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SUMMARY

T HIS thesis is about the application and characterisation of spark ablation generated
nanoparticles in microelectronics. It opens in chapter 1 with a general motivation of

the need for advanced materials and for nanotechnology in particular. It then describes
what nanoparticles are and why they are promising materials. Some of their advantages
are a high chemical reactivity, a high specific surface area, and the display of quantum
effects at that scale. The chapter ends by presenting the research questions and giving
the thesis structure.

Chapter 2 provides a technological background for the rest of the thesis based. It
describes several applications of nanoparticles within microelectronics not researched
during this PhD project: as die-attach materials, chemical sensors, or catalysts. It con-
tinues with the description and discussion of several competing nanoparticle synthesis
methods and goes in-depth on the theory of spark ablation generation. It describes the
effects of various parameters that govern the mass generation rate, particle size, and
composition. This theory is important to be able to interpret the results in the other
chapters. Impaction deposition is then described in this chapter since it is the method
of printing all samples in this thesis. It explains how this method prints dots or lines of
nanoparticles, that they have a Gaussian cross-section profile, and how specific depo-
sition parameters affect the deposit. Lastly, the chapter gives a detailed description of
the spark ablation synthesis and deposition equipment with which all the experiments
in this thesis are performed. The generator, components, gasses, pressures, and materi-
als are all described with diagrams and specifications. Typical synthesis and deposition
settings for the generation of Au nanoparticle deposits are given (1 kV, 5 mA, 1.5 L min.−1

Ar or N2 and 1 mm nozzle distance).

The first chapter with results, chapter 3, presents a method to measure the mass de-
position rate of the nanoparticle printer. Measuring the mass of microgram scale de-
posits is challenging due to the high sensitivity required for an accurate measurement.
Balances are sensitive to changes in pressure, temperature or humidity that can already
give too big errors. One solution already applied in thin film deposition methods is the
use of quartz crystal microbalances (QCMs). Their resonance frequency is dependent
on their mass, and thus, we can use the frequency shift during deposition to measure
a mass change. The Sauerbrey equation that is used for that conversion must be valid,
so a special method was developed to comply to all of its conditions. A concentric cir-
cular pattern of Au nanoparticles was printed on 10 MHz QCMs to measure the mass
deposition rate. It was found that the deposition rate scales linearly with the generation
current of the spark, as expected from theory, but also showing the losses in the system
are either constant or scale linearly too. The film density was surprisingly constant for all
tested synthesis and deposition settings, at 15.95 g cm−3, or a porosity of Θp = 0.18. The
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density was compared to models presented in literature, and it is proposed that the im-
paction energy likely compacts the porous structure during deposition until this density
is reached. The QCM method can be applied for process monitoring using commercially
available equipment and open-source software.

The first applications of printed conducting nanoparticle films are discussed in chap-
ter 4. It describes the conductive properties of such films and the effect of annealing on
their conductivity. It was found that an untreated Au film conducts 22 times worse than
bulk Au. Several applications are then discussed. Here it was demonstrated that printed
Au nanoparticle lines can be applied as interconnect materials as an alternative to wire-
bonding. Next, a method was presented to miniaturize the deposits even further by us-
ing lithography and lift-off. This reached a line width at the minimum of the lithography
equipment available, at 1.2 µm, without significantly changing the nanostructure.

Chapter 5 deals with the application of spark ablation generated nanoparticles as
thermoelectric materials. It describes in detail the synthesis and characterization of
Bi2Te3 nanoparticles and their thermoelectric properties. The main finding was that the
thermal conductivity was drastically lower than bulk Bi2Te3 and comparable to the state
of the art for Bi2Te3 nanostructured materials, reaching a minimum of 0.2 W m−1 K−1 at
room temperature. Unfortunately, the electrical conductivity was reduced by at least a
factor 1000, easily undoing any efficiency gains from reduced thermal conductivity. Sug-
gestions are given to possibly improve this trade-off. Additionally, this chapter shows
how quickly nanostructured materials like the ones in this thesis oxidize after synthesis.
From the moment the sample is printed, it gains mass and loses conductivity, so this
must be counteracted if a non-noble metal is to be applied.

The final chapter before the conclusions, chapter 6, showcases another application
of printed nanoparticles: as UV-sensing material. It shows the results obtained using
ZnO nanoparticles to create a UV sensor that is insensitive to visible light. The nanopar-
ticles were deposited over electrodes to fabricate a resistor that has two orders of mag-
nitude electrical resistance reduction when exposed to 265 nm UV light. The response
was slow, with 79 seconds to reach 90% of the maximum response and 82 seconds to get
back to 10% again. This is attributed to the adsorption and desorption of oxygen under
the influence of UV light and can be prevented by packaging the sensor. The contact
behaviour between the metal electrodes and ZnO nanoparticles proved to be too unpre-
dictable to reliably create a Schottky diode, which would have had a higher response.
This dissertation ends with a list of the conclusions, the answers to the research ques-
tions, and finally, some suggestions for future work.



