high background chamber
pressure (5x 1076 Torr). This causes growth of the matrix with time despite the ion
beam sputtering (4uA at 5 keV), increasing the observed luminescence signal. Each
scan duration is ~3 minutes.

For each of the specific set of ion beam parameters a different equilibrium Argon
pressure is required due to the different total sputter yields and the ion gun gas
leakage. Figure 6.8 shows an example of tuning the argon gas dosing to achieve
equilibrium where both the growth and depletion of the matrix can be seen. In a)
the dosing pressure is too low and the matrix is thinned by the sputtering process.
However, in b) the Argon dosing pressure has been increased and net growth of the
matrix, with a corresponding increase in the luminescence photocurrent is observed.
Experiments following this point will be carried out using the experimentally op-
timized equilibrium dosing levels, to maintain a constant matrix thickness, unless
otherwise stated. Even under these conditions an initial increase is always observed
in the first few scans which is attributed to structural rearrangement of the matrix

and will be discussed in more detail later.
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Figure 6.8: The graphs shows the ion-induced luminescence intensity measured while
sputtering a matrix under two different chamber pressures a) 2x107¢ Torr and b)
6x10~¢ Torr. Repeated spectra are taken showing the evolution of the light emission
with time. The upper graph is indicative of a depletion regime running in the order
black, blue, green, while the lower shows matrix growth following the order purple,
red, orange. An ion beam current and energy of 4 A and 5 keV was used in both
cases

6.3.2 Light Emission Dependence on Ion Energy

As mentioned in the section 6.2, to confirm that the increase light emission with
energy is due to the increase in the number of emission centers, rather than different
emission mechanisms, spectroscopic information is required. The spectral signatures
of same-thickness Argon matrices under ion bombardment with different incident
ion energies are presented in figure 6.9. In each case, the signature remains largely
unchanged except for an increase in intensity. This confirms there is not a significant
change in the emission mechanism within the matrix, but simply that a greater

volume is being involved in the process.
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Figure 6.9: Ion-induced luminescence spectra of argon matrices under argon ion
bombardment with different incident ion energies between 1 keV and 5 keV. The
energy of the incident argon ions is indicated on the right hand side of each graph.
Little change is observed within the spectra besides the increasing intensity as the
energy of the impinging ion is increased.

6.3.3 Matrix Composition

In the previous sections the basis has been laid to perform stable steady-state mea-
surements without the introduction of artefacts from dosing rates, matrix thickness,
beam parameters, and ion energy. In the following experiments the matrices are
replenished during bombardment at the equilibrium dosing rate. The following sec-
tions are concerned with the identification of the matrix composition from the spec-
troscopic measurements in real-time. Three main cases are investigated: the light
emission of a pure argon matrix, a nitrogen-doped argon matrix and an oxygen-
doped argon matrix. The latter two cases not only provide insight into the matrix
behaviour in the presence of common contaminants under high vacuum (HV) con-

ditions but also are an interesting route to the production of nitride/oxide clusters

through matrix doping.
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6.3.4 Pure Argon

The light emission from the pure argon matrix under ion bombardment (6 pA at 1.5
keV) at 12 K presents relatively broad features between 350 and 520 nm, figure 6.10.
Immediately, it can be seen that these spectra demonstrate significantly different
features to the pre-bakeout spectra (those previously shown). The main peak is at
410 nm although there is also a shoulder to either side at 385 nm and 460 nm. Each
spectrum has been taken sequentially (with a scan duration of ~3 min), the light
emission intensity stabilizes over several scans, this will be considered in more detail
later. This broad emission is attributed to step transitions from the highly excited
Ar** (5p-4s), and thought to emit from the hot regions or tracks where the ion has

impinged causing the solid to sublimate into a high pressure gas.

