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Abstract

Nanoparticles have unique properties that are sought after for the development and improvement of appli-
cations. Prerequisite to achieve these applications, methods are required to put the nanoparticles in different
patterns and arrangement on a target substrate.

In the course of developing an aerosol-based nanoparticle printing system, this work explores the results
of different aerosol deposition configurations.

The work is based on a spark ablation process that generates an aerosol of argon and copper nanoparticle
agglomerates. The deposition configuration deposits the aerosol on a target substrate. Three configurations
are explored, one which deposits at subsonic velocities, and two which deposit at sonic velocities. The aim is
to find the most favourable deposition conditions for the direct writing of nanoparticle patterns.

It is found that a sonic deposition configuration with a low pressure ratio at small substrate distances has
the smallest deposit diameter. The configuration allows for the patterning of narrow lines, that consist of two
deposition regions: a micro-aggregate region and a nanoparticle region. It was found that the density of these
regions is mainly influenced by the process variables of the spark ablation process, and can thus be used to
gain a high consistency and well-defined edges.

iii






Preface

This thesis is the result of a project that explored the capabilities of a new set-up. The opportunity was given to
me by Marcel Tichem and Luigi Sasso, who also supported me throughout the project, for this I am thankful.
In addition, thank you Saleh Aghajani for helping out in the project and making me rethink several aspects of
the thesis.

The set-up had some initial problems, which turned out to be of great help in gaining an understanding
of the system. For the invaluable help in fixing these problems, and many more things, I would like to thank
Harry Jansen and Patrick van Holst.

Some of the experiments were performed on location at VSP. I would like to thank the people at VSP for
providing the help for the experiments.

Of course this thesis would have never been written without the support of my friends and family. Thank
you all.

B.G. Entink
Delft, August 26, 2018






Contents

Abstract iii
Preface '

1 Introduction

1.1 Directwritingof nanoparticles . . . . . . .. ... . L L oL L oo 1
1.1.1 Nanoparticlesynthesis. . . . . . . . . . . . . e 3

1.1.2 Stateoftheartinsparkablation . . . . . . . .. ... ... Lo 0oL 4

1.1.3 Aerosoldeposition. . . . . . . . . . L. e e 5

1.1.4 State of the artin aerosoldeposition. . . . . . . . .. . . . . ... ... .. ..., 7

1.2 Researchgoal. . . . . . . . . . . . e e e 8

1.3 Projectapproach . . . . . . . . . L e e e e e 8

2 Set-up development 11
2.1 Experimental Set-Up . . . . . . . . . .. Lo e e e e e e e e 11
2.2 Initial developmentsteps. . . . . . . . . . . Lo e e e e e e e e e e e 12
2.2.1 Theanalysisof microparticles . . . . . . . .. ... ... ... .. o0 0L 13

2.2.2 Sonic nanoparticledeposition. . . . . . . .. L. Lo L Lo 13

2.2.3 Subsonic nanoparticledeposition . . . . ... ..o oL o oo o Lo 13

2.3 Systemvariables . . . . . ... Lo e 14
2.3.1 Deposition configurations . . . . . . . . ... Lo Ll Lo e 14

2.3.2 Processvariables. . . . . . . . . . L 15

Paper 17
Additional experiments 31
4.1 Experiment performed at a differentset-up. . . . . . . .. ... oL 31
4.2 The influence of vacuum pressure on subsonic deposition . . . . . . . ... . ... ... ... 33

4.3 Depositshapes . . . . . . . . L e e e e e 34
4.4 The visibility of nanoparticle layers by optical analysis . . . . . . . . ... ... ... ..... 35
Conclusions 37

6 Recommendations 39
6.1 Futurework. . . . . . . . . . . e e e e e e e e 39
6.2 Set-UP. . . . . . i e e e e e e 39

A Unique properties and functionalities of nanoparticles 41
A.1 Material type independent properties. . . . . . . . . . ... Lo 0o 41
A.2 Material type dependent properties. . . . . . . . . ... Lo e e e 41
A2.1 Metals . . . . . . e e e e e e e 42

A.2.2 Semiconductorsandoxides . . . . . . . . . ... e 42

B Investigation of spark variables on evaporated mass 43
Protocols for operation of the experimental set-up 45
C.1 Generaloperationoftheset-up. . . . . . . . . . . . . . e 45
C.1.1 Placementofthesubstrate. . . . . . . . . . . . . . . .. ... ... ... 45

C.1.2 Deposition. . . . . . . . oL e e e e e e e 45

C.1.3 Removalofthesubstrate. . . . . . . . . . . . . . . . . . ... e 46

C.2 Change of the deposition configuration. . . . . . . . . . .. ... ... ..o .. 46

D Supplemental figures 49
Bibliography 51

vii






Introduction

Nanotechnology applications utilising nanoparticles are of an increasing interest in a large variety of research
fields. Nanoparticles have dimensions below 100 nm and as a result show unique properties and effects. Sur-
prisingly, nanoparticle technologies are already found all around us, for example in medicinal drug delivery,
car coatings, and even in food products [1]. The increase in attention is supported by the further develop-
ment of methods used for nanoparticle characterisation and fabrication. Specifically the improvements on
control, in both handling and synthesis, of smaller dimensions allows for faster discovery of new applications.

Currently, the goal is to gain the ability to control the smallest of particles and pattern these in any desired
shape. One of those future visions is depicted in Figure 1.1, which illustrates a hypothetical manufacturing
line with two aerodynamic lenses that 3D prints with nanoparticles [2]. However, the achievement of this
stage requires a large amount of further research. In addition to research on achieving more knowledge on
nanoparticles and their potential applications, research should also aim to further investigate bringing the
fabrication processes to manufacturing lines.

Aerodynamic
lenses

3-D cbiects

Figure 1.1: A hypothetical manufacturing line that prints patterns and 3D objects with aerodynamic lenses that focus nanoparticles [2].

1.1. Direct writing of nanoparticles

Research on nanoparticle applications often requires the nanoparticles in patterns or deposited as a thin
film. Patterns are for example used in conductive lines [3], while thin films are more often used as coatings
[2], but also gas sensing [4]. The small dimensions of nanoparticles introduce new functionalities and prop-
erties, mostly due to their high surface to volume ratio and quantum physics. Additional information on the
effects of nanoparticles is given in Appendix A. Table 1.1 gives a non-exhaustive list of research on nanoparti-
cle applications and shows the diverse possibilities. However, the processes, for both nanoparticle synthesis
and nanoparticle handling, are often limited to lab environments. Additionally, different requirements for
the functionalities demand a versatile and high level of control over the placement and particle size of the
nanoparticles. To make these type of applications accessible to the consumer market, further research is re-



2 1. Introduction

quired on scalable nanoparticle synthesis and nanoparticle deposition processes.

A promising field for deposition of patterns and thin films is that of direct writing, of which Figure 1.1 is
a futuristic example. The definition of direct writing, given by [5], is the following: "Direct writing denotes
a group of processes which are used to precisely deposit functional and/or structural materials on to a sub-
strate in digitally defined locations". Direct writing contains a large amount of different technologies like:
inkjet printing [6], two-photon-polymerisation [5], liquid extrusion [5], and aerosol deposition [7]. For the
patterning of nanoparticles, inkjet printing requires the nanoparticle to be in the ink, a liquid suspension
[6], while two-photon-polymerisation and liquid extrusion do not aim to deposit nanoparticles [5]. However,
aerosol deposition (AD), as the name implies, deposits particles mixed in a gas. Though these particles can be
small droplets [8], only nanoparticles are considered in this work . Contrary to inkjet printing, no additional
process that could influence the deposit is required to remove the medium in which the nanoparticles reside,
thus advantageous for the direct writing of different materials. This work explorers the direct writing process,
aerosol deposition, as a scalable deposition method.

This section provides an introduction to two subsystems seen in similar systems: the nanoparticle synthe-
sis and aerosol deposition. Both are of importance to gain the ability to precisely deposit the nanoparticles.

Table 1.1: A list of applications for which the use of nanoparticles is researched to improve on a certain aspect. The table includes the
research goal for the application, the property which is utilized and the materials used in the references.

Applications Research goal Functionality Used material References
Solar panels To decrease the size of solar Photovoltaic CdSe, InP [9, 10]
generators.
To increase the absorption of Surface plasmon Ag [11]
incident light. resonance
To research the possibilities of Luminescence CdSe, CdS [12]
luminescent solar concentra-
tors.
Smart textiles, High To remove the external power Piezoelectricity Pb[Zr,Ti;_,]03, [13-15]
strain environments  supply for electronics. FAPbBr3
Nanogenerators To generate electricity from Piezoelectricity FAPbBr3, ZnO [16]
strain.
To generate electricity from Triboelectricity SiO,, SrTiO3 [17-19]
friction.
To generate electricity from Pyroelectricity ZnO [20]
temperature fluctuations.
Construction, Tex- To increase the material SiC [21, 22]
tiles, Electronics strength by nanoparticle
addition.
To make materials heat resis- Heat conductivity [22]
tant.
To add conductivity to non- Electrical conduc- Ag [23]
conductive materials. tivity
Gas sensors To make gas sensing films. Diffusivity WO3 [4]
Electronic chips To pattern particles on the Electrical conduc- Cu [3]
nanoscale. tivity
Medical equipment  To increase bacterial resis- TiO, [24]
tance.
Construction To create an anti reflective Index of refraction Si0,, CeO, [25]
layer.
To add a layer which is flame Environmental sta- TiO» [26]
retardant. bility
To add a hydrophobic layer. Surface roughness SiO, [27]
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1.1.1. Nanoparticle synthesis
The nanoparticles used in direct writing processes come in different forms and mediums. Two different meth-
ods of bringing nanoparticles into the system are distinguished.

» Off-line synthesis; the synthesis occurs at a different location and requires additional processes to
make the nanoparticles available for transport and storage. The particles are often provided in a liquid
or in a powder form. Synthesis processes include high-energy milling [28].

¢ On-line synthesis; the synthesis occurs close to the deposition. Synthesis processes include pulsed
laser ablation [29] and spark ablation [30].

This work utilises the spark ablation process due to the on-line synthesis capabilities, and the other ad-
vantages discussed in the next section, The spark ablation process is schematically given in Figure 1.2. A high
voltage spark is generated between the two electrodes, indicated by 1. The RC-circuit controls the frequency
at which these sparks occur. Each spark ablates, otherwise denoted as vaporises, some of the electrode mate-
rial. The vaporised material is transported away from the electrodes by a carrier gas. The transport results in
a quick reduction in gas temperature and as a result the vaporised material coalesces into primary nanopar-
ticles (2). After the vapour phase, the combination of particles and the carrier gas is considered an aerosol.
When the energy is reduced to the point where coalescence cannot occur, the primary nanoparticles start to
agglomerate due to collisions, shown by 3.

Carrier gas flow Sparkregion Coalescence phase Agglomeration phase

Figure 1.2: Schematic overview of the spark ablation process. A carrier gas flows towards the spark region where a material vapour cloud
(1) is generated by high voltage sparks. The flow transports and quenches the evaporated material, which results in coalescence of the
vapour cloud into primary nanoparticles (2). After the critical size, the particles start to agglomerate (3).

To prevent ambiguities in the naming of particles, Figure 1.3 illustrates four main hierarchies that are con-
sidered of importance for this and future work. The atomic structure of a particle (1) affects the properties
and functionalities of the material. The material is in amorphous state when no order is present in the atomic
structure. When the atomic structure is ordered, the material has a crystal structure defined by a repetitive
building block, the unit cell. In total, 32 crystal types exist, identifiable by this unit cell and the interconnec-
tion between other, similar unit cells [31].

The primary nanoparticle (2) is the particle that nucleates and grows from the vapour phase a single co-
herent unit. The agglomerate of nanoparticles consists out of clustered primary nanoparticles, which results
in a larger particle with boundaries between the atomic structures (3). The amalgamate of nanoparticles (4)
shows similarities with the agglomerate. However, the connection between primary nanoparticles shows dif-
ferences; No boundaries appear in the amalgamate due to fusion of primary nanoparticles.
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Figure 1.3: Schematic overview and examples of the four hierarchy levels considered of importance to this and future work. 1) Atomic
structure of the nanoparticles. The example, taken from [32], illustrates the atomic structure of a silicon primary particle imaged by
a HRTEM. The lines visualize the orientation of the atomic structure. 2) A primary nanoparticle. The example, taken from [33], illus-
trates a germanium primary nanoparticle. 3) An agglomerate of nanoparticles which consists out of primary nanoparticles with clear
boundaries between particles. The example, taken from [34], illustrates an agglomerate of Si;_yGey nanoparticles. 4) An amalgamate
of nanoparticles which consists out of primary nanoparticles without boundaries between particles. The example, taken from [35], il-
lustrates an amalgamate of Au-Pd nanoparticles which are sintered at the boundaries, the inset shows that the sintered boundary forms
a uniform internal atomic structure.

1.1.2. State of the art in spark ablation

Besides being a good option for on-line nanoparticle synthesis, the spark ablation process has more ad-
vantages of interest: the scalability, the material versatility and a narrow size distribution on the primary
nanoparticles [36].

The work done by [37] shows the scalability of spark ablation, otherwise denoted as spark discharge. The
research shows that the placement of several electrodes in parallel is a valid strategy for a higher synthesis
rate. The main reason for this is the similar energy consumption per gram for both a single machine and
multiple machines. It should be noted that the overall energy efficiency is low compared to the theoretical
minimum. In this research this is attributed to the utilised thermal energy. Additionally, though no energy
comparison is made, [38] shows that the particle concentration is proportionally increased with the amount
of electrode pairs connected in series.

Literature shows the material versatility for the spark ablation process. For example [4] shows the synthe-
sis of an oxide (WOy) thin film, [33] shows the synthesis of semiconducting (Ge and Si) nanoparticles and [39]
shows the synthesis of metallic nanoparticles (Pd, Pt, Au and Ag).