SAMENVATTING

D IT proefschrift gaat over de toepassing en karaterisatie van vonk ablatie gegene-
reerde nanodeeltjes in micro-elektronica. Het opent in hoofdstuk 1 met de alge-

mene motivatie voor de behoefte aan geavanceerde materialen en voor nanotechnolo-
gie in het bijzonder. Er wordt daarna beschreven wat nanodeeltjes zijn en waarom het
een veelbelovende klasse van materialen is. Enkele van de voordelen zijn hun hoge che-
mische reactiviteit, een hoog specifiek oppervlak, en het vertonen van kwantumeffecten
op die schaal. Het hoofdstuk eindigt met de presentatie van de onderzoeksvragen en de
structuur van het proefschrift.

Hoofdstuk 2 geeft de technische achtergrond voor de rest van het proefschrift. Het
beschrijft verschillende applicaties van nanodeeltjes voor micro-elektronica die niet on-
derzocht zijn tijdens dit promotieonderzoek: als die-attach materialen, chemische sen-
soren, of katalysatoren. Het gaat verder met een beschrijving en discussie over verschil-
lende concurrerende nanodeeltjes synthese methodes en gaat dieper in op de vonk ab-
latie generatie theorie. Het beschrijft de effecten van verscheidene parameters die de
massa generatie snelheid, deeltjesgrootte, en samenstelling beïnvloeden. Deze theorie is
belangrijk om de resultaten in de andere hoofdstukken te kunnen interpreteren. Daarna
wordt in dit hoofstuk impactie depositie beschreven omdat dat de print methode is van
alle monsters in dit proefschrift. Er wordt uitgelegd hoe deze methode stippen of lijnen
van nanodeeltjes print, dat die een Gaussisch profiel hebben, en hoe bepaalde depositie
parameters de depositie beïnvloeden. Als laatste geeft dit hoofdstuk een gedetailleerde
beschrijving van de vonk ablatie synthese en depositie apparatuur waarmee alle experi-
menten in dit proefschrift zijn gedaan. De specificaties en diagrammen van de genera-
tor, componenten, gassen, drukken, en materialen worden allemaal gegeven. Typische
synthese en depositie instellingen voor de generatie Au nanodeeltjes deposities worden
gegeven (1 kV, 5 mA, 1.5 L min.−1 Ar or N2 en 1 mm spuitkop afstand).

Het eerste hoofdstuk met resultaten, hoofdstuk 3, presenteert een methode om de
massadepositie snelheid te meten van de nanodeeltjes printer. Het meten van de massa
van deposities in de microgram schaal is uitdagend door de hoge gevoeligheid die nodig
is voor een accurate meting. Balansen zijn gevoelig voor veranderingen in de luchtdruk,
temperatuur, of luchtvochtigheid die al snel te grote meetfouten geven. Een oplossing
die al in dunne film depositie technieken wordt toegepast is om een kwartskristal micro-
balans (QCM) te gebruiken. Die hebben een resonantie frequentie die afhankelijk is van
hun massa, dus kunnen we een frequentie verandering tijdens de depositie gebruiken
om een massa verandering te berekenen. De Sauerbrey formule die daarvoor gebruikt
wordt moet wel toepasbaar zijn, waarvoor een speciale depositie techniek was ontwik-
keld om aan alle voorwaarden te voldoen. Een patroon van concentrische cirkels van
Au nanodeeltjes werd geprint op 10 MHz kristallen om de massa depositie snelheid te
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meten. Het bleek dat de depositie snelheid lineair schaalt met de generatie stroom van
de vonk, zoals verwacht uit de theorie, maar dat ook de verliezen lineair moeten scha-
len of constant zijn. De dichtheid van de films was verrassend genoeg constant voor
alle geteste synthese en depositie instellingen, met 15.95 g cm−3, of een porositeit van
Θp = 0.18. De dichtheid is vergeleken met modellen in de literatuur en het is veronder-
steld dat de energie tijdens depositie de poreuze structuur van de depositie waarschijn-
lijk samendrukt tot deze dichtheid is bereikt. De QCM methode is toepasbaar voor pro-
ces monitoring via commercieel verkrijgbare onderdelen en open-source software.