600s thick pure argon film
: : , : —— 1st scan :
,,,,,,,, - .. — 3rd scan -
: : —— 5th scan :
—— 7th scan
—— 9th scan

Intesnity/ arb. units

300 350 400 450 500 550 600 650 700
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Figure 6.10: Luminescence signal from ~300 nm thick film of argon deposited onto
a cryogenically cooled Cu 1000 mesh grid (at 12 K) and irradiated with 1.5 keV Ar+
ions (6 pA). Sputtered argon is replaced by dosing argon at a chamber pressure of
2.5%107% Torr. Nine consecutive scans are plotted. The signal comprises a broad
spectrum between 300 nm and 530 nm with the main feature at 420 nm.
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k:2257229 in most of cases

This interpretation is supported by other reported wor
high pressure argon gas is made to emit by applying a high voltage to cause an
arch discharge. Although it might not initially appear related in some ways this
type of discharge system is remarkably similar to the experimental set-up here; the
sputtered solid forms a high pressure gas, due to the recent ion impact a significant
fraction of this is ionized and highly excited, furthermore it is possible that electrical
arcs can be directly caused within the matrix if the matrix does not fully neutralize
the charge of the incoming ions and a significant potential builds up. Potentials of
less than 50 V over tens on nm have been observed to destroy matrices due to arc
discharge.??°

This emission has also been observed by Gabla et al when bombarding an argon
matrix with keV Ar ions.??® However, in their experiment only light emission from
the sputtered particles is measured. Light directly from the solid is blocked. The
spectrum reported shows only a weak signal in this region, which is dominated by
other emissions. Due to our experimental setup up it is not possible to determine
the contribution of the overall signal that comes from the solid or emitted gas phase
atoms. However, this indicates that the emission observed must predominately orig-
inate from inside or very close to the solid. As the excitation is primarily populated
via decay from ionized argon dimers, the increased abundance of argon either in or
near the solid would be expected to increase this emission (Arj + e — Ar** + Ar
— Ar* + hv). This also agrees with findings of the arc discharge studies where the
Ar** emission intensity was found to have a strong dependence on Ar pressure.?? In
addition Gabla et al’s experiment only observes sputtered material at a significant
distance away from the matrix, it is possible by this point the highly excited state
has already decayed due to the short life times for such species.?3%23!

There are two possible reasons for the significant broadening of the features,

observed here compared with previous work, the experimental resolution of the

system as discussed previously, and the possibility of broadening due to solid phase

149



emission. Despite the large number of papers on the luminescence of frozen argon
this emission does not appear to have been previously reported for the solid phase.
There are two main reasons for this, firstly many of the previous results are carried
out in the UV range, and secondly, the excitation sources are different (He™ x-
ray, alpha particle, electron, etc.)?3% 23 Furthermore, in some cases only the total
emission intensity is recorded. There are two experimental observations that hint
towards a source within or close to the matrix surface, opposed to purely from
the gas phase. The light emission is observed to initially (over the first few spectra)
increase with ion dose and with reducing temperature of the matrix, demonstrating a
dependence on the matrix state not just the amount of material sputtered. Typically
this emission is not possible in the solid phase due to fast non-radiative decay of
highly excited species through heating (e.g. Ary — Ary*). However, irradiation of
the film can lead to amorphization,?*® which in tern significantly reduces the local

236 which could be enough to suppress non-radiative channels and allow

conductivity,
emission from the solid phase. This is consistent with experimental observations that
the emission intensity initially increases with ion dose and that at lower temperatures

the emission increases (due to reduced "healing” of the amorphous regions).

6.3.5 Nitrogen Doped Argon

The interest in gas doping the matrix is two-fold; firstly, the addition of a dopant
could lead to a route to produce binary material clusters e.g. oxides, nitrides etc.
secondly, low levels of such gases can usually be found in the residual gas of the a
vacuum system. Therefore it is important to detect the presence of such gases, and
for the purpose of feedback control the effect they have on light emission. Argon and
nitrogen gas have been pre-mixed and then introduced into the chamber for dosing.
The composition is measured using an RGA prior to deposition. Figure 6.11 shows
spectra from an argon matrix doped with ~5 % concentration of nitrogen, the matrix

is ~300 nm thick and sputtered with a 6 uA, 1.5 keV argon ion beam.
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Figure 6.11: The luminescence spectra of three successive scans of a nitrogen doped
argon matrix(initially 5 % Nj). The emission signals below 430 nm and above 540
nm are caused by the excited N, molecule. These both decrease with sputtering
however, the 523 nm peak arising from the nitrogen atom increases in intensity
with sputter time. This increase is caused by the generation of nitrogen atoms by
cleaving of the Ny molecules and therefore the reduction of the nitrogen molecule-
related peaks.