The research of [39] paired the monometallic electrodes to synthesise alloys. However, the result was a
mixture of monometallic nanoparticles. The mixture ratio depended on the electrode material and whether
the electrode was placed as an anode(+) or cathode(-). Additionally, the vaporisation rate was dependent on
the material and was attributed to the material dependent ionization potential. With an identical configura-
tion [35] reported a similar mixture of monometallic nanoparticles. Alloyed electrodes were also tested and
resulted in material ratios about the same to that of the alloyed electrode ratio.

The carrier gas influences the spark breakdown voltage [40] and the coalescence phase [41]. Noble gases
are used to prevent chemical reactions with the electrode material. However, [42] showed that for silicon the
addition of hydrogen increases the crystallinity of the deposit due to reduction of oxygen in the carrier gas.
Additionally, the primary nanoparticles become passivated and are stopped from agglomerating. The carrier
gas also has a direct influence on the deposition since the speed of sound differs per gas [43].

The size distribution of the nanoparticles generated with spark ablation have been thoroughly investi-
gated [38]. The size distribution for the primary nanoparticles is relatively narrow, [38] reports standard
deviations of less than 2nm on particles with a mean diameter between 10 and 50 nm. However, the ag-
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glomeration of nanoparticle is uncontrolled and, as shown in [44], have a wider size distribution.

This shows that the spark ablation process is suitable for the synthesis of nanoparticles of a wide range
of materials. In addition, the process allows for easy changes of various other variables like the spark vari-
ables, carrier gas and electrode combinations. However, the the final particle sizes are dependent on these
variables and thus the deposition process is required to deposit aerosols with particles that have a wide size
distribution.

1.1.3. Aerosol deposition

The deposition of aerosols is well researched for the applications of cold spray technology. Cold spray tech-
nology utilises high upstream pressures to accelerate the particles. However, due to the high drag at atmo-
spheric pressure, the particles are required to be larger than those considered in this work [45]. Aerosol de-
position is similar to cold spray methods but instead of deposition in atmospheric conditions it utilises a
vacuum [46]. Specifically, this has implications for the velocities due to reduction of the drag force. This also
means there are two ways to potentially improve on the deposition process: by increase of the velocity due to
better flow development or further reduction of the drag force by a higher vacuum.

This research considers two methods of aerosol deposition, denoted as subsonic and sonic. Whether
a flow becomes a subsonic or sonic jet after a restriction is dependent on the pressure ratio between the
upstream pressure (p;) and downstream pressure (p2). Equation 1.1, where v is the material dependent heat
capacity ratio of the gas, gives the minimum downstream pressure (p*) for subsonic flow.
" '
P — i -l (1.1)
pr r+l
A subsonic flow (p, > p*) accelerates or decelerates with a converging or diverging channel respectively.
Figure 1.4a shows a schematic of the flow development through and after a subsonic nozzle. The jet diverges
after the nozzle and in this process decelerates. When a substrate is placed in the free jet stream, as illustrated
in Figure 1.4b, the subsonic jet creates a stagnation region at the substrate. In the stagnation region the flow
lines start to split and go around the substrate.
The stagnation point is where the flow moves around and where the gas velocity is equal to zero. The size
of the stagnation region depends on the gas velocity of the jet: for greater velocities, sharper flow bends occur
and thus the stagnation region becomes smaller.

(a) Schematic of a free subsonic jet that illus-
trates the flow development [48].

(b) Schematic on an impinged subsonic jet with
the components indicated [49].

A sonic flow (py < p*) is the result of a restriction that reaches the limit of the flow (Q) passing through.
The limit, when the flow is choked, means the gas velocity is equal to the speed of sound at the throat, in other
words the Mach number is equal to unity. After the choked restriction, opposite to the effect of a diverging
channel for subsonic flow, a divergence causes the Mach number to exceed unity and accelerate further into
the sonic regime. Figure 1.5a shows a schematic of the flow development through and after a sonic restriction.
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The gas expands rapidly due to the change in pressure and as a result accelerates. A pressure boundary
forms on the sides of the jet as a result of the decrease in pressure in the jet and contains the expansion. As
seen in the schematic, the jet stays focused throughout the flow development.

An important part of the flow expansion are the Mach disks. The first Mach disk generates at a distance
L, as calculated by Equation 1.2[43] for which d,, is the throat diameter. The Mach disks continue, though
weaker, with similar intervals until the flow loses too much energy and turns toward a subsonic jet.

Figure 1.5b shows a schematic of an impinged sonic jet. Abowshock is formed close to the substrate where
the sonic flow compresses to the subsonic regime. Behind this bowshock, similar to an impinging subsonic
jet, a stagnation area is formed. The flow parallel to the substrate, commonly referred to as the wall jets, can
reach sonic velocities if the pressure ratio between the stagnation area and the surroundings is smaller than
that given by Equation 1.1.

L, =067d, |2t (1.2)

p2

‘ Incident Shock
Jet Boundary

slip
, Discontinuity

Bow Shock

N
Reflected

Wall Jet
Shock /
SN

Plate

| 2n | (b) Schematic on an impinged sonic jet with the

components indicated [47].

(a) Schematic of a free sonic jet that illustrates
the flow development [47].

Whether a particle impacts on the substrate is dependent on the dimensionless Stokes number. The num-
ber is a ratio of the particle relaxation time (7 ) to the characteristic time of the flow (7 r), as given in Equation
1.3. The Stokes number characterises the accuracy of a particle to stay attached to the flow lines. For Stokes
values smaller than unity the particles follow the flow lines accurately while for values larger than unity they
escape due to small disturbances in the flow lines [50]. Figure 1.6 shows a schematic of this behaviour.

T
Stk=-2 (1.3)

Figure 1.6: The behaviour of particles with different Stokes numbers. Particles with a Stokes number below follow the flow accurately,
while for values above unity they escape the flow easily [51].

The time a particle takes to adjust to velocity changes is indicated by 7, [8]. Nanoparticles have low val-
ues for £, due to their relatively low mass, while 7 ¢ tends to be proportional with the gas flow velocity and is
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thus relatively high, specifically for sonic jets. Literature gives different equations for 7, and 7 r depending on
the flow parameters, notably the Reynolds number, the Mach number, the upstream to downstream pressure
ratio, and the substrate distance to nozzle throat diameter ratio are of importance [52].

Correlations given for the Stokes number by [52], [47] and [53] include the Cunningham correction, which
is introduced to account for the slip. The slip is a result of the gas mean free path being large in comparison
with the characteristic dimension of the system, in this case the diameter of the nanoparticle agglomerates.

1.1.4. State of the art in aerosol deposition

Due to the relative simplicity of subsonic deposition configurations, a large amount of research aims to im-
prove the focus of nanoparticles on the centreline of the jet. Two different approaches to gain a smaller
deposition width can be categorised as: aerodynamic lens systems and sheath gas nozzles.

The research on aerodynamic lens systems shows that nanoparticles are focused by consecutive conver-
gences, or so-called lenses [54-56]. The lens system modelled by [55] focuses sub-30 nm particles. Diffusion
effects in the lens system limits the deposition of particles smaller than 5 nm. The lens system focuses the
particles that are sized between 10 and 50 nm within a 1 mm deposit diameter with a nozzle (diameter of
2.42 mm). One thing to note is that large particles are more focused towards the centre line, introducing a
radial particle size gradient. A similar study was undertaken by [56] and gives additional information on the
pressure drops and gas velocities between lenses. The Stokes number increases after each lens due to the
Cunningham slip correction factor dependence on the gas free mean path.

Instead of focusing the particles before the deposition, sheath gas nozzles push the aerosol jet towards the
centreline after the nozzle. The work done by [57] and [58] show that higher sheath gas velocities influence
the diameter of the deposits. The line width decreases below the diameter of the nozzle, which in comparison
to an impinged subsonic jet (Figure 1.4a) is an interesting result.

Similarly, [51] reviewed the focusing of particles for sonic jets. Specifically of interest is the difference be-
tween deposition by a capillary or thin plate orifice. While for the capillary nozzle the particles focus on the
centreline within the nozzle [59], the thin plate orifice focuses the particles after the nozzle [60]. The focusing
effect for the thin plate orifice is dependent on particle size, with the focus point further away for small par-
ticles. In [61] a comparison is given for several nozzle designs for the collection of nanoparticles. The work
concludes that the thick plate orifice performs better than a thin plate orifice. This is in agreement with re-
search done on impactors, in which the goal is to filter particles above a certain size from an aerosol [52, 62].
Several works confirmed experimentally that smaller particles deposit at further substrate distances due to
better flow development after the nozzles [47]. However, the impactor research aims to filter instead of focus
the particles, and thus lacks information on deposition consistency, vital to this work.
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1.2. Research goal

Currently, nanoparticle applications are limited by not yet scaled production methods. By the development
of a system that is capable of controlling the nanoparticle amount, deposition location, and morphology; and
in addition is employable in manufacturing lines, it is perceived that nanoparticle applications become more
accessible to the consumer market.

The direct writing of aerosols shows potential for such a system. However, to adopt the system in manu-
facturing lines it requires the nanoparticle synthesis and the deposition to be scalable. In addition, to be able
to produce applications with different requirements, the system needs to cope with different materials and
substrates.

A scalable nanoparticle synthesis process is spark ablation, which generates an aerosol that consists of a
carrier gas and agglomerates of nanoparticles. These nanoparticle agglomerates have a relatively wide par-
ticle size distribution and thus impose requirements on the deposition. Designs of nanoparticle deposition
configurations generally aim to deposit a monodisperse aerosols. This means design reconsiderations are
required for the deposition of an aerosol generated by spark ablation.

This research is the first step in the first steps are made with a new This research compares two types of
flow for aerosol deposition, subsonic and sonic, which are commonly found for the deposition of monodis-
perse aerosols. The goal of the work is to find the most suitable deposition configuration for the writing of
nanoparticle patterns, which as seen in other works, are mainly characterised by:

* Narrow lines; narrower lines allow for a more efficient substrate usage.

* Well-defined edges; the particle density gradient should decrease rapidly at the edges to prevent differ-
ent nanoparticle behaviour on the edges.

» High consistency; the line should have similar thickness and morphology throughout the pattern.

The main research question of this work is:
"What are the most favourable deposition conditions for the direct writing of nanoparticle patterns?’

This question is split into two sub-questions:

1. What is the most suitable deposition configuration for direct writing?

2. What is the influence of the process variables on the deposition?

1.3. Project approach

This work uses a commercially available spark ablation apparatus for the synthesis of an aerosol. The aerosol
that is generated is directly deposited in a vacuum chamber, for varying deposition conditions. The planning
of the project is given with milestones and deliverables in Figure 1.7. By finishing the last milestone, it is ex-
pected that an answer is found to the research question.

The first part of the research aims to get the experimental set-up to a functioning level, which means
nanoparticles are synthesised and deposited (D1). Due to the significant differences in the deposition con-
figurations, it is expected that more work is required to make the set-up function for all configurations (D2).
These two deliverables complete the first milestone (M1).

The second milestone aims to answer the first sub-question. First, single spot deposits with a variation
in pressure and substrate distance are compared per configuration based on deposit shape, deposit diameter
and deposit consistency. In this case the deposit consistency is determined by the particle density, particle
sizes, and the radial dependence of both. This shows how each deposition configuration is influenced by vac-
uum pressure and substrate distance (D3). The configuration with the highest potential for the direct writing
of nanoparticle patterns is determined by a combination of the deposit diameter, the deposit pattern and the
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Thesis planning

M1: To get a functioning set-up _
D1: Sample with nanoparticles -
D2: Samples with nanoparticles for each deposition configuration _
M2: To find the most suitable deposition configuration for direct writing _
D3: Deposits of each configuration with variations in pressure and substrate distance _
D4: Analysis of the deposits based on direct writing criteria _

M3: To test the applicability of the deposition configuration with differen process variables
DS: Patterned lines

D6: Analysis of influences of the process variables

10-Apr 17-Apr 24-Apr 1-May 8-May 15-May22-May29-May 5-Jun 12-Jun 19-Jun 26-Jun 3-ul 10-Jul 17-Jul

Figure 1.7: Project planning, milestones are indicated with M, deliverables are indicated with D. The numbers in each bar indicate the
duration of the milestone/deliverable in days.

observability of nanoparticles. This is expected to give the most suitable deposition configuration (D4), and
thus completes M2 with an answer to the first sub-question.

The third milestone tests the applicability of the found deposition configuration. The influence of the
deposition variables, substrate distance and vacuum pressure is found in M2. The deposition configuration
is used for the direct writing of lines with different flow rate, spark current, spark voltage, writing speed and
writing sweeps (D5). The influence of these variables is then analysed by optical microscopy and electron mi-
croscopy to verify the viability of the configuration. The lines are checked for line width, whether the edges
are well-defined, and the consistency throughout the line (D6). This is expected to give the answer to the
second sub-question and as a result an answer to the main research question (M3).






Set-up development

This chapter explains the steps that are part of the set-up development. A more in depth explanation is given
for the deposition configuration and variables within the set-up.