De eerste toepassingen van geprinte geleidende nanodeeltjes films worden bespro-
ken in hoofdstuk 4. Het beschrijft de geleidende eigenschappen van zulke films en de
effecten van verhitting op de geleidbaarheid. Het is bevonden dat een onbehandelde Au
film 22 keer minder goed geleid dan bulk Au. Verschillende applicaties worden daarna
besproken. Het is gedemonstreerd dat geprinte Au nanodeeltjes lijnen toegepast kunnen
worden als interconnectie materiaal als alternatief voor draad-verbinding. Daarna wordt
een methode gepresenteerd om de deposities nog verder te verkleinen door gebruik van
lithografie en lift-off. Een lijn breedte van het minimum haalbare met de beschikbare
lithografie apparatuur is succesvol behaald, namelijk 1.2 /mum, zonder significante ver-
andering aan de nanostructuur.

Hoofdstuk 5 gaat over de toepassing van vonk ablatie gegenereerde nanodeeltjes als
thermo-elektrisch materiaal. Het beschrijft in detail de synthese en karakterisatie van
Bi2Te3 nanodeeltjes en hun thermo-elektrische eigenschappen. De belangrijkste vin-
ding was dat de thermische geleidbaarheid drastisch lager is dan die van bulk Bi2Te3

en vergelijkbaar met de beste bekende Bi2Te3 nanogestructureerde materialen, met een
minimum van 0.2 W m−1 K−1 op kamertemperatuur. Jammer genoeg is de elektrische
geleidbaarheid verminderd met ten minste een factor 1000, wat met gemak de efficiën-
tie winst ongedaan maakt van de gereduceerde thermische geleidbaarheid. Suggesties
worden gegeven om deze wisselwerking te verbeteren. Dit hoofdstuk laat bovendien
zien hoe snel nanogestructureerde materialen zoals die in dit proefschrift na synthese
kunnen oxideren. Zodra het monster is geprint, neemt de massa toe en vermindert de
geleidbaarheid, dus dit moet tegen worden gegaan als een niet nobelmetaal toegepast
wordt.

Het laaste hoofdstuk voor de conclusie, hoofdstuk 6, toont nog een toepassing van
geprinte nanodeeltjes: als UV-gevoelig materiaal. Het laat de behaalde resultaten zien
van het toepassen van ZnO nanodeeltjes om een UV sensor te maken die ongevoelig is
voor zichtbaar licht. De nanodeeltjes warden gedeponeerd op electrodes om een resistor
te maken die twee ordegroottes reductie heeft in de elektrische weerstand onder bloot-
stelling van 265 nm UV licht. De reactietijd was hoog, met 79 seconden om 90% van de
maximum respons te bereiken en 82 seconden om terug naar 10% te gaan. Dit wordt
toegeschreven aan de adsorptie en desorptie van zuurstof onder invloed van UV licht en
kan voorkomen worden door de sensor de verpakken. De aard van het contact tussen de
metalen elektrodes en de ZnO nanodeeltjes bleek te onvoorspelbaar te zijn om betrouw-
baar een Schottky diode te maken, die een hogere respons zou hebben.
Dit proefschrift eindigt met een opsomming van de conclusies, de antwoorden op de
onderzoeksvragen, en als laatste enkele suggesties voor toekomstig onderzoek.





1
INTRODUCTION

Never confuse education with intelligence, you can have a PhD and still be an idiot.

Richard P. Feynman

This dissertation is about nanoparticles: particles thousands of times smaller than the
width of a strand of hair. This chapter will introduce nanoparticles, show their potential,
and motivate why continued research on their synthesis and applications is needed to
solve the challenges of tomorrow. Lastly, this chapter will provide the outline and goals of
this thesis.

1
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2 1. INTRODUCTION

1.1. MATERIAL SCIENCE AS THE DRIVER FOR TECHNOLOGY

I N our highly technology dependent society, innovation is the main driver for eco-
nomic growth. Modern society is always looking for better products with increased

performance at a lower cost that are at the same time more sustainable and safer. We
desire more efficient solar panels, more battery capacity, reduced rare metal use, smaller
and faster electronics, faster wireless networks, stronger materials, more durable coat-
ings, less waste production, and much more, all while getting cheaper and more reliable.
Continuous technological innovation on many fronts is required to meet these demands.

One scientific field that is at the basis of many products is materials science: the
study of how materials work and how they can be improved or adapted for specific ap-
plications. From consumer electronics to quantum computing and from greener indus-
try to space exploration, all modern and future technologies require advanced materials
to improve or become a reality. As a consequence, the demands on new materials are
increasing: Materials need to do more, last longer, be stronger, cheaper, or even have
capabilities never seen before. Unsurprisingly, this pushes the limits of what conven-
tional materials, like bulk metals, polymers, and composites can do. To engineer new
materials, greater control over material composition, (micro-)structure, and topography
is required.