There are several key features that can be observed; the Vergard Kaplan lines
at <430 nm?3"238 | the excited atomic nitrogen state at 523 nm,?3"23% the Ny vi-
brational modes in the region above >540 nm.?Y Unlike the pure argon case, with
increased dose (sputter time) the shape of the spectra changes, the peaks at <430
nm and >540 nm decrease, while the central peak at 525 nm increases. The decreas-
ing peaks are related to transitions in the Ny molecule, whereas the 523 nm peak
arises from an excitation of the single nitrogen atom. This indicates a change in the
nitrogen population contained within the matrix with ion beam dose. During bom-
bardment of the matrix the argon ions can cause dissociation of the Ny molecules

through cleaving, increasing the population of N radicals and reducing the number

of Ny molecules. This causes an increase in the 523 nm peak at the expense of the Ny
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molecule, reducing the other two peaks. As the replenished gas dosing contains only
N, molecules the stock cannot be fully depleted and the emission intensities would
eventually equilibrate with the few fresh upper layers containing Ny molecules. This
demonstrates that the technique is sensitive to molecule/atom concentrations within

the matrix, which is in turn dependent on ion-exposure.

6.3.6 Oxygen Doped Argon

Oxygen is widely know as an effective scavenger'™ and can have dramatic effects on
observed emission spectra even with exceptionally low concentrations. Previously
this has led to emission from very low levels of O, being assigned to ”pure argon”.?4°
Therefore the distinction between the two is an important test for the sensitivity
of the measurement technique and it’s usefulness in monitoring the MACS process,
which would generally contain trace amounts of Oy. The effect of the addition of
0.1 % oxygen into a pure argon matrix can be seen in figure 6.12. Again gases
are pre-mixed and then leaked into the main chamber via a leak valve, the matrix
thickness is ~300 nm and sputtered with a 6 A, 1.5 keV argon ion beam.

Even with such low concentration a dramatic change can be seen the light emis-
sion spectra, the main peaks are at 420 nm, 440 nm, and 560 nm (figure 6.12). The
broad feature ultimately peaking around 420 nm is assigned to a combination of the
410 nm pure argon peak and the 440 nm Herzberg oxygen emission peak.?*! With
prolonged sputtering there is a shift in the feature moving towards the 410 nm argon
peak. The 440 nm emission is a well known Herzberg emission of O, and as such
direct cleaving of the ion beam can split the O, reducing the molecular population
and increasing the number of oxygen radicals, leading to the argon emission at 410
nm dominating the region. The 560 nm ArO exciplex peak supports this hypothesis
as it’s intensity increases with sputtering as more radicals become available. These
results demonstrate that after baking, any residual oxygen is sufficiently low so as

not to influence metrology measurements of the Ar matrix. Furthermore, small levels
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Figure 6.12: The luminescence signal from the three successive scans of an argon
matrix doped with 0.1 % Og is given above. The first scan shows a broad feature
around 440 nm, which then shifts towards 420 nm in consecutive scans (horizontal
arrow). Initially the primary origin is the Herzberg emission (440 nm) of Oy. With
sputtering the Oy population reduces and the 410 nm Ar peak starts to dominate
the emission. The ArO* excimer is the source of the 563 nm which increases with
sputtering due to the higher abundance of O radicals to form the ArO* excimer
(vertical arrow).

of O impurities can be observed by this method, with the possibility to distinguish

between molecular and atomic species.