2.1. Experimental set-up

Figure 2.1: A photo and a schematic representation of the experimental setup. (1) argon flask (2) Bronkhorst High Tech El-Flow Prestige
flow controller (3) overpressure valve (4) VSP G1 (5) Flow split (6) Deposition tubing (7) Waste tubing (8) XY-stage controller (9) CMR 362
Pfeiffer Vacuum gauge (10) Vacuum chamber (11) DUO-11M Pfeiffer Vacuum pump (12) Vacuum chamber vent line

The set-up used throughout this research is shown in Figure 2.1. In the set-up a carrier gas enters the
system from an argon flask (1), the flow rate is controlled by a Bronkhorst High Tech El-Flow Prestige flow
controller (2). An overpressure valve (3) is added before nanoparticle generation to prevent the release of
aerosols in the environment. The tubing for transport of the carrier gas between sub-systems consists of 6.35
mm aluminum tubing. The VSP-G1 spark ablation machine (4) is operated in through-flow configuration,
which means the carrier gas passes through both the hollow copper electrodes. The aerosol that exits the
machine is split (5) into a deposition flow (6) and a waste flow (7). The deposition occurs in a vacuum cham-
ber (10) which is equipped with a SmarAct SCL1750 ome-2 XY-stage and a controller (8). The aerosol inlet is

11
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a 10 mm aluminium tube which fits different nozzles by clamp fitting. The chamber is connected to a DUO-
11M Pfeiffer Vacuum pump by 20 mm tubing (11). It is equipped with the xy-stage, while the z-direction is
controlled manually. The pressure within the vacuum chamber is measured by a CMR 362 Pfeiffer Vacuum
gauge (9).

With this system, several situations can occur depending on the configuration and the process variables.
Two situations are to be prevented, which is mainly dependent on whether the waste flow channel is blocked
off or not:

* Qgep is smaller than the choked flow rate between pg and p», as a result the Qg is increased by the
flow reversing at Q4sze- If the flow rate, Qyqsze, is equal to zero an under pressure is generated in the
system.

* For Quaqsre equal to zero and Qg greater than the choked flow rate between py and p», the system
builds up pressure.

Figure 2.2 shows a schematic of the deposition system. Section A allows for several nozzles. While section
B allows for the placement of a restriction that limits the flow rate to Qp. The deposition flow rate (Qg.p) is
equal to the flow rate through the smallest restriction in A or B. With choked flows at both A and B, the pres-
sure in between A and B (p;)

Vacuum chamber Deposition conﬁguratlon
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Figure 2.2: Schematic of the deposition system and the nozzle and restriction sections, A and B respectively, that determine the deposi-
tion configuration.

For general operation py is at atmospheric pressure and p- is at medium vacuum. p; is dependent on the
restriction at A and B, and for choked flows is calculated by Boyle’s law, which assumes that pressure times
volume stays constant. The restrictions are used to change the deposition methods or deposition variables.
The situation is dependent on p* as calculated by Equation 1.1. p*/ p; for argon at room temperature is equal
to 0.49. The configurations considered in this work are:

* Arestriction and a sonic nozzle. Qg = Qp with the ratio of p*/p; smaller than the ratio in Equation
1.1; a sonic jet is formed at A, the flow after restriction B is also sonic.

* Arestriction and a subsonic nozzle. Q ., = Qp with the ratio of p*/p; larger than the ratio in Equation
1.1; a subsonic jet is formed at A, the flow after restriction B is sonic.

* No restriction and a sonic nozzle. Qg.p = Q4; a sonic jet is formed at A as pg = py.

2.2, Initial development steps

The development of the set-up took three major steps before it was able to perform the experiments discussed
in Chapter 3. Since the knowledge attained in these steps were of major importance for the direction of the
research, a short description is given for each step.
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2.2.1. The analysis of microparticles

The initial system, built to reflect the manufacturers deposition system, used two configurations: the first
with a restriction without a nozzle, while the second is a configuration with a restriction and a 1.5 mm diam-
eter nozzle (subsonic deposition). Both configurations resulted in no deposits. The set-up was tested with
a diverging sonic nozzle with a diameter of 0.7 mm which resulted in observable deposits. One of these de-
posits is illustrated in Figure 2.3. The SEM images shows similar areas as the scattered microparticle regions
observed in later experiments. The deposits were not as expected due to the decreasing particle density while
the particle size is similar throughout.

A rough comparison between the mass present on the substrate and the evaporated mass, shows that
only a small part of the material is deposited. It was confirmed by the VSP-G1 manufacturer that 1 to 2 %
of the generated mass are unwanted microparticles. More detail on the calculations of generated mass are
given in Appendix B. The problem was analysed to be either due to the synthesis process not generating any
nanoparticles, or due to the vacuum pressure being too high (approximately 50 mbar), and thus only the
deposition of large particles occurs.

Figure 2.3: Optical image with three SEM pictures taken at different radial positions of the deposit.

2.2.2. Sonic nanoparticle deposition

In the second development step, the vacuum pressure was decreased to 24 mbar by an improved sonic noz-
zle with a lower choked flow rate. The deposits contained nanoparticles on the edge of the deposit. The shape
of the deposit is addressed in Section 4.3. The deposit and the uniform layer of nanoparticle agglomerates
are given in Figure 2.4. It was noted that the uniform layer is only visible on the edges of the deposit while the
centre is, again, characterised by the microparticle region, further denoted as micro-aggregate region.

The subsonic configuration initially showed no deposit. Since it could be concluded that nanoparticles
are generated in the system, the vacuum pressure required a further decrease. However, before making fur-
ther changes to the system, the effect of pressure on the sonic configuration was verified with the set-up
available at the VSP. The experiment is described in Section 4.1.

2.2.3. Subsonic nanoparticle deposition

To decrease the vacuum pressure, an analysis was performed with a Pfeiffer Vacuum SmartTest vacuum and
sniffing leak detector. The results showed that the flow through the tubing was choked at a lower value than
the pumping capacity, which means a restriction limits the flow rate before the vacuum chamber. Addition-
ally, the system was tested for leaks and it showed that the most significant leak was caused due to the ring
seal which allows for movement in Z-direction. The removal of the restrictions between the vacuum chamber
and pump, and an increase in tube size from 6.35 mm to 20 mm, resulted in pressures of approximately 2.4
mbar without a deposition flow.
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Figure 2.4: A sonic deposit (left) where nanoparticle agglomerates were observed in a uniform layer (right).

For deposition purposes, the smallest restriction available allows for a deposition flow rate (Qgep) of 0.1
[/ min. With this restriction, the minimum vacuum pressure with a deposition flow was found to be 3 mbar.
In addition to improvements to the sonic configuration, the subsonic configuration also resulted in deposits
like those found in Chapter 3.

2.3. System variables

The full system has a large amount of variables that can potentially influence the final deposit. This section
gives more insight on the deposition configurations used throughout this work. In addition, an overview is
given of the process variables that are of importance for the final deposit. Further information on how to
operate the set-up is given in Appendix C.

2.3.1. Deposition configurations

The nozzles used in this research are manufactured on a lathe. As described in Chapter 4.3, a conical nozzle
is used for the sonic experiments, since a conical nozzle shows less susceptibility to imperfections induced
by the fabrication process. A thick plate nozzle is used for the subsonic experiments.

In addition, three restrictions with different flow rates are available (0.1 I/min, 0.7 [/min, 1.1 l/min).
However, to reduce the vacuum pressure, the restriction of 0.1 I/ min is used for all experiments.

Nozzles 2.5a and 2.5b have throat diameters of 2 and 0.3 mm respectively. The ratio of throat length
to diameter is kept constant in accordance with research done in [61]. The throat in nozzle 2.5b conical to
simulate a thin plate orifice. The effective throat length is reduced to less than 0.1 mm.

A

Tilt angle: 0

o

(a) Thick plate nozzle with a throat diameter of 2 (b) Conical nozzle with a throat of 0.3 mm, a
mm and a depth of 2.5 mm. depth of 0.1 mm, and a cone depth of 0.4 mm.

Figure 2.5: The two main nozzles used throughout this research.



2.3. System variables 15

2.3.2. Process variables

Table 2.1 gives an overview of variable parameters. The second column gives a description and the influences
of the parameter. The categories are: Direct spark variables, which are set on the VSP-G1; Indirect spark
variables, which though not set on the VSP-G1 are subject to change; flow variables, which influence a flow
rate in the system; and deposition variables, which are the variables that influence the deposition.

Table 2.1: A list of variables that can be altered within the experimental setup.

Variable Symbol Description
Direct spark variables
Spark voltage Us The voltage set on the VSP G1.
Spark current I The current set on the VSP G1.
Indirect spark variables

Breakdown voltage Uy, The spark breakdown voltage (not equal to the spark voltage,
as shown in Chapter B).

Spark frequency fs The frequency of the spark between the electrodes, further
elaborated in Chapter B.

Mass evaporated Mey The evaporated mass from the electrodes, as calculated by
[41]. More evaporated mass results in larger primary nanopar-
ticles.

Flow variables

Initial flow rate Qin The flow set on the flow controller, a higher flow causes smaller
primary nanoparticles due to the vapour being more diluted.

Deposition flow rate  Qgep The aerosol flow that is used in the deposition, controlled by
the smallest restriction in the deposition tubing.

Waste flow rate Qu The excess aerosol flow that is not used for deposition, deter-
mined by the difference between Q;,, and Qgep.

Pump flow rate Qpump The effective pump flow rate at the vacuum chamber, con-
trolled by a choking valve.

Deposition variables

Substrate distance L The distance from nozzle to the substrate in the deposition
chamber.

Spark pressure Po The pressure in the VSP G1, generally equal to atmospheric
pressure.

Restriction pressure  p; The pressure between the two restrictions, dependent on Qgep
and flow through restrictions.

Vacuum pressure D2 The pressure in the vacuum chamber, controlled by Qg and

qump-
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This chapter contains the paper that discusses the results of this research. Additional information about the
research is found in Chapter 4. A larger representation of the SEM image table and the experimental set-up is
given in Appendix D.
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Effect of Flow Conditions on Nanoparticle Aerosol Deposition for Direct Writing
Purposes

B.G. Entink, S. Aghajani, L. Sasso, M. Tichem
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Abstract

Nanoparticles have unique properties that are sought after for the development and improvement of applications. The
production of these applications require well-controlled environments. This work explores sonic and subsonic aerosol
deposition for the direct writing of patterns of nanoparticle agglomerates. Three depositions configurations are analysed
based on single spot deposition comparing the configurations based on the deposit shape, deposit pattern and surface
morphology. In this analysis the deposition pressure ratio and the substrate distance were varied to find suitable process
variables in addition to the most suitable configuration for direct writing. The applicability of the result for the direct
writing of lines is experimentally confirmed by varying the variables of the nanoparticle generator. It is found that
a sonic configuration with low pressure ratios has the smallest deposit diameter. Two main regions are visible in the
deposits of this configuration, a micro-aggregate region and a nanoparticle region. The direct writing of lines shows
that these different regions are influenced by the process variables of the nanoparticle generator, though all lines have
a similar width. The viability of patterning with nanoparticle agglomerates, with a wide variety of particle sizes due to
the limitations of the set-up, is proven by the direct writing of narrow lines with a width smaller than 400 pm. Since
the set-up does not require a well-controlled environment, future research could lead to a direct writing system usable

in manufacturing lines.

Keywords:

Nanoparticles, Nanoparticle patterns, Spark ablation, Direct writing, Aerosol deposition

1. Introduction

The functionalities added by the unique properties of
nanoparticles are widely researched, with success, for the
development and improvement of applications. For exam-
ple, nanoparticle thin films that add a transparent super-
hydrophobic layer [1] or improve the absorption of solar
panels [2]. But also applications that require localised thin
films or patterns are found in literature, like gas sensors
[3] or conductive lines [4]. Though these applications are
similar due to the use of nanoparticles, the fabrication pro-
cesses differ substantially. For example, [1] immerses the
samples in several aqueous solutions, while [2] deposits sil-
ver nanoparticles by thermal evaporation.

These works show that though the applications are
plenty, further research is needed on a system that is able
to manufacture a variety of applications and only requires
limited additional processes. Consequently, a need exists
for a high level of control over the deposition process of
nanoparticles. Though ideally this control means the in-
dividual placement of each nanoparticle, the control con-
sidered here is that of deposit thickness, deposit particle
density and the deposit diameter.

A promising method for patterning of nanoparticles
are direct writing technologies (DW). The technologies

aim to precisely deposit material, functional or structural,
onto a substrate [5]. DW contains a large amount of dif-
ferent technologies like: inkjet printing [6], two-photon-
polymerisation [5], liquid extrusion [5], and aerosol depo-
sition [7]. For the patterning of nanoparticles, inkjet print-
ing requires the nanoparticle to be in a liquid suspension
[6], while two-photon-polymerisation and liquid extrusion
do not aim to deposit nanoparticles [5]. However, aerosol
deposition (AD), as the name implies, deposits nanoparti-
cles mixed in a gas. Contrary to inkjet printing, no addi-
tional process that could influence the deposit is required
to remove the medium in which the nanoparticles reside.
This lack of additional processes is advantageous for the
direct writing of different materials, however, it also brings
additional challenges.

The motivation of this study is to explore the direct
writing of aerosols with different deposition configurations
and find the most suitable process variables for the direct
writing of patterns. In this research, an investigation is
started on the deposition of copper nanoparticle agglom-
erates suspended in argon. The nanoparticle agglomerates
have a wide size distribution due to the nanoparticle syn-
thesis process. The present work compares several deposi-
tion configurations for their applicability in direct writing.
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The paper starts with a more in depth state of the
art section, after which a theoretical background flow and
particles in a flow is given to introduce the most com-
monly encountered variables in AD. The work continuous
with a detailed explanation of the set-up used throughout
the experimental work. The results are discussed in two
sections, firstly the deposits are examined and compared
based on the deposit shape, deposit diameter, the location
of different nanoparticle agglomerate sizes, and the parti-
cle density. Secondly, the most suitable configuration and
process variables are used for the writing of lines, followed
by a discussion on the influence of different settings on the
nanoparticle generator. This discussion is complemented
by a more thorough analysis of the particles observed in
the lines.