An approach to gain this level of control is to look at materials at the smallest size
domain: the nanoscale. At the nanoscale, the laws that govern a material’s properties
behave differently, and remarkable phenomena emerge that can differ drastically from
their macroscale counterparts. This created the field of nanotechnology and has led to
the discovery of materials with enhanced performance or unique properties that can-
not even exist in bulk materials. Nanotechnology is a diverse field with applications in
almost every engineering discipline, but in this thesis, we will limit ourselves to nanopar-
ticles, particularly for use in microelectronics.

The microelectronics field is the foundation of the digital age we live in. We are sur-
rounded by microelectronic devices and a world without them has become unthink-
able. Ever since the invention of the transistor and the integrated circuit (IC), there has
been an unrelenting drive to increase computational power and keep up with the famous
Moore’s law: the number of transistors on an IC will double roughly every two years. [1]
The semiconductor industry has since kept up with Moore’s prediction by exponential
miniaturization of microelectronic devices. At some point (some claimed it has hap-
pened already), Moore’s law must reach fundamental limitations and finally come to an
end. When this happens, the performance of a chip is still expected to improve through
improved device design, material performance, or by adding more functionality. This
last approach concept has become known as the "More than Moore" approach. More
than Moore devices cannot only compute using digital ICs but also sense or interact with
the environment or have their own power source. Miniaturized sensors, transducers,
and actuators must be developed to enable this, which we call "microelectromechanical
systems" or MEMS. Fabrication of MEMS requires innovative microfabrication meth-
ods and advanced functional materials, and nanomaterials are one of the possibilities.
Nanoparticles can, for example, be used as sensing material or for generating or stor-
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ing electricity. Besides adding functionality to a chip, nanomaterials can also be used
for more advanced packaging of chips. Increased miniaturization and functionalization
require advanced packaging solutions to connect the chip to a circuit board, enable 3D
integration of chips, or expose a device to the environment it is meant to interact with.
Nanoparticle-based solder alternatives and interconnect materials are therefore investi-
gated, as well as nanoparticle printing for additive manufacturing on microchips.

1.2. WHAT ARE NANOPARTICLES AND WHAT CAN THEY DO?
One of the first reports on nanoparticles was by Michael Faraday in 1857, who described
that the liquid he used to make gold leaf thinner became red and noted that light was be-
ing scattered by the liquid. [2] He concluded the gold had to be suspended in the liquid,
even though the particles were not visible with his instruments. Amazingly, his solu-
tions are still the same ruby red colour as when he created them and are on display at
The Royal Institution in London. Faraday’s experiment shows the surface plasmon reso-
nance effect. This phenomenon gives gold nanoparticles a specific colour depending on
their size. One of the many remarkable properties of nanoparticles.

Since Faraday’s discovery, many types of nanomaterials have been discovered: nano-
particles, nanowires, nanorods, and nanosheets, to name but a few. They are made of
metals, ceramics, pure carbon or organic (soft) matter. The amazing diversity in com-
position, shape, size, and structure creates endless materials to investigate. The term
"nanoparticle" was first coined in the 1970s, but research on them only really took off in
the late 90’s, as shown in Figure 1.1. The catalysts of this growth were the advancement
of electron microscopy and other characterization techniques and the continued devel-
opment of new, improved synthesis methods at the end of the 20th century that enabled
scientists to easier observe and measure nanoparticles. Since then, an explosive growth
of nanoparticle research has taken place, to which this work is a humble contribution.

Figure 1.1: Yearly journal publications with nanoparticle(s) in their title, abstract or keywords.[3]

A nanoparticle is defined as a particle with all size dimensions below 100 nm.[4] The
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composition and structure are not defined, but the research in this thesis is primarily
concerned with spherical metal or metal-oxide nanoparticles below 20 nm in diameter.
It is at this size range that the peculiar size-dependent properties of these materials be-
come apparent. Nanoparticles have three causes for their remarkable properties: due to
quantum mechanical effects, due to the low binding energy of their surface atoms, and
due to their geometry. Starting with the latter, their surface-to-volume ratio is incredibly
high. Five nm golden nanoparticles, for example, have a surface area of 62 m2/g , while
1 mm golden particles have a surface area of only 0.00031 m2/g , two hundred thousand
times less! High surface-to-volume ratios are desired when as many surface atoms as
possible must be active or accessible. This reduces the amount of material needed in
application areas such as catalysis or chemical sensing, which is especially important
when using expensive or rare