6.3.7 Matrix Condition

In the case of the pure argon emission some limited information can be gained as to
the condition of the matrix, it is observed that with an equilibrium level of argon
replenishment, the light emission initially rises with sputtering. This effect is repro-
ducible and it is consistently found that after several scans the emission stabilizes.
The emission is assigned to hot tracks and trapped gas pockets. When sputtered,

if a material does not have sufficient energetic freedom to rearrange or reconstruct,
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it generally becomes rougher and more irregular. In the case of the cryogenically
cooled matrix after impact local rearrangement may occur due to the energy in-
jected by the ion, however long range reconstruction does not take place. This leads
to defects, craters, pits and tracks roughening the surface, creating more pockets
for trapped gases and significant reduction in the thermal conductivity,?3® thereby
lessening the suppression of highly excited species due to faster non-radiative de-
cays. However, the increase in gas "pockets” is sufficient to motivate the observed
increase in luminescence intensity alone. Further agreement with this argument
can be found by altering the matrix temperature and considering the luminescence
intensity. Qualitatively speaking a greater light intensity is observed at lower tem-
peratures, this was also seen by Sieber et al.?*?> Lower temperature means a more
"fixed” matrix with less "self-healig” of damage induced by sputtering, which is in
agreement with the findings so far. However, due to experimental factors this has
only been measured over a small range and does not rule out other decay pathways

being permitted by the increased temperature.

6.3.8 Initial Investigations With Metal Loaded Matrices

Up to this point only frozen gas matrices have been investigated. In order to pro-
vide useful information for control of the MACS precise knowledge of the exact
metal concentration within the matrix is vital. As shown earlier (Figure 2.18) the
metal concentration affects both the cluster size and the number of clusters pro-
duced. Initial studies investigating metal-doped matrices are presented here. It is
known that bulk metal surfaces quench light emission in rare gases by dipole inter-
action.?2%222.:243 Argon films deposited on metal surfaces with a thickness less than
~20 nm show no visible light emission . The addition of metal atoms for cluster
formation also significantly reduces light emission through quenching, despite the
lack of a bulk material. The increased conduction of the matrix due to the presence

of these metal atoms has been linked to the quenching of small metal particles in
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rare gas. In addition to conduction, the light absorption of the clusters may play
some role. The light absorption of silver clusters varies greatly from that of bulk
silver. For example, this can be seen in figure 6.13, which is taken from a paper by
Harbich et al.'?® In this work the absorption of small silver clusters is investigated
through DFT calculations and the measured absorption of ion sputtered silver clus-
ters deposited into rare gas matrices. As the clusters are directly sputtered from a
target they are produced with high internal energy and are free to rearrange their
shape and structure, considering this only DFT calculations for low energy stable
isomers have been used. Larger silver particles also exhibit a surface plasmon, which

244,245 35 silver aggregates inside the matrix it

changes wavelength with particle size,
may be possible to see some change in this contribution with sputtering time from

implanted ripening clusters.

R

25 30 35 40 45 50 55
Energy [eV]

Figure 6.13: The optical absorption of small silver clusters calculated by simulation
(red line) and measured experimentally by deposition into argon matrices (black
line). This figure is reproduced from Harbich et al’s paper [123].
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To study the effect of silver doping, argon matrices of the same thickness were
prepared with different metal loadings by changing the evaporation temperature.
The addition of metal induces significant quenching, which is further enhanced as
the concentration of metal, in this case silver, is increased. In the same sense that the
thicker matrix increases the number of excitation sites and therefore light-emission
sites, increasing the silver loading increases the concentration of quenching sites
reducing the total light emission. In figure 6.14, the sequential reduction in light

emission can be seen as the metal loading increases.
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Figure 6.14: Ion-induced luminescence intensity for argon matrices containing dif-
ferent concentrations of silver. The legend denotes the evaporation temperature in
degrees Celsius. As metal loading increases the light emission is reduced.

The same result can be seen for gold by comparing the peak initial photocurrent
measured when sputtering pure argon matrices and gold doped systems. This has
been tested for a range of incident ion energies 1-5 keV as shown in Figure 6.15. In
each case, the same thickness matrix was prepared prior to sputtering, the matrix
was sputtered without replenishment and the peak current observed in each case is
plotted against the ion energy (figure 6.15).