2. State of the art

Several approaches exist to deposit particles from an
aerosol. Cold spray technology (CS) is mostly seen for
applying coatings. The technology utilises high upstream
pressure to reach sonic velocity jets that accelerate the
particles and make them collide with the substrate and
consequently attach to the substrate due to deformations
[8]. Since CS deposits at atmospheric pressures, the drag
is high and as a result the minimum particle size for depo-
sition is higher than the particles considered in this work.

The deposition of smaller particles is done by aerosol
deposition (AD)[9]. Though AD also includes the de-
position of airborne liquid droplets, only aerosols with
nanoparticles are considered in this work. AD utilises a
low pressure deposition environment to reduce the drag
on particles. This reduction of drag reduces the ability of
particles to follow the flow lines accurately due to their
inertia, and thus sharp flow bends induced by a substrate
cause particles to impact the substrate [10]. The particle
deposition occurs by particle deformation on impact, as
seen for CS, and still requires further research to be fully
understood [9]. A possible deposition window compared
to that of CS is given in [8], and shows deposition at lower
velocities.

Work on impactors, though it does not involve char-
acterisation of the deposits, aims to filter the smallest of
particles by similar means as CS. However, as seen for CS,
the deposition of nanoparticles requires additional mea-
sures. Though several types of impactors exist, the main
interest for this work is the low-pressure impactor since it
shows the best resemblance to AD. Additionally, the re-
search on impactors aims to collect all the particles larger
than a specific size [11]. This type of research is specifi-
cally of interest for the system to have higher deposition
efficiencies. Hence, the work on impactors contains vital
information on the conditions at which particles deposit.

The focusing of particles of subsonic jets often occurs
by aerodynamic lens systems, that focus nanoparticles to
the jet centre line by consecutive convergences, or so-called
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lenses [12, 13, 14]. In [13] such a system was optimised
and was able to focus 5-50 nm particles at relatively high
downstream pressure (4.25 mbar). The simulations of this
study show that the smaller particles deposit over a larger
area, which is in agreement with the expectations that
these particles follow the flow more accurately. This effect
is increased further when diffusive effects are added to the
simulations. However, the diffusive effect also causes the
larger particles of 100 nm to deviate further from the jet
centre line than the 30 nm particles [13]. The work shows
that a lens system designed for a certain size, causes signif-
icantly larger particles to end up further from the deposit
centre.

Similarly, [10] reviewed the focusing of particles for dif-
ferent types of nozzles. Specifically of interest is the dif-
ference between deposition by a capillary or thin plate ori-
fice. While for the capillary nozzle the particles focus on
the centreline within the nozzle, with a radial particle size
distribution [15], the conical nozzle, focuses the particles
after the nozzle [16]. The focusing effect for the conical
nozzle is dependent on particle size, with the focus point
further away for small particles. This effect is also seen in
[13], where the last lens in the system is a conical nozzle.

3. Theoretical background

For the categorisation of flow type, two types are con-
sidered: subsonic and sonic. Whether a flow is sonic or
subsonic is dependent on the ratio between the down-
stream pressure (ps), and upstream pressure, (p;). The
flow is subsonic when the value of p is higher than a criti-
cal value, p*, while lower values of p, result in a sonic flow.
The critical value is calculated by Equation 1 [17], where v
is the heat capacity ratio of the gas. Thus, categorised by
the flow type, this theory indicates the availability of two
types of AD, controlled by the upstream and downstream
pressures.

~
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A free subsonic jet shows a constant divergence of the
jet paired with a deceleration of the flow. A sonic free jet
is contained by a jet boundary and accelerates due to rapid
expansion of the gas. For the sonic jet a Mach disk occurs,
at a distance L,,, as calculated by Equation 2 where d,, is
the nozzle diameter. After the Mach disk, a similar flow
development occurs as from the nozzle, though with less
energy. When the energy level descends below a critical
point, the sonic flow continues as subsonic flow.

Lo = 0.67dp |22
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Figure 1 shows schematics of impinged jets of both the
flow types. The impinged subsonic jet diverges and the
flow is bent around the substrate, creating a stagnation

(2)



point where the flow velocity is zero. The sonic impinged
jet accelerates after the nozzle, and is contained by the jet
boundary. Close to the substrate, a so-called bow-shock is
caused, where the flow compresses to the subsonic regime.
In this subsonic regime, a stagnation point and region is
found similar to that of a subsonic impinged jet. Literature
[18] shows that the collection efficiency of nanoparticles is
higher for bow-shocks that are closer to the substrate. The
variation of bow-shock distance () from the substrate for
different nozzle diameters and pressure ratios versus the
nozzle to substrate distance is given in [18]. The flow par-
allel to the substrate are wall jets, for which the velocity is
dependent on pressure ratio between the compressed flow
and vacuum chamber and can reach sonic velocities.

Since after the first Mach disk a similar flow develop-
ment occurs, it is expected that most deposit changes are
found between the nozzle and the first Mach disk. Ad-
ditionally, the bow-shock distance from the substrate is
dependent on the placement relative to the distance L,,,
thus influencing the deposition [18]. Hence, L, is expected
to be of importance for the sonic deposition. Since L,, is
dependent on the pressure ratio, the effect on the deposit
is analysed by changing p; /ps.

Subsonic jet Sonic jet

Jet boundary

Stagnation region’ Stagnation point Stagnation region Stagnation point

Figure 1: Schematic of an impinged subsonic jet (left) and an im-
pinged sonic jet (left).

The particle behaviour within jets is characterised by
the dimensionless Stokes number. The number gives an
indication of the ability of the particle to escape the flow
lines, which in the case of aerosol deposition is necessary
for the particle to collide with the substrate. The Stokes
number is given in Equation 3 and relates the particle stop-
ping time (7,,) to the characteristic time of the flow (7).
Values much greater than unity cause particles to escape
the flow while for much smaller values particles follow the
flow accurately. Intermediate values result in only slight
deviations from the flow lines [10], consequently influenc-
ing the radial position of deposition. The Stokes number
is often determined experimentally, however a correlation
is given in Equation 3 [14], with the average jet velocity at
the nozzle, ug, and d,, equating to 7. p, and ug are the
material dependent particle density and gas viscosity re-
spectively. It should be noted that the Equation calculates
the Stokes number at the nozzle. The correlation shows
the quadratic dependence on particle diameter (d,) which
results in the smallest particles meeting the requirements
for impact the furthest away from the jet-centre line. C.
is the Cunningham slip correction and accounts for the
lower drag force on sub-micron particles due to slip. The
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correlation is given by Equation 4 [14] where A is the free
mean path of the gas. ) increases with a higher vacuum
and consequently the Stokes number. As given in [13] it
is expected that besides the Stokes value, the higher dif-
fusive effects on small particles influence the deposit area,
and thus the smaller agglomerates of nanoparticles deposit
over a wider area than the larger agglomerates.
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The impact of nanoparticles on a substrate, requires
the particles to have Stokes numbers above a critical value.
The research that works on further development of im-
pactors often gives this value close to unity [19, 20]. How-
ever, the particles with bigger Stokes numbers deposit
closer to the jet centre-line. From the two equations, two
methods of increasing the Stokes number are relevant for
this study. The first is an increase in average jet velocity.
The sonic flow development however, reaches an asymp-
totic limit for the jet velocity at v,qz, as given in Equation
5, where k is the Boltzmann constant, Tj is the stagnation
temperature of the gas and m is the molecular mass of the
gas [21]. Both [18] and [21] claim that v, is reached
at approximately ten times the nozzle diameter for sonic
flows with high p; /ps. Additionally, subsonic deposition is
limited by the speed of sound of the gas. However, litera-
ture also shows that the particle impact velocity influences
whether impact causes attachment or a different phenom-
ena, like bounce and de-agglomerated particles [22]. The
second method is to gain a lower vacuum pressure and
consequently increase the Cunningham slip correction.

(5)
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Table 1 shows the parameters that are linked to the
downstream pressure (p2) and the substrate distance (L)
for subsonic and sonic flow. For subsonic flows, ps influ-
ences the average jet velocity at the throat (ug) and the
particle drag, which the Cunningham slip correction (C.)
accounts for. Both ug and C, increase for lower down-
stream pressures, consequently increasing the Stokes num-
ber. Since the Stokes number has a quadratic dependence
on the particle diameter (d,), this increase causes smaller
particles to reach intermediate Stokes values. L however,
decreases the jet velocity after the throat due to the diver-
gence of a subsonic jet for larger value of L.

The influence of both ps and L are different for sonic
flows. po influences the particle drag similar to that of sub-
sonic flows, however, the velocity at the throat is limited
by the speed of sound. The ratio p; /ps influences the flow
development and higher values are expected to increase
the jet diameter. The influence of L differs significantly,



since the sonic jet accelerates after the nozzle. The dis-
tance over which the jet accelerates is dependent on L,,,
which is dependent on p; /ps [18].

In conclusion, for subsonic deposition a lower pressure
increases the Stokes number, and is thus advantageous for
the deposition of smaller particles. However, an increase in
substrate distance decreases the Stokes number. For sonic
deposition a lower pressure is also advantageous, however
high pressure ratios are expected to increase the jet diam-
eter. The substrate distance is expected to increase the
Stokes number, with the largest increase found between
the nozzle and the Mach disk.

Table 1: Process variables for the three configurations.

Subsonic
The jet is a result of the ratio be-
tween upstream pressure (p;) and
downstream pressure (p2) ratio with
p2 > p*, where p* is the critical
downstream pressure, and influences
the jet velocity.
The gas mean free path influ-
ences the particle drag, and is im-
plemented in the Stokes number
through the Cunningham slip cor-
rection (C,).
The jet diverges and decelerates for
larger distances.

Sonic

The jet is a result of the pressure
ratio with py < p*, and influences
the jet velocity.
The Mach disk distance (L), is
dependent on the square root of
the pressure ratio and influences the
flow development.
The gas mean free path (\) in-
fluences the particle drag, and is
implemented in the Stokes number
through C..
The jet accelerates after the nozzle
and decelerates before L,,.

P2 p1/p2

Uo

P2 p1/p2

4. Experimental Methods

This work explores how pressure and substrate distance
influence the deposition of an aerosol that contains ag-
glomerates of nanoparticles with a wide size distribution.
Specifically, an analysis is done on the deposit shape and
deposit patterns. The set-up is based on a nanoparticle
generator that generates an aerosol which can then be di-
rectly deposited on a substrate in a vacuum chamber.

The experimental set-up is schematically illustrated in
Figure 2. In the set-up a carrier gas enters the system
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from an argon flask (1), the flow rate is controlled by a
Bronkhorst High Tech El-Flow Prestige (2) that allows for
an inlet flow (Q;) between 0.15 I/min to 20 I/min. An
overpressure valve (3) is added before nanoparticle gen-
eration to prevent the release of aerosols in the environ-
ment. Aluminium tubing with an inside diameter of 6.35
mm is used to transport the carrier gas. The VSP G1
(4), synthesises nanoparticles by a spark ablation process.
The aerosol that exits the machine is split in a deposition
flow (5) and a waste flow (6). The deposition occurs in
a vacuum chamber (7) which is equipped with a SmarAct
SCL1750 ome-2 XY-stage (8), while the z-direction is con-
trolled manually. The pressure in the chamber is measured
by a CMR 362 Pfeiffer Vacuum gauge. The aerosol inlet
is a 10 mm aluminium tube which fits different nozzles by
clamp fitting. The chamber is connected to a DUO-11M
Pfeiffer Vacuum pump (9) by 20 mm tubing. Opening the
ball valve (10) vents the vacuum chamber.

In the VSP G1 the spark is controlled by a voltage set
point (Us) with a range of 0.01 £V to 1.36 £V and a cur-
rent set point (Is) with a range of 0.1 mA to 10.4 mA.
The current set point also sets the spark frequency (fs).
The argon flows through the electrodes and transports the
vapour cloud (11). The amount of material that is ab-
lated with each spark is dependent on I, as given by [23].
The vapour cloud coalesces due to rapid quenching by the
argon. The phase results in primary nanoparticles (12).
The size and amount of primary nanoparticle is depen-
dent on the amount of material per volume [24], thus I
and @Q;,. Starting at the end of the coalescence phase until
the deposition the primary nanoparticles agglomerate due
to collisions (13). The aerosol also contains micro-sized
particles that are expected to be chunks of electrode ma-
terial which did not vaporise completely.

The aerosol flows through the deposition system which
consists of two variable sections, a nozzle (A) and a re-
striction (B), which are 300 mm apart. B has either no
restriction (po = p1) or a critical orifice for which @y is
0.1 I/min. The restriction changes the pressure from py
to p1 due to a choked flow. T'wo different nozzles are used
at A, a flat-plate nozzle, which has a round throat with a
diameter and depth of 2 mm, and a conical nozzle, similar
to the schematically drawn nozzle in Figure 2, that has a
throat diameter of 0.3 mm, a throat depth of 0.1 mm and
a conical depth of 0.4 mm. The flat plate nozzle requires
a restriction to reach the minimum flow required for de-
position. The choked flow rate of the conical nozzle is 1.2
{/min. The result is three possible configurations:

1. The flat plate nozzle with restriction, which results
in a subsonic jet.

2. The conical nozzle with restriction, which results in
a sonic jet where p; is calculated by Boyle’s law to
be 12 times lower than atmosphere due to the ratio
between @), and Qp.



3. The conical nozzle without restriction, which results
in a sonic jet where p; is equal to atmospheric pres-

sure (p1 = p2).

A Keyence Digital Microscope VHX-6000, a Jeol JSM-
6010LA (SEM) and a FEI NovaNano SEM (HR-SEM) are
used for optical and electron microscopy. The effect of
pressure, pressure ratio, and substrate distance (pa, p1/p2
and L) on the deposit shape, deposit diameter, location of
nanoparticle agglomerates and particle density is analysed
for single spot deposits for each configuration. The effect
of spark ablation variables (Q;,, Us and I) on the particle
density, particle size, and particle distribution is analysed
with the patterning of lines. The lines are patterned with
the configuration and variables that are deemed most suit-
able. The copper nanoparticles are collected on glass for
the single deposit and on boron doped silicon wafer for the
lines.

Carrier gas flow Sparkregion  Coalescence phase  Agglomeration phase

Figure 2: Schematic overview of the experimental set-up with the
following components: (1) Argon inlet (2) Bronckhorst High Tech
El-Flow Prestige flow controller (3) Overpressure valve (4) VSP G1
(5) Deposition flow (6) Waste flow (7) Vacuum chamber (8) Smar-
tAct SCL1750 ome-2 XY-stage (9) DUO-11M Pfeiffer Vacuum pump
(10) Vacuum vent channel. The spark ablation inside the VSP G1 al-
lows for argon to flow through the electrodes, transporting away the
material in the spark region. The material coalesces up till a critical
size, the primary nanoparticles. The primary nanoparticles agglom-
erate up till the deposition. The deposition configuration consists of
two sections, the nozzle (A) and a restriction (B).
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5. Experimental analysis of aerosol deposition con-
figurations

As mentioned, the differences between the three config-
urations are examined by a variation in vacuum pressure
(p2), which influences the jet velocity and Cunningham
slip correction, and the nozzle to substrate distance (L) to
see the influence of the jet development on the deposition
process. The variables for each configuration are given in
Table 2. L is varied in 8 steps with intervals of 1/3 mm
starting at 1/3 mm.

The single spot deposits, as given in Figure 3, show dif-
ferent deposit regions. The dark spot (a) is the centre of
the deposit which mainly contains micro-sized particles,
hereinafter referred to as micro-aggregates. The region
around the dark spot (b) shows scattered micro-aggregates
and a layer of the larger agglomerates of nanoparticles.
The micro-aggregates closest to the jet centre line have the
highest Stokes numbers due to their particle diameter, and
consequently deviate less than the nanoparticle agglomer-
ates. It is expected that the scattered micro-aggregates
are due to a particle distribution in the flow through the
nozzle. The area around the micro-aggregates (c¢), when
observed with a collimated white light beam, shows several
repetitions of the visible light spectrum. These so-called
Fizeau fringes are due to optical interference between the
reflections of the glass substrate and the layer of copper
particles [25]. The order of the colour spectrum indicates
that the thickness of the layer decreases radially. The lay-
ers are a uniform layer of nanoparticle agglomerates of
which the particle size decreases radially. In Section 6.2 a
more in depth analysis is given on the micro-aggregates.

Figure 4 shows SEM images of the deposits and are dis-
cussed separately for each configuration. The table shows
the variation of L over the y-axis (for convenience divided
by the diameter of the conical nozzle) and the different
configurations over the x-axis.

Table 2: Process variables for the three configurations.

P2 P1 Us I Qin Qdep

mbar mbar kV mA l/min [/min
Configuration 1

3.5 - 1.2 6.0 0.5 0.1

10.0 - 1.2 6.0 0.5 0.1
Configuration 2

3.5 85 1.2 60 05 0.1

10.0 85 1.2 6.0 0.5 0.1
Configuration 3

10.0 1013 12 6.0 1.5 1.2

20.0 1013 12 6.0 1.5 1.2

5.1. Configuration 1: flat-plate nozzle with restriction

Configuration 1 deposits with a subsonic jet and utilises
the flat-plate nozzle in combination with the restriction.
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Figure 3: Images that indicate several regions in a deposit. The
three regions found in both the SEM image and the inset (optical
microscopy) are indicated by the white circles and additional SEM
image are given to show the difference for each area. a) Dark centre
with a high density of micro-aggregates, the precise centre is observed
as seen in Figure 6a. b) Scattered micro-aggregates on a layer of
nanoparticle agglomerates. With optical microscopy observed to be
copper coloured. c) Layer of nanoparticle agglomerates with only a
small number of micro-aggregates. With optical microscopy observed
as Fizeau fringes.

Configuration 1 (Subsonic)
p,= 3.5 mBar p,=10.0 mBar
B

Configuration 2 (Sonic)
p,= 3.5 mBar p,= 10.0 mBar
C D

Configuration 3 (Sonic)
p,=10.0mBar p,=20.0 mBar
E F

L/0.33

1

Figure 4: SEM images of the deposits of different configurations with
varying pressure (p2) and substrate distance (L/0.33). The top-left
scale bars of each image are 1 mm. Each column is indicated by a
letter, while the rows are indicated by numbers.

The images in column A and B in Figure 4 show that
the deposits differ only slightly with L. In contrast, the
variation in po drastically changes the deposit shape. The
graphs in Figure 5 illustrate the variation of deposit diam-
eters with L for the two pressure levels. Though there are
limits with observing nanoparticles by optical microscopy,
the optical microscope gives the most consistent images
and is thus used for the measurements. The measurement
of the outer deposit diameter contains the whole visible de-
posit with the centre at the micro-aggregate region. The
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graph contains a horizontal line which indicates the noz-
zle diameter. Graph b lacks the outer deposit regions due
to no observable nanoparticle region around the scattered
micro-aggregates. The SEM images, Column B in Figure
4, show a similar result. This observation implies that ei-
ther the deposition of nanoparticle agglomerates does not
occur, or that the deposition only occurs in the micro-
aggregate region. However, from the provided theory it
is concluded that the smaller particles deposit in a larger
area. Hence, nanoparticle agglomerates are not deposited
as a result of a low jet velocity and high drag due to the
increase of pg, of which a more thorough investigation is
given in Chapter 4.

The micro-aggregates experience a different focus effect
than the agglomerates of nanoparticles. Graph a shows
that the deposit diameters are below the nozzle diameter
and only diverge slightly with L. Hence, the nozzle fo-
cuses the particles to a certain extent. In contrast, the
micro-aggregate deposit diameter diverges with L and fol-
lows the expectations of an impinged subsonic jet. Both
particle types are assumed to experience capillary focus-
ing between the restriction and nozzle due to the tubing.
In addition, the nozzle creates a focus effect. In [12] the
focus effect of the agglomerates of nanoparticles is more
favourable for an abruptly converging nozzle than that of
capillaries. The work in [16] investigates the focus effect of
capillary nozzles and shows that the optimum particle size
increases for longer capillary nozzles with a depth to noz-
zle diameter ratio between 2 and 40. The nozzle utilised
in the experiments of this work only has a ratio of 1 and
is considered a thick plate orifice.
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Figure 5: The graphs display the variation in diameter due to the
nozzle to substrate length of both the micro-aggregates and nanopar-
ticles.

Figure 6 shows four SEM images of different positions
of a subsonic deposit, indicated by each inset. The centre
of the deposit, a, is a stack of micro-aggregates. Image b



shows the micro-aggregates around this centre at higher
magnification and shows a dense and rough surface. Ra-
dially outwards the particle density of micro-aggregates
decreases and a less rough surface becomes visible which
consists out of nanoparticle agglomerates, as seen in ¢. Im-
age d is further radially outwards than ¢ and shows a a
further decrease of micro-aggregates. The nanoparticle ag-
glomerates in d are smaller than those in ¢. The difference
is due to the quadratic dependence of the Stokes number
on the particle diameter, causing the smaller particles to
deposit on the edges.

Ideally, the deposition flow shows axial symmetry. The
deposit pattern (skull pattern), clearly visible in the in-
sets in Figure 6, consists of three denser areas that show
vertical symmetry for the insets. Additionally, the skull
pattern shows the visible colour spectrum when the opti-
cal microscope is used with collimated white light. The
SEM images in Figure 4 vaguely shows this same pattern
in column A. By rotation of the restriction, and observing
a similar rotation in the pattern, it is concluded that the
pattern is related to the round restriction upstream of the
nozzle. However, no similarities are found between the re-
striction shape and the deposit pattern. More details are
given in Chapter 4.
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Figure 6: SEM images of the centre, slightly away from the centre,
half the radius, and the edge of a deposit made by configuration 1
at high pressure at deposit distance 1 mm.

Since configuration 1 shows deposits of a smaller size
than the nozzle diameter, as given in Figure 5, it is ex-
pected that a reduction of nozzle diameter results in smaller
deposit diameters. However, to stay within the subsonic
regime, and thus have a similar result, the pressure ratio
has a limit as given by Equation 1 and thus consequently
requires a further reduction of the restriction.
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5.2. Configuration 2: Conical nozzle with restriction

Configuration 2 deposits with a sonic jet and utilises
the conical nozzle in combination with the restriction. This
combination results in a lower pressure at p;, consequently
reducing the pressure ratio p; /ps. Figure 4 column C and
D, illustrate the increase in deposit size with L and a slight
change in deposit shape with pressure ratio, as further il-
lustrated by optical measurements in the two graphs in
Figure 7. Since the variables in sonic flow theory are de-
pendent on the nozzle diameter, d,,, the x-axis of the plots
is changed from L to the ratio L/d,,. The vertical line in
the plot indicates L,,, while the horizontal line indicates
dp.

The graphs show that for both pressure ratios the de-
position diameter diverges with increase of L/d,. Addi-
tionally, though the deposit diameter is smaller than that
of configuration 1, the deposit diameter is always larger
than d,. Graph a shows a rapid divergence of the spot
diameter; the diameter starts slightly larger than d,, and
increase to three times d,,. Graph b diverges at a slower
rate, and diverges from two times d,, to three times d,,. It
is expected that a majority of the particles end up in the
jet boundary of the sonic jet due to the rapid expansion.
This also explains that L,,, does not influence the deposits,
since the jet boundary in a free sonic jet only diverges.

Graph b shows an additional line that indicates an
empty inner centre which is visible with optical microscopy.
This observation is attributed to a lower particle veloc-
ity and higher drag causing the largest agglomerates of
nanoparticles and the micro-aggregates to have intermedi-
ate Stokes values and deviate from the jet centre line. In
contrast, the higher pressure ratio has a clear centre point
in the deposit for smaller substrate distances, as given in
graph a. However, the SEM images in Figure 4 show this
empty centre only at D3 and D4. For the other images
the centre is visible but contain nanoparticles.

The images in Figure 8 are four SEM images of the de-
posits of Figure 4 Column C. The inset indicates the cor-
responding location within the deposit. Similar to config-
uration 1, the centre consists mainly of micro-aggregates.
Additionally, the amount of micro-aggregates decrease ra-
dially outward, as seen in b. A comparison between b and
¢ shows a difference in roughness of the nanoparticle layer.
Image d illustrates this difference with a lower magnifica-
tion. The image shows a uniform layer of nanoparticles for
which the particle size decreases radially outward.

Figure 9 shows similar images for the lower pressure
ratio (Column D). The centre of the deposit (a), though
empty when observed with optical microscopy, shows scat-
tered micro-aggregates with nanoparticle agglomerates in
between. However, the layer of nanoparticle agglomerates
is not a dense layer as that seen in for Figure 8d. The
micro-aggregate region (b), earlier observed in the centre,
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Figure 7: The graphs display the variation in diameter due to the
nozzle to substrate length of both the micro-aggregates and nanopar-
ticles.

Figure 8: SEM images of the centre (a), half the radius (b), and the
edge (c) made by configuration 2 at 3.5 mbar at deposit distance 1
mm. (d) shows the particle size gradient at the edge of the deposit.

is a ring around the centre. This observation indicates
that though the micro-aggregates are larger, a lower pres-
sure ratio causes them to deviate from the centre-line. The
edge of the deposit differs in comparison to Figure 8c: the
edge characterises itself by larger nanoparticle agglomer-
ates in a less dense layer. Another thing observed only for
this configuration are the stripes outward (d), the stripe
has a sharp edge behind which particles are accumulating.
Currently, no reason is found for the occurrence of these
stripes.

In comparison, configuration 2 allows for a wider range
of the pressure ratio than configuration 1 due to not being
limited by the speed of sound. The deposit shape shows
a circular deposit for both pressures and in comparison to
configuration 1, no skull pattern is visible. This observa-
tion implies that the conical nozzle removes the focus ef-
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Figure 9: SEM images of the centre (a), half the radius (b), and the
edge (c) made by configuration 2 at 10.0 mbar at deposit distance
1 mm. (d) one of the edges where a dark colour is observed in the
optical images.

fect caused by the restriction. Additionally, the deposits of
configuration 2 have smaller deposit diameters than those
of configuration 1, thus narrower lines are possible. The
lower pressure ratio shows, as of yet unexplained, stripes
radially outwards, as seen in Figure 4 for deposits D2, D3
and D4. Consequently, the lower pressure ratio is less suit-
able for direct writing. For configuration 2, a high pressure
ratio with close substrate distances shows the most circu-
lar and smallest deposits. The circular shape causes the
uniformity of patterned lines to be independent of writing
direction, while the small deposit diameter results in the
narrowest lines.

5.8. Configuration 3: conical nozzle without restriction

Configuration 3 deposits with a sonic jet and utilises
the conical nozzle without restriction. As a result the con-
figuration has the highest pressure ratios, and thus reaches
the highest velocities. Figure 4 column F and F show that
the deposit shape changes for both pressures with L/d,,.
Since the nozzle has a larger choked flow (1.2 [/min) than
the restriction (0.1 {/min), the pressure levels are at 10.0
mbar and 20.0 mbar. Additionally, Q;, is to 1.5 I/min.
Figure 10 shows the deposit inner diameter, the deposit
outer diameter and the diameter of the wall jet deposits.

Graph a shows a micro-aggregate region that stays at a
comparable size as d,, for all substrate distances. However,
at L/d, = 4 deposition shape changes (see Figure 4) into
a micro-aggregate region with outgoing stripes, measured
as the diameter where the stripes start appearing. These
stripes are further referred to as wall jet deposits. Con-
trary to graph a, the outer diameter of the micro-aggregate
region diverges faster in graph b and increases above the
wall jet deposition diameter. The wall jet deposits diame-
ter converges with L/d,,, more clearly seen in graph b.