Although concentration dependent quenching increases measurement complexity,
the intensity of the emitted light could be a way to determine the metal concentration
for a known thickness matrix. With a known matrix thickness it would be possible

to de-convolute the quenching and depletion effects and determine the concentration
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Figure 6.15: The total light emission from a ~125 nm thick argon matrix (green)
measured under different energy argon ion bombardment (1-5keV). Light emission
increases with ion energy. The same effect can be seen from a gold doped (9 %
concentration) matrix however the emission is much weaker (black). The emission
from the gold-doped matrix has been multiplied by a factor of ten before plotting.
of metal. This is somewhat difficult to carry out in practice however. It would be
much more advantageous if a specific excitation was quenched or induced by the
addition of the metal, the amount of metal could then be calculated independent
of the matrix thickness (i.e. by a ratio of excitations). To this end spectroscopic
measurements have been performed with the intent to identify specific emission or
quenching signatures due to the silver doping. Figure 6.16 shows a series of spectra
investigating the effect of metal doping. First a 120 nm thick matrix with 0.2 %
Ag concentration is prepared, the spectra in figure 6.16 a) shows the light emission
of the matrix while being replenished by both Ag and Ar at an equilibrium level.
Figure 6.16 b) shows the light emission when the replenishment of Ag is stopped, so
the freshly deposited layers are pure Ar. Finally, figure 6.16 c) presents the effect of
reintroducing the Ag replenishment.

In figure 6.16 a) two broad peaks are observed, the 410 nm peak that has been
associated with argon emission and a 460 nm peak. Stopping the Ag replenishment

will first cause the 460 nm peak to reduce until it is as observed in figure 6.16 b),

while the 410 nm Ar emission increases. Once silver replenishment is started again
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Figure 6.16: A sequence of luminescence signals observed from a 120 nm thick argon
silver matrix under different replenishment conditions. The matrix was prepared
with a thickness of 120 nm at a 0.2% Ag loading. In each case three successive
spectra are plotted. a) luminescence under constant replenishment with Ag and Ar
(0.2 % silver concentration), b) luminescence with just argon replenishment and c)
return to replenishment with both Ag and Ar. In each case, the matrix is irradiated
with a 6 pA 1.5 keV argon ion beam during measurement. In the case of the
metal dosing spectra, a background subtraction is performed to account for the
light emission of the evaporator.

the 460 nm peak recovers however, the light emission at 410 nm due to pure argon
is not as suppressed as before. Experiments conducted by Harbich et al.??* show
luminescence of Ag; at 460 nm. This is probably the source of this 460 nm signal.
The replacement of the silver with another metal with different absorption and
emission wavelengths (e.g. gold) could be employed to further investigate elemental
signatures of metal doped matrices. The replacement of argon gas with say krypton
or xenon my also provide a more neutral background for experiments over this
emission range. This short investigation provides the basis for further investigations

of the light emission within the MACS, both for mechanistic insight and system

control.
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6.4 Conclusion

The fundamental processes within the MACS and a method of feedback control have
been investigated via optical metrology of the matrix under ion bombardment. Re-
sults show it is possible to measure the thickness of matrices based on the total light
emission, assuming that the composition remains consistent. This can be further en-
hanced by taking wavelength resolved measurements, which can reveal the elemental
and molecular composition of the matrix with exceptionally high sensitivity (in some
cases < 0.1 %). Furthermore, limited information can also be extracted about the
matrix condition under exposure to ion bombardment. Despite these promising re-
sults for real-time monitoring and feedback significant challenges remain. Although
an advantage in many respects, the high sensitivity to composition is problematic
in non-UHYV systems. Moreover, the complex interaction between materials and the
non additive nature of the light emission from combinations of materials is difficult
to analyse for unknown situations. Prior to implementation a comprehensive library
or catalogue of emission spectra from all matrix components and mixtures would be
required. It is hoped that these measurements will for the basis of such a library.
The nature of ensemble measurements likely limits the use of such a technique
to investigating fundamental processes, without a complementary microscopic mea-
surements or simulation. In addition to further investigation of metal containing
systems using the methodology presented in this chapter, absorption spectroscopy
of the metal containing matrices after different ion beam doses, or low intensity laser

irradiation may provide further insight into the state of the matrix.
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Chapter 7

Summary and Outlook

This thesis has focused on the development of the matrix assembly method for the
production of nanoclusters. The initially conceived transmission mode has been
scaled up to produce a cluster flux equivalent to almost 100 nA (previously just
several nA). The ability to control the size of produced nanoclusters, from a hundred
atoms to several thousand atoms, by changing the metal concentration in the matrix
has been demonstrated. The large size achieved confirms that the nanoclusters are
not produced and sputtered from a single impact, but are ripened and grown over
a number of impacts, before extraction.