The centre of the deposits of column F are similar to
those in column B and C, a clear centre and only slightly
diverging with the substrate distance. The deposits in
column F' clearly show the inner diameter of the micro-
aggregate region. This region is similar to that found for
column D. However, contrary to column D the inner diam-
eter is visible for all substrate distances. This observation
is assumed to be due to the lack of nanoparticle agglom-
erates throughout the whole deposit, which were observed
to be in the centre, as illustrated by Figure 9.

2000 . P) Confl‘guratlor? 3 - 10.0 mbar

First Mach disk] T
b ~ o

~ -]

1500}

Deposit inner diameter
—— Deposit outer diameter i
Wall jet deposit diameter
500] - |
Nozzle dl;meter P S S——
0 L L

b) Configuration 3 - 20.0 mbar
j " First Math disk] ) )

1000

2000 T

=

%]

=]

=]
T

E_ - = ke
we - -

£ 1000} el A
@ o TR
8 so0f ' 1

Nozzle dRimeter

e
0 i L L L L i i
o] 1 2 3 4 5 6 7 8

LD [-]

Figure 10: The graphs display the variation in diameter due to the
nozzle to substrate length of both the micro-aggregates and nanopar-
ticles.

The outwards stripes are assumed to be due to the
turbulent wall jets that move parallel to the substrate.
Figure 11 shows a SEM and optical image of the wall
jet deposit. The width of the wall jet deposit increases
with the radius and indicates an outward flow direction.
The wall jet deposits have larger particles surrounded by a
nanoparticle layer. The layer of nanoparticles behind the
largest particles shows a less dense area with still relatively
large particles. The larger particles have a uniform layer
of nanoparticles around it, for which the particle diameter
decreases away from the larger particles. The optical im-
age (b) shows the Fizeau fringes and indicates a thinner
layer on the edges of the wall jet deposit, supporting the
observations in the SEM.

In comparison to configuration 1 and 2, configuration
3 has the smallest deposit diameters. However, the de-
posit shows similarities with the micro-aggregate region
of configuration 1 with high ps. The lack of observable
nanoparticles in the centre or around the micro-aggregate
region indicates a lack of deposition. Additionally, the ap-
pearance of wall jet deposits implies a large amount of the
nanoparticles not impacting at the centre.
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Figure 11: SEM image (left) and optical image (right) of the wall
jet deposition of configuration 3. The red arrow indicates the flow
direction, away from the centre.

5.4. Comparison

As expected the subsonic configuration, characterised
by the lower average jet velocity, requires a higher vacuum
to deposit nanoparticles than the sonic configurations. In
the sonic configurations there is a clear difference in the
two different pressures. The low pressure ratios are as-
sumed to cause intermediate Stokes numbers even for the
larger micro-aggregates. In support of this assumption is
the less dense centre area, observed for the low pressure
ratios of configuration 2 and 3. The deposits of config-
uration 2 with a low pressure ratio additionally show a
nanoparticle layer by Fizeau fringes. The presence of the
nanoparticles in the jet of configuration 3 is however con-
firmed by the wall jet depositions that occur for larger
nozzle to substrate distances.

When considering the experiments with vacuum pres-
sures of 3.5 mbar, it is clear that the deposition of nanopar-
ticles occurs for the full range of nozzle to substrate dis-
tances. Specifically for configuration 1 using subsonic ve-
locities, this observation indicates that though the velocity
is of importance, the reduced drag due to the Cunningham
slip correction has a severe influence on whether deposi-
tion occurs.

Configuration 1 is not suitable for deposition of nar-
row lines. The deposit diameter is larger than the deposit
diameters of configuration 2 and 3. To deposit with a
subsonic jet limits the pressure ratio and thus requires a
smaller restriction in addition to a smaller nozzle diameter.
In contrast, configuration 2 has no limit to the pressure ra-
tio, thus allows for a smaller deposit diameter without a
change in restriction. However, for smaller nozzle diam-
eters, and thus higher pressure ratios, it is unknown to
what extent the diverging effect of configuration 2 occurs.

However, though configuration 1 is currently not deemed
suitable, the deposit pattern induced by the restriction re-
quires further analysis. If the pattern is controllable, to
for example a line, potentially it becomes viable for pat-
terning.

Configuration 3 gives the smallest deposition diame-
ter for low nozzle to substrate distances, however the de-
posits show mainly the micro-aggregate region which is
also found in the centre of configuration 1 and 2. The



higher nozzle to substrate distances give wall jet deposit
which are not suitable for the deposition of patterns or
thin films.

Thus configuration 2 shows the most suitable deposits
for patterning, specifically the high pressure ratio for small
values of L/d,. Additionally, the configuration shows a
circular deposit shape and shows axial symmetry. These
properties make the pattern writing uniform and indepen-
dent of the writing direction.

6. Line patterns

Configuration 2 with the highest pressure ratio was
used to patterns lines to verify the usability. The sub-
strate distance for all lines is L/d,, = 2 (deposit shape C2
in Figure 4). The lines are written with different spark and
writing variables to see the performance for direct writ-
ing. Figure 12 shows the five written lines and Table 3
gives the corresponding process variables, with vyt the
writing speed and x the amount of writing sweeps, Qper
indicates the percentage of Q);,, that goes to the deposition
process (Qgep). Equation 6 calculates the exposure time
(t.), where the value of 410 is the deposit diameter of the
deposit shape C2. The exposure time (¢.) is a variable to
give an indication of the time of deposition on the centre
of the line.

410

Vwrite

te

(6)

C di= eI
1mm

Figure 12: Image of five deposited lines with process variables given
by Table 3.

b

Table 3: Process variables for the five lines indicated in Figure 12

Us Is an Vwrite z te Qper

KV mA l/min pm/s — s %
a 1.2 1 0.65 90 8 364 15
b 1.2 9 0.65 45 4 364 15
c 1.2 9 0.50 90 8 364 20
d 1.2 3 0.20 360 20 228 50
e 1.2 6 0.20 360 20 22.8 50

6.1. Line analysis

For each line the average is taken of 400 grey scale
profiles perpendicular to the write direction. Figure 13
shows the results of the averaged profiles, where the hor-
izontal lines indicate the regions measured with optical
microscopy. The measured regions were expected to coin-
cide with different areas in the plot. However, though the
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different areas are clearly observable in the plots, there is
no specific cut-off grey value for each region. This differ-
ence is expected to occur due to the subjectivity of the
optical measurement.

The centre of the line shows the micro-aggregate re-
gion, while outside the region of scattered micro-aggregates
and a nanoparticle layer, referred to as the nanoparticle
region in the graphs, is visible. Though not indicated in
the graphs some of the lines, for example b and e, show
a transition region on the edge where in the optical im-
ages the observable particles slowly fade out. These tran-
sition regions are related to the rate at which the grey
scale decreases in the graphs, and are visible outside the
nanoparticle region. Line a shows the lowest rate, for
which the transition region is barely observed with optical
microscopy.

Each of the graphs shows a clear peak at the micro-
aggregate region compared to the nanoparticle region. How-
ever, graph a, ¢, and e show two peaks, which indicates the
presence of a similar effect seen in the deposits of config-
uration 2 for the low pressure ratio. In graph d the effect
is less visible, though the peak consists out of two parts.
This is expected to be due to the low current and hence
the presence of more microparticles. In Graph b the peaks
do not show due to a lack of micro-aggregates as a result
of the higher flow rate and the higher current. Further
details are given in Chapter 4.

Graph f shows a comparison of all the lines. It should
be noted that it is not a comparison of line thickness, since
the grey values are qualitative. However, it compares how
the different regions change for the variations in deposi-
tion variables. When comparing line d and e, line e shows
a lower peak in the micro-aggregate region, but shows a
more dense nanoparticle area. In support of this obser-
vation, is that the higher current results in a less dense
micro-aggregate region. A similar result shows between
line a and b, for which the difference between the den-
sity of the micro-aggregate region and nanoparticle region
is significant. Line ¢ shows the most clear line in opti-
cal microscopy and in the graph the line has the widest
micro-aggregate region, highest peak value and most clear
nanoparticle region. In comparison to line ¢ and b this
observation is a result of the higher amount of evaporated
material per volume in addition to the higher amount of
Qper- When comparing the line to d and e, more material
than line a can be expected due to 50% of Q;,, available
for deposition. However, t. is significantly lower for line d
and e. This in addition to the higher current, thus higher
density in the nanoparticle region, explains the high over-
all particle density of line c.

6.2. Particle analysis

A HR-SEM imaged the regions in the line at higher
magnification to gain a better insight on the surface mor-
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Figure 13: Averaged grey scale values for the deposited lines with
horizontal lines indicate the regions that were measured with opti-
cal microscopy. Graph f shows each profile in the same graph for
comparison. Note that this graph is not used to compare the line
thickness’s, since the grey values are quantitative results.

phology and primary nanoparticles. Figure 14 shows the
micro-aggregate region of lines a to d (i.e. line a is image
a).The images are in good agreement with similar images
of copper nanoparticles in [26]. Picture ¢ and d shows sim-
ilarities in the micro-aggregate region, as expected based
on the optical microscopy analysis of the lines.
Considering the surface morphology, the particles cover

the substrate fully, though not uniformly, by micro-aggregates

as suggested by the previously shown SEM images of the
deposits. Several big clusters are visible, specifically in b,
causing a seemingly rough surface. Image ¢ already shows
a less rough surface morphology . Image d, compared to
image ¢, mainly shows a difference in coverage of the sub-
strate. The particles are interconnected but the substrate
is not covered completely. One thing that stands out in
the images are several, almost perfectly, spherical parti-
cles. For each image in Figure 14 the red circle indicates
one of them. These are also observed by [26] and they as-
sume these particles are formed by the electrodes releasing
liquid material.

Figure 14: HR-SEM images of the micro-aggregate region of lines
a to d, images a to d respectively. The red circle in each picture
indicates a spherical particle caused by liquid ejected from the elec-
trodes.

ogy. Images a and b illustrate these thread like structures
further. These images conclude that the micro-aggregates
that are visible are either complete agglomerates of nanopar-
ticles, or are microparticles covered with layers of these
nanoparticle agglomerates.

Figure 15: HR-SEM images of the micro-aggregate region of lines a
to d, images a to d respectively, at higher magnification than seen
in Figure 14.

The edges of lines a to d at low magnification are illus-
trated in Figure 16. The images confirm that the smaller
particles are on the edges as the particle size and particle
density decrease perpendicular to the writing direction,
most clearly observed in image b and d. The similarities

Figure 15 depicts HR-SEM images of the micro-aggregates between image b and d was expected due to the similari-

observed in Figure 14. Image d shows that the micro-
aggregates are covered in circular shaped primary nanopar-
ticles. In addition, ¢ shows a thread like surface morphol-

ties between the lines. A minor difference is that image d
has a higher particle density. Image ¢ shows the same dif-
ference compared to image d. Image a shows the area that
is invisible in the normal SEM and a haze in the optical



microscope. The particles in this area are nanoparticles
agglomerates and very small compared to those found in
the other images. This observation follows the expectation
that less material is evaporated with a low current.

Figure 16: HR-SEM images of the micro-aggregate region of lines a
to d, images a to d respectively. The red arrow indicates the writing
direction of the lines.

A comparison between the five lines shows clear dif-
ferences as a result of different deposition variables. For
line a and b, with similar ¢., it shows that higher currents
cause a more dense nanoparticle region but a less dense
micro-aggregate region. Line d and e illustrate the same
effect, though the difference in current is smaller. Line ¢
shows an even clearer nanoparticle region than the other
lines and has the highest peak in the micro-aggregate re-
gion. The HR-SEM images show that the substrate of line
¢ is fully covered for both the regions.

For similar t., Qper has a significant influence on the
density of the lines, as seen in the comparison between
line b and c. This density difference is also visible in the
HR-SEM images in micro-aggregate regions, by a rougher
surface morphology for line b.

7. Conclusions and recommendations

The sonic configuration with low pressure ratios is deemed

to be the most suitable for nanoparticle patterning. The
configuration shows a circular deposit with a diameter
within two times the nozzle diameter when the substrate
is placed close to the nozzle.

With the aerosol consisting of argon and wide size dis-
tribution of copper nanoparticle agglomerates, nanopar-
ticle lines were patterned with a width of approximately
400 pum. The patterned lines showed a clear centre region,
observed to be micro-sized nanoparticle agglomerates or
microparticles covered with a layer of nanoparticles. The
nanoparticle region showed scattered micro-aggregates in
addition to a uniform nanoparticle layer.
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The work shows that patterns can be written with
narrow lines. Though narrower lines have been achieved
in other works, the system allows for the deposition of
nanoparticle lines with different particles sizes without a
significant change in line width. For future applications,
this allows for a relaxation of the requirements induced by
the fabrication process, specifically on the particles in the
aerosol.

The lines are characterised by two distinct regions, of
which the centre region is expected to be filterable. The
deposition variables control the density of each region, and
are thus expected to be tunable. By filtering the micro-
aggragates, the consistency, and potentially similar func-
tional behaviour over the full line width can be achieved.
In addition, by an increase in deposition time, specifically
for lower currents, sharp edges are attained for all lines.

Though the system requires further improvements and
optimisation steps, the work shows that the system is al-
ready capable of patterning nanoparticle lines with differ-
ent particle sizes. The nanoparticle generator in combina-
tion with the deposition configuration allow for a versatile
and scalable system. With further research the system
can improve on the accessibility of nanoparticle technolo-
gies, specifically those involving nanoparticle patterns, to
a wider audience.