Subsequently a new reflection geometry has been investigated, where nanoclus-
ters are produced in a back-sputtering regime, although clusters could be collected
from a wide arc (~80°) the optimum collection angle for peak current was found to
be around 86° relative the incident beam. This mode also provides a better con-
version yield of ions to nanoclusters with around 1 % of incident ions resulting in
a deposited nanocluster. This is largely due to the increased usable surface area
for incident ions, but may have also been improved by greater efficiency in cluster
extraction due to the open nature of the surface, as compared to the channelling
grid holes used in transmission mode.

This new geometry formed the basis for the development of a new cluster source.
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The newly constructed source uses a two-step production method to produce nan-
oclusters, with a deposited peak equivalent flux of 8145 nA (of a total 350+50
nA produced). Sustained cluster production without matrix replenishment has also
been demonstrated, with an average deposited current of 40+14 nA being obtained
over a 45 minute deposition.

Ion-induced luminescence, a by-product of the cluster ripening and extraction
process, has been studied for both pure and doped matrices (02, N2 and Ag) with a
view to establishing a real-time means of monitoring the matrix composition during
cluster deposition. In each case, the doping gases alter the observed luminescence
spectra allowing qualitative identification of the matrix composition. Further to
this, a sensitivity to molecular and atomic composition is observed. It is hoped that
these initial results will form the basis of a real-time quantitative measurement tool
for matrix composition and state, via further experimental calibration.

The development of the MACS source opens several avenues for further research,
three main routes that could be investigated are; the fundamental mechanisms and
processes behind cluster formation in the MACS; alloy and compound nanoclusters;
or further scale up of the source.

The nature of matrix assembly itself makes it hard to probe with accuracy and
without altering the system due to the microscopic, dynamic and cryogenic na-
ture of the system. However, a combined simulation and experimental approach
might be able to provide sufficient insight to identify cluster formation mechanisms.
Molecular dynamic simulations using repeated high-energy atom impacts within the
same region of interest with different matrix temperatures, incident atom energies
and metal concentrations would help provide a dynamic and microscopic picture of
cluster formation. If coupled with non-invasive probing methods such as optical ab-
sorption and fluorescence spectroscopy of the matrix during matrix formation and as
a function of ion dose (for different experimental conditions), the simulation results

could be verified. In this fashion, the microscopic mechanisms and formation routes
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could be identified and understood in more detail.

The study of different matrix composition on cluster formation, is a particu-
larly interesting route as, using different binding energy, heat capacity /conductivity
or reactivity matrices may both provide information of the formation process and
prove to be a more efficient medium for cluster formation. Initial experiments have
already been conducted using a CO, matrix, which shows cluster size has a reduced
dependence on the ion energy and metal concentration, compared to similar exper-
iments with argon matrices.?¥¢ This is likely due to the increased binding energy
of the system. Systems such as CO, or HyO would provide a significant advantage
if viable due to the greatly reduced cooling power and therefore energy required
to sustain the matrix. Additionally the use of different incident particles may also
prove advantageous for nanocluster formation, for example cluster ions would pro-
vide a greater sputtering yield without increasing the penetration depth, bringing
a greater number of local atoms into the formation process. Optically heating the
matrix would also provide a more precise, controlled method of damaging /modifying
the matrix.

A second consideration for the modification of matrix composition is the ad-
dition of a second cluster material to the matrix, enabling the formation of more
complex and exotic nanoclusters. This could be in the form of another metal (e.g.
Au, Pt, Ti) or reactive gas (e.g No, O, SO5). Very preliminary experiments have
proved that by depositing two materials into the matrix (Ag and Au) mixed alloy
nanoclusters can be formed. Further investigation is required to understand the
level of control possible on the global and microscopic stoichiometry. The ability to
produce core-shell or segregated particles is yet to be investigated but through se-
quential deposition into the matrix or the use of high and low mobility constituents
it might be possible to influence the formation more directly.