In conclusion, this work provides a basis for a scalable
set-up for the direct writing of nanoparticles. The set-
up allows for a wide variety of materials, substrates and
particle sizes. Future work could bring these type of set-
ups to manufacturing lines that fabricate different types
of nanoparticle technologies. With this, nanoparticle tech-
nologies become more accessible to industry and thus the
consumer market.
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Additional experiments

This chapter explains several experiments that were part of the set-up development and showed vital infor-
mation. The experiments also show similar results as those found in the Chapter 3, and are thus compared.

4.1. Experiment performed at a different set-up

An experiment with the sonic deposition configuration (configuration 3) without restriction was performed
at VSP. The experiment varies the pressure (p2) and substrate distance (L) and thus shows similarities with
the experiments done for each deposition configuration. A different sonic nozzle was manufactured for the
experiments due to the inlet in the vacuum chamber being 6 mm instead of the 10 mm. The nozzle has a
choked flow of 0.65 I/min. The experiment consists of nine deposits with three steps for p, and L. The re-
sults are given in Figure 4.1 with the common deposition variables in the upper left corner. The deposits are
named by a letter (columns) and a number (rows).

Three general observations are made based on visual inspection and the knowledge of Chapter 3. Firstly,
the deposit shape shows differences with those found in earlier experiments and are attributed to the nozzle
manufacturing process. More details are given in section 4.3. Secondly, Fizeau fringes are found in Al, A2,
and B1, which indicate a thickness gradient. Thirdly, B3 and C3 have an empty region around the centre of
the deposit, which shows similarities with either a less dense inner region or the wall jet deposits.

in Chapter 3, the deposits of the sonic configuration for high pressure ratios (p;/p2 = 100), had a micro-
aggregate region with constant diameter. At a substrate distance (L) slightly before the Mach disk (L,,) wall
jets appear radially outward. The lower pressure ratio (p;/p2 = 50) showed a continuously diverging micro-
aggregate region with a less dense inner region, also divergent.

A comparison between the result of Chapter 3 and the results of this experiment, given in Figure 4.1,
shows differences. The differences are a result of the lower downstream pressure (p;) for the experiments at
VSP than those in Chapter 3. The main difference is that the deposits show a nanoparticle region around the
micro-aggregates. The edge of this nanoparticle region is more dense, and clearly observed for deposits B3
and C3, where the nanoparticle region separates from the micro-aggregate region. These deposits have p,
only slightly lower (p, = 9mbar) than those in the paper (p» = 10mbar). Hence, the separated nanoparticle
region is assumed to be a wall-jet deposit.

However, the wall jet deposits shows a ring instead of the radially outward stripes. This is attributed to the
nozzle type, instead of a conical nozzle, the nozzle utilised in these experiments is a thick plate orifice with a
depth of 0.50 mm.

In addition to the comparison with results from the paper, the experiment was used to compare between
impactor research aiming for the highest nanoparticle collection. In [47] the most suitable substrate distance
for nanoparticle collection is given as 0.67L,,, which is the case for C2 and B3. However, though these de-
posits could potentially have the most nanoparticles, the deposit shape shows no favourable properties for
direct writing, like a small deposit diameter or a dense nanoparticle region. When compared to other de-
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Figure 4.1: Optical and SEM images of nine deposits with variations of substrate distance (X-axis) and vacuum pressure (Y-axis).
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posits, specifically the deposits with relatively small L compared to L, (Al, A2, A3, and B1) show the smallest
deposit sizes and most clear nanoparticle regions.

Though the deposits are not favourable for direct writing purposes due to deposit shape and the presence
of a denser area on the edges, more nanoparticle agglomerates are present than in Chapter 3 for the same
configuration. This observation shows that an improvement to the system to allow for lower pressures, could
result in better deposits.

4.2. The influence of vacuum pressure on subsonic deposition

The experiment aims to show how the vacuum pressure influences the deposit for the subsonic configuration.
The effect is further examined by a change in spark current (/) and the nozzle diameter (1.5 mm and 2.0 mm).
Fifteen deposits with 5 variations in p, and 3 variations in I are made for each nozzle. The common variables
are: Q;, is 0.5 I/min, Qgep is 0.1 I/min, Usis 1.2 kV, L is 1 mm and the deposition time is 60 s. The results
are given in Figure 4.2 and 4.3 for the 2.0 mm and 1.5 mm nozzle respectively.

P2
| 3.0 mbar 4.0 mbar 5.0 mbar 6.0 mbar 7.0 mbar

6.0 mA

9.0 mA

Figure 4.2: Optical microscope images of deposits with varying spark current (I5) and vacuum pressure levels (p2). The scale bars in the
top left image indicate 0.5 mm and are equal for all deposits. The red line is an indication of what is considered to be the highest pressure
at which the nanoparticles agglomerates are deposited. All deposits are made with a nozzle with a throat diameter of 2 mm.

The first thing to note is that both nozzles result in the same deposit pattern, and thus supports the claim
made in the paper that the deposit pattern is related to the restriction. The diameter is measured with optical
microscopy for several of the deposits, given in Table 4.1. The deposit diameter, which are initially 500 um
less than the nozzle diameter, becomes larger rapidly with increases in p,. The red line in the figures indicate
where the nanoparticle region becomes too vague to be considered as such. For the smaller nozzle, which
as a result has a higher velocity subsonic jet, the line is shifted towards higher values of p,. This illustrates
that the higher particle drag is compensated by higher jet velocities. The divergence of the deposit diameter
is in contrast with the diameter of the micro-aggregate region, best observed for the deposits with low I. The
micro-aggregate region is found to converge with an increase in p,. This is expected to be a result of less
acceleration in the nozzle and as a result the micro-aggregates stay focused in the centre-line due to capillary
focusing of the tube.

Table 4.1: Deposition diameters in um of 3.0 and 4.0 mbar deposits.

2.0 mm nozzle 1.5 mm nozzle
Is/ps | 3.0 mbar 4.0 mbar | 3.0 mbar 4.0 mbar 5.0 mbar
3.0mA | 1470 1990 980 1110 1230
6.0 mA | 1450 1880 980 1110 1260

9.0 mA | 1450 1910 1000 1090 1300
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Figure 4.3: Optical microscope images of deposits with varying spark current (I5) and vacuum pressure levels (p2). The scale bars in the
top left image indicate 0.5 mm and are equal for all deposits. The red line is an indication of what is considered to be the highest pressure
at which the nanoparticles agglomerates are deposited. All deposits are made with a nozzle with a throat diameter of 1.5 mm.

The variation in I is expected to influence the particles in the aerosol, specifically the particle size. As
seen in the paper, higher currents resulted in higher nanoparticle agglomerate densities, while lower currents
result in higher micro-aggregate densities. The experiments are in agreement with this result, since the de-
posits at 3.0 m A show a dense micro-aggregate region, while the nanoparticle region is best observed in the
deposits at 9.0 mA. In addition, the lines in the paper showed that the deposit diameter was independent of
I;. The measured diameters of the deposits, given in Table 4.1, show a similar result.

From the experiment it is concluded that the subsonic deposition still requires further investigation in the
deposit pattern. The deposit diameter is observed to diverge rapidly for low jet velocities. The deposit diam-
eter is observed to be 500 pum smaller than the nozzle diameter for both experiments, which could indicate
that a further reduction of nozzle diameter gets smaller deposit diameters.

4.3. Deposit shapes

The paper already showed a variety of deposit shapes. However, more of them were found throughout this
work and resulted in a better understanding of the set-up. The deposit shapes illustrated in Figure 4.4 were
created with different nozzles and configurations. Shapes 1 to 3 were made with the sonic configuration with-
out restriction, while 4 is made with the subsonic configuration. The deposition and spark variables for each
deposit are given in Table 4.2.

SEI 3V WD11mm SEI 4V WD1Smm x SEI 4V WDBmm

Figure 4.4: Four experiments are done with different configurations (1) sonic deposition with a capillary sonic nozzle for the VSP set-up
(2) sonic deposition with a capillary sonic nozzle for the TUDelft setup (3) sonic deposition with a conical nozzle (4) subsonic deposition
with Q4 at 0.1 L/min.

The specific deposit shapes seen in 1, 2 and 3 are attributed to nozzle imperfections caused by the fab-
rication process. This was confirmed by rotating the nozzle and observing a similar rotation in the deposit.
Though all three deposits were created with the sonic configuration, the deposit shapes show significant dif-
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Table 4.2: Process variables for the four deposits shown in Figure 4.4.

Deposit ‘ Lidy,l[-] p2 [mbar]  U; [kV] I [mA] t[s]
1 2.0 3 1.1 3 60
2 2.0 24 1.1 3 300
3 7.0 10 1.1 3 60
4 1.5 3 1.2 6 60

ferences. Shape 1 is observed to show wall jet deposits for higher values of p, (9 mbar), as explained in
Section 4.1. Shape 3 shows the wall jet deposits at p» values of both 10 and 20 mbar, see Chapter 3. In the
paper the wall jets are closer to the centre for 20 mbar. It is therefore expected that the outwards stripes in
shape 2 (p, = 24mbar) are wall jet deposits close to the centre. Deposit shape 4 is related to the restriction.
However, no specific reason for the deposit pattern was found.

4.4. The visibility of nanoparticle layers by optical analysis

The deposit patterns are visible with optical microscopy due to the use of a collimated white light beam
and the thin layer of nanoparticles. In this section, more detail is given on the coloured deposit patterns as
those seen in Figure 4.5. As found in the work of [63], these patterns are visible due to Fizeau fringes. Fizeau
fringes are the result of a thickness variation between two reflective layers. The reflections interfere and due to
thickness variations the wavelength that interferes changes. For the collimated white light beam, this results
in the full visible light spectrum in the deposits.

S e ;
0.05mm i 0.05mm 0.05mm
(a) Subsonic deposit which shows (b) Sonic with critical orifice deposit (c) Sonic deposit which shows

colours in a shape as described in which shows colour changes in ra- colour changes in the wall jet
Section 4.3 dial direction. deposits.

Figure 4.5: Three different deposits that show Fizeau fringes.

These Fizeau fringes give important information on the thickness of the nanoparticle region. In [63] a
rough estimate of 100 nm thickness is given for each full colour spectrum. This could be of interest as ini-
tial analysis of the deposits thickness variations. In [64] the Fizeau fringes are used as thickness measurement
and compared to a stylus profile meter. The measurements are done on sputter-coated aluminium thin films,
and shows that the thickness of thin films between 0.11 and 0.39 um are measurable with an accuracy within
8 % of the stylus profiler.

However, the thickness between the minimum and maximum values are only measurable relative to other
Fizeau fringes. Additionally, the minima and maxima might differ per material due to different optical prop-
erties. The direction of the gradient is deduced by the colour order in the deposit. For a thickness increase,
the wavelength of the interfering light increases (from blue to red), and vice versa.

Since only limited information is available on Fizeau fringes, an analysis is done on the effect of spark
variables on the Fizeau fringes. Configuration 2 was used due to the Fizeau fringes showing radial depen-
dence, and based on the order of the interfering light the thickness decreases radially. Figure 4.6 shows four
deposits with different parameters, as given in Table 4.3.

Several similarities are observed in the four deposits. As expected, all of the deposits show the Fizeau
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e
0.05mm|

Figure 4.6: Four experiments done to show the influence of several process variables on the deposits. (1) the reference deposit (2) two
times the reference deposit slightly shifted (3) increase of deposit time (4) decrease of spark current.

Table 4.3: Process variables for the four deposits shown in Figure 4.6.

Deposit \ L/DI[-] p2 [mbar]  Uj [kV] I [mA] t[s]

1 3 2.8 1.2 6 60

2 3 2.8 1.2 6 60 + 60
3 3 2.8 1.2 6 120

4 3 2.8 1.2 3 60

fringes and give a similar deposit shape. The diameters of the deposits were measured to be similar, though
deposit 4 has a less-defined edge. This is a similar observation as made in Section 4.2, where the spark vari-
ables did not influence the deposit size either. Deposit 1 shows approximately 3 repetitions of the visible light
spectrum, and based on [63], would indicate a thickness decrease of approximately 300 nm. The first colour
observed around the centre is green that turns into blue, with a rapid switch to red. This indicates that the
thickness decreases radially outward.

In deposit 2 two deposits overlap and show that the Fizeau fringes change for the intersecting part. The
centres of the deposits are identified by the presence of microparticles. Interesting to note is that the inter-
ference effect seems symmetric, apparently the surface alterations introduced by the first deposit does not
influence the second deposit. Deposit 3 which has twice the normal deposition time shows that the distance
between repetitions of the full colour spectrum decrease, specifically observable towards the edges. This
could indicate a high thickness gradient at the edges and as a result sharp edges. The decrease of thickness
gradient towards the centre shows either that the surface flattens, or is caused by smaller wavelengths not
transmitting through the deposit due to the thickness. Deposit 4 which has half the current shows only two
Fizeau fringes, blue and green. This is due to less material ablated from the electrodes, thus less material is
deposited and the result is a thinner layer.



Conclusions

The sonic configuration with low pressure ratios (~24) is found to be the most suitable for direct writing. The
used restriction causes a decrease in the upstream pressure and limits the appearance of large radial patterns,
as those found for the sonic configuration with a high pressure ratio (~100). The single spot deposits have
a circular shape and a deposit diameter of 410 um which is significantly smaller than those found for the
subsonic configuration (1500 um). Further optimisation of the sonic configuration is expected to result in
even smaller deposits. However, additional experiments also showed that further improvements to the ex-
perimental set-up make the other configurations more applicable for direct-writing.

The applicability of the configuration was verified by the patterning of lines. The lines are characterised
by two regions, the micro-aggregate region and the nanoparticle region. The deposited lines revealed that the
density of these regions is influenced by the spark variables. The width of the lines is similar to the deposit
diameter, and is independent of the spark variables. This means well-defined edges and a high consistency
of the line can be achieved by tuning the spark variables.