Alternatively to studying and developing the matrix assembly process itself, the

current level of scale up in the production of size controlled nanoclusters (10
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mg/h based on the source presented in chapter 3 used in reflection), opens up the
possibility to work on directly developing size controlled nanocluster materials from
physical methods for specific applications such as bio-sensing or catalysis at a test
tube scale. Using the ultimate scale of ion sources and cryogenic coolers currently
available, without improvement of the technique efficiency, the production rate can
be scaled up a further three orders of magnitude to tens of grams per hour, through

careful engineering.
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Appendix A

Calculation of Matrix Thickness

and Loading

The following section gives the method of calculation used for matrix thickness and
loading. The based on ideal gas law the number of gas atoms impinging on a surface
can be determined by the pressure of the gas. The impingement rate can be written

as;

P
(2emkT)1/2

where P is the gas pressure m the gas particle mass, k the Boltzmann constant
and T the temperature. Therefore an Ar pressure of 4x10~% mbar would give and
impingement rate of 9.6x10'® atoms per m?/s. As in the MACS system dosing
takes place on a cryogenic surface a sticking coefficient of 1 is assumed. Therefore
the number of impinging atoms can be directly treated as the deposition rate, per
unit time, per unit area. This is multiplied by dosing time to give the total number
of gas atoms deposited per unit area. This is normally compared with the number

of absorption sites on a surface to give monolayer values. In this case however, many
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layers of solid Ar are grown the bulk density or lattice spacing can be used to convert
this into a thickness. Both values give consistent answers, but for simplicity, density

will be used here. The number of atoms per volume is given by;

N="nN,
m

if p is density in grams. For argon, the bulk density is 1.616 g/cm?® giving

2.44x10%? atoms per cm?

. By dividing the total deposited atoms per area by the
atoms per volume, you get the thickness for the pressure presented above, a dosing
time of 10 minutes would give a thickness of 0.24 pm.

The metal deposition rate is measured directly in thickness per unit time by
QCM (based on frequency change). As such, this can be directly added to the

thickness calculated for argon dosing to give matrix thickness.

The matrix concentration is given in terms of the number of atoms. As such;

m

C tration = ————
oncentration N LN

where N,, is the number of metal atoms deposited and N,, the number of ar-
gon atoms deposited. The number of argon atoms is known from the previous
calculation. The number of metal atoms is calculated from the deposited thickness
measured by QCM, and the bulk density by the reverse of the process shown above.

The thickness is known so the number of atoms can be calculated.
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Appendix B

HAADF Analysis

Scanning Transmission Electron Microscopy (STEM), or to be more accurate aber-
ration corrected High Angle Annular Dark Field (HAADF) STEM, has been em-
ployed as the primary analysis tool for the nanoclusters produced in this thesis. This
technique was chosen as it provides access to the size, shape and cluster density in-
formation.!'® 90247248 T terms of MACS, this provides an effective way to measure
both the flux and size of neutral and charged clusters alike. HAADF mode collects
the highly scattered electrons that have overcome the coulomb barrier and scattered
with the nucleus. Due to this fact, images show a Z contrast useful for imaging high
mass groups of atoms on light support surfaces such as metal clusters. Bright field
images are also taken simultaneously with the dark field images although not used
for quantitative analysis.

The measurements presented in this thesis have been taken with a Jeol 2100F
microscope including a spherical aberration corrector (CEOS). A full explanation of
the workings of the STEM can be found else where,?*® but a brief overview of how

data is collected and processed is given here.
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B.0.1 Typical Resolution

Figure B.1 shows an image of a silver cluster in high magnification (twenty mil-
lion times). The line profile inserts show the change in intensity across the atomic
columns and gaps, the lower image covers a smaller distance to provide a clearer
view of the distance from the peak to the background intensity (resolution). Here,
the distance is 0.12 nm demonstrating the typical resolution of the microscope with
a well aligned and focused beam. When observing small particles acquisition time
has to be reduced somewhat to avoid modification of the cluster due to beam inter-
action effects (e.g. heating) and as such resolution and signal to noise ratio are also
slightly reduced. To date the smallest cluster where geometrical structure has been
resolved using the microscope at the Unviersity of Birmingham is 20 atoms.?®® So
far all smaller structures have proved to be too unstable under the beam to permit

conclusive statistical structural identification.
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Figure B.1: The left hand image is a silver cluster imaged at high magnification
(20 million times). The typical resolution is given by the distance from peak signal
to background. It can be measured by taking a line profile across the lattice (top
right). A zoomed in version of the central peaks is given bottom right for clear view.
In this case the peak to background distance and therefore resolution is 0.12 nm
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B.0.2 Weighing Clusters