In conclusion, the most favourable deposition conditions for the investigated configurations were found

and verified to be capable of the direct writing of nanoparticle patterns. With the gained knowledge about the
synthesis and deposition process, it is envisioned that other materials can be printed with a similar set-up.
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6.1.

6.2.

Recommendations

Future work
Fizeau fringes

The work revealed the appearance of Fizeau fringes in the nanoparticle layers. Research on Fizeau
fringes shows that they are caused by interference of the reflections from the nanoparticle layer and
the substrate. In future work, the usability of the Fizeau fringes as an on-line monitoring process of the
deposit thickness should be investigated.

Focus effect related to the restriction

For the subsonic configuration, a deposit pattern is found that is related to the restriction. Though the
deposit pattern in this work is not usable, a further investigation on the cause of the effect could lead
to a more suitable deposit pattern.

Wider range of variables

The additional experiments show that a further decrease of the downstream pressure can lead to more
suitable deposits. Currently, the set-up has a minimum of 3.5 mbar for the configuration with a restric-
tion. Though it is unknown whether lower pressure improve the deposits, the effect of small pressure
variations shows large deposit differences, as seen in Section 4.2.

Stokes number

In this work, the Stokes number was used to illustrate how certain variables influence the deposition
variables. Literature suggests that the Stokes number is often determined experimentally, and for future
work thus could be done to gain more quantitative results.

Set-up

XYZ-stage

The most significant leak in the set-up is caused by the ring seal that allows for movement in Z-direction.
Replacing the XY-stage into an XYZ-stage makes a more robust vacuum fitting possible. In addition, a
higher stability of the pressure is gained due to the leak rate not being influenced by movement in
Z-direction.

Restriction

Replacing the restriction, though relatively easy, requires the movement of the vacuum chamber. Es-
pecially when the more robust vacuum fitting is added, it is required to find a better solution for the
replacement of the restriction.

Flow controllers

Currently, the pressure in the vacuum chamber is controlled by a ball valve that chokes the pumping
rate. However, the valve is difficult to control properly and could be replaced by a flow controller.
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6. Recommendations

e More robust stage

The stage is currently set perpendicular to the flow visually, which increases the error on the substrate
distance when moving in X-direction. It should be possible to put the stage perpendicular in a more
accurate manner. If other angles are required, the stage should allow for actuated rotations.

* Nozzle improvements

The nozzles were made on a manually controlled lathe and are prone to fabrication errors, causing
irregularities in the deposits, as seen in Section 4.3. It is recommended to use an automatic lathe for
higher precision nozzles.



Unique properties and functionalities of
nanoparticles

Nanoparticles are objects with dimensions between 1 and 100nm. By reducing the size of the particles the
surface to volume ratio increases, which results in property changes. This causes effects, that cannot always
be observed at the bulk scale, to be more distinct. Other effects, specifically related to quantum mechanics,
are unique to the nanoscale. This gives rise to research and development of applications which utilize such
effects. As the nanoparticle fabrication processes develop further and with this the synthesis of nanoparticles
becomes more accessible, the field of nanotechnology related to nanoparticles gains an increasing amount
of interest.

The changes induced by reduction of the dimensions depend on several aspects: the surface to volume
ratio, the material type, and quantum mechanics. This sections explains several effects and property changes
which are categorized based on material type dependence. Material type independent properties are observ-
able in all nanoparticles, while the dependent material types are only observable in certain material types.

A.1. Material type independent properties

Changes independent of material type are induced by the surface to volume ratio. This is associated with an
increase in the energy required to create new surfaces, more commonly known as the surface energy [65]. A
non-exhaustive list of material type independent properties is shown below.

* Melting-point; a decrease of the melting point, though increases are reported and caused by the super-
heating phenomenon. The increases have mostly been reported when nanoparticles are embedded in
different materials [66].

« Stability; as the surface energy increases, more energy is required to create new surfaces, which in turn
can cause materials (like TiO») to stop sublimating and become stable as a nanoparticle [65].

* Diffusivity; when considering the same mass, smaller particles have a significantly larger surface. This
increases interaction between surface and other substances. Nanoparticles are therefore researched
for nanofluids [67, 68], catalysis [69] and similar applications.

¢ Hardness; increase of the hardness of a material due to the Hall-Petch effect. However, below a critical
size the hardness decreases because of the shear stress which overcomes the friction in the grains [70].

A.2. Material type dependent properties

Material type dependent changes at the nanoscale are caused by both the surface to volume ratio and quan-
tum mechanics. These quantum mechanics effects are caused by discretisation of energy levels as particle
sizes reach the wavelength of electrons.
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The effects and property changes are subdivided into two categories based on material type: metals, and
semiconductors and oxides.

A.2.1. Metals

In metals an effect is observed where the free electron is oscillating in the alternating electric field of light,
called Surface Plasmon Resonance (SPR) [71]. As described in [72] additional properties are influenced by
the excitation of the electron. To change the susceptibility to different wavelengths, the effect is tuned by the
nanoparticles shape, size, and material. [73-75]. For example, the shape and size of nanoparticles, specifi-
cally gold and silver, can be tuned to be affected by the wavelengths of visible light. The selection of material
results in favourable properties for the application, for instance, gold is researched for in-vivo applications
due to its non-reactive nature [74, 76].

By reducing the dimensions of magnetic nanoparticles below a critical size, lower than the single mag-
netic domain size, changes occur in the magnetic properties as described in [77] and [78]. When additionally
the temperature is above a critical value, denoted as the blocking temperature, the material becomes super-
paramagnetic [79]. Superparamagnetism causes the direction of the dipole moment to switch due to external
influences, which results in the net magnetic field to be zero when measured over time [80]. When an exter-
nal magnetic field is applied, the particles have a fast response and align with the magnetic field. By removal
of the external magnetic field, the net magnetic field becomes zero as the particles are not able to retain
magnetization [78].

A.2.2. Semiconductors and oxides

The exciton is a state where an electron is excited to the conductance band and forms a bound electron-hole
pair [81]. The exciton defines electrical and optical properties of semiconductor materials. The Bohr radius,
a material dependent value, determines the size of the exciton. Particles with dimensions less than this ra-
dius confine the exciton spatially. This phenomenon is called quantum confinement [82]. Properties of the
semiconductor can be tuned by this confinement which is, for instance, used for creating quantum dots [10].

Transducer effects seen in semiconductors, like photovoltaics and piezoelectrics, remain applicable in
the nanoparticles. Less significant effects like pyroelectrics, which creates a potential due to temperature
fluctuations, become relevant. These effects are researched on the nanoscale as they have the potential to
generate energy from otherwise neglected or lost sources, like stress changes or friction losses [15, 16, 20].



Investigation of spark variables on
evaporated mass

In the set-up development, as described in Chapter 2, a rough estimate was made on the generated mass
compared to the deposited mass. The equations for the generated mass were taken from [41]. The generated
mass is calculated per spark, which indicates that the spark frequency (f;) influences the amount of ablated
material significantly. However, f; is a variable that is not measured in the machine, and thus requires a fur-
ther investigation. Specifically, the influences of the spark variables on f;.

The VSP G1 allows for two variables to be set, a voltage (Us) and a current (I;) and the set-up allows for
control over the flow rate (Q;5). In addition, the set point of I; changes the spark frequency (f;), but the mea-
sured current signal does not influence f;. Equation B.1 gives the relation between these variables, where
Uy, is the breakdown voltage and C is the capacitance of the VSP G1 (20 nF). The breakdown voltage is the
voltage at which a spark comes into existence and is calculated by Equation B.2, where Uy is the voltage dif-
ference between U and Uy, called the overvoltage [30]. Further influences on f; are investigated, as given in
Table B.1. f; was measured by a sound recording of the process after which the frequency is averaged over 10
seconds.

Is

= B.1

fs CU,, (B.1)

Upy = Us+ Uy (B.2)

Table B.1: Process variables for the four deposits shown in Figure 4.6.
Id Qi [I/min] Us [kV] I [mA] fs [Hz] Uy [kV]

1 5.0 1.0 1.0 21.0 1.4
2 5.0 1.3 1.0 15.0 2.0
3 5.0 1.3 2.0 29.0 2.2
4 5.0 1.0 2.0 39.0 1.6
5 2.5 1.0 2.0 40.0 1.5
6 2.5 1.3 2.0 32.0 1.8
7 2.5 1.3 1.0 14.0 2.3
8 2.5 1.0 1.0 18.0 1.8
9 2.5 1.0 0.1 3.5 0.4

From the table, it is observed that both Us and I; influence f, this is in agreement with Equation B.1. The
equation shows that f; has a proportional dependence on I;. However, it is observed that the overvoltage
also increases with I;. The small differences of f; based on Q;, is assumed to be due to the instabilities of
the spark. The stability of the spark is less for combinations of a low flow rate and high current. The obser-
vation in the paper and in Section 4.2 that more micro-aggregates are generated for lower currents, seems to
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coincide with the breakdown voltage. It is however unsure, whether this is the actual reason for the higher
generation rate.

The rough estimate of Chapter 2 was made by calculating the amount of particles in a deposit of 300
pm. The particles are assumed to be a single layer of 1 um particles, and cover approximately 80 percent
of the deposit area (72000 particles). Compared to the actual deposit, which took 10 minutes of deposition,
these approximations are expected to increase the amount of material on the substrate. However, for copper
particles, the mass is only 2.7 ug, which is a significant difference compared to the evaporation rates indicated
by the VSP-G1 manufacturer (0.1 - 100 mg/h). The equations for generated mass were applied for the deposit
variables and the measured frequency, and showed an evaporation rate of approximately 3.4 mg/h.



Protocols for operation of the experimental

set-up

In this appendix, a more practical step by step guide is given on the operation of the set-up. The appendix
consists of three protocols: general operation of the set-up, changing the deposition configuration, and a
substrate preparation protocol.

C.1. General operation of the set-up

General comments:

e Whenever equipment is handled which was (possibly) exposed to nanoparticles, wear gloves. This

includes anything related to the vacuum chamber.

¢ Keep the vacuum chamber closed when possible, to prevent contamination of both the environment

and the vacuum chamber itself.

C.1.1. Placement of the substrate

1.

2.

3.

4.

Verify that all the valves that influence the flow towards the vacuum chamber are closed.

Move the nozzle away from the stage by manually turning the knob on the vacuum chamber to control
the Z-direction.

Open the vacuum chamber and place the substrate in the holder.

Close the vacuum chamber.

C.1.2. Deposition

1.

2.

Verify that the distributing-plug is switched on.

Verify that the Bronckhorst flow-controller, the VSP-G1, the pressure gauge readout, and the stage con-
troller are on.

Press ok to align the electrodes of the VSP-G1.
Verify that the carrier gas flask is open.

Verify that the deposition path and the vacuum chamber vent path are closed, while the waste path is
open.

Start the vacuum pump by the switch found on the pump itself (verify that the path from pump to
vacuum chamber is open).

Set the desired pressure by choking the path from pump to vacuum chamber.
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10.

11.

12.

13.

Set the desired flow rate on the Bronckhorst controller.
Set the desired voltage and desired current on the VSP-G1 and press the on button.
Set the preferred deposition location by moving the stage.

Wait for the measured voltage and current are equal to the set-points. All the generated material leaves
the system through the waste path at this point.

There are two ways to start the deposition:

a) Open the deposition path directly. The flow entering the chamber requires the vacuum pressure to
stabilise during deposition.

b) Stop the spark ablation process, wait to ensure no nanoparticles are left in the flow, open the depo-
sition path and wait for the vacuum pressure to stabilise, finally start the spark ablation process again.
This ensures that the full deposition occurs at the same pressure level. However, though the spark abla-
tion starts close to the set-point, the RC-circuit is not perfect and requires a short stabilisation period.

Close the deposition path (for a) or stop the spark ablation process (for b). If further deposits are needed
on the same substrate, start from step 7.

C.1.3. Removal of the substrate

1.

2.

10.

11.

Ensure the spark ablation process is stopped.

Keep the deposition path open for approximately 2 minutes to flush the vacuum chamber of any loose
particles.

Close the deposition path.

Set the Bronkhorst controller to 0.

Close the waste path.

Turn off the vacuum pump.

Open the vent channel to bring the vacuum chamber to atmospheric pressure.

Verify that all the valves that influence the flow towards the vacuum chamber are closed.

Move the nozzle away from the stage by manually turning the knob on the vacuum chamber to control
the Z-direction.

Open the vacuum chamber and take the substrate from the holder.

Close the vacuum chamber.

C.2. Change of the deposition configuration

Figure C.1 shows the schematic and the location of the restriction. The restriction is replaced by removing
both threaded sockets and pushing the whole tubing into the vacuum chamber. Two things to note in this
process are:

¢ The stage is shifted back to allow for enough room to push the tubing.

¢ All valves are open to prevent slight pressure differences. It was noted that this causes the tubing to be

sucked into the vacuum chamber.

The nozzles are clamp fitting, and are thus replaced by opening the vacuum chamber and pushing on a new
nozzle. However, for this process there are three things to take into account:

» The stage is shifted back to allow for enough room to push the nozzle onto the tubing.
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Figure C.1: The experimental set-up where the location of the restriction is indicated by the red arrow

¢ The nozzle is clamped properly, specifically for the sonic configuration without restriction. The pres-
sure difference can cause a force that propels the nozzle of the tubing.

* Not properly clamped nozzles are clamped by a piece of Teflon. Do not use sticky tape for this process
since it corrodes the aluminium tubing.






Supplemental figures

Configuration 1 (Subsonic) Configuration 2 (Sonic) Configuration 3 (Sonic)
p,= 3.5 mBar p,= 10.0 mBar p,= 3.5 mBar p,= 10.0 mBar p,= 10.0 mBar p,=20.0 mBar
A B C D E F

L/0.33

Figure D.1: Larger version of the SEM table.
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