In order to interpret the images produced, the origin of the signal must first be
understood. As stated above, the signal comes from the very high velocity electrons
that overcome the Coulomb barrier and scatter with the nucleus, it is clear then
that, the more protons there are to scatter the incident electron, the more likely
there is to be high angle scattering (i.e. HAADF signal). This process is described
by Rutherford scattering. As such the signal is governed by atomic number and
samples thickness, in essence the chance of scattering at a high angle and the number
of opportunities to scatter. Considering this, the intensity of two different objects

(1 and 2) can be described as follows.

I, Ny 7y,
I, Ny, 'Z,

I represents the intensity, N the number of atoms, and n a parameter of the
microscope. The linearity of cluster intensity with size and the value of n has
been validated for this instrument by Wang et at, giving a value of 1.46 for n.?°1:252
Essentially the linearity holds when samples are very thin, as the chance of scattering
is low, such that the contribution from multiple scattering is minimal and electrons
that have scattered would have been unlikely to interact with the media that was
on it’s original trajectory. While in the linear region identification of materials with
different chemical composition can be made by intensity. In the case of this thesis,
all samples are pure silver clusters and as such they can be compared directly as
the atomic mass term cancels. However, when imaging single atoms and clusters,
different magnification and measurement times have to be used to obtain a clear
measurement. This needs to be factored in when relating the intensity of the cluster

and atom. As all other parameters remain unchanged as the magnification and

time used simply changes the number of electrons hitting the sample per area and
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therefore is proportional to the intensity. The relationship between the intensity of
the same object at two different magnifications (1 and h), images sizes and exposure

times can be expressed by;

7 Magnification,, Exposure Timey Total Pixelsy
=

~ Magni fication, Exposure Time, Total Pizels, '

This method has been applied to scale between high magnification atoms mea-
surements and lower magnification cluster survey images, which typically use the
imaging parameters 12 M | 1024x 1024 pixels, 19 pus and 2 M, 512x512 pixel, 38 us
respectively. Atoms are effectively used as mass standards.?4" 253

Throughout the analysis, the two circle method has been employed to calculate
the intensity of particles and, by comparison with single atoms, their size. To
perform this two, concentric circles are drawn around the cluster: the first just
larger than the cluster area and the second significantly larger, see figure B.2. The
average intensity of a background pixel is given by the intensity of the outer ring
divided by the number of pixels it contains e.g. (I - Is) / Pixels in outer ring. This
value is then subtracted from the pixel intensities of the cluster area to calculate the
background subtracted cluster intensity. An example of this method can be seen
in Figure B.2. The flatter and thinner the support film, the more stable and small
the background signal is. This technique is not without difficulties. Most crucially

the intensity of the calibrating object must be measured carefully to prevent large

eIrors.
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| = Intensity
P = Number of pixels

background respectively

lp- =1,

WA

I, 0,r,and b are inner, outer, ring, and

I, = (I, x P;) = Cluster intensity

Value Error
Average intensity of atom 5x10° +1x106*
Cluster intensity 4.5x10° +4.5x108
Atom in cluster 900 +200
Area (nm?) 7.3 +0.7
Diameter (nm) 3.1 0.3
Atoms ~975%* +100

Figure B.2: An example of the two circle method used to calculate cluster size
(in atoms). Top left shows the two circles used to measure the cluster, bottom
left gives the analysis of single atoms to weigh the cluster.
boarder chosen by thresholding after noise filtering which gives the cluster area.
Top right provides the calculated size of the cluster both from atom weighing and
size measurement. *The large error is due to the limited number of single atoms
analysed for calibration in just one image typically many images are used giving an
error of ~5-10% , **The size calculated based on cluster area is extrapolated from

considering the size of particles with full geometric shells.
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Bottom right is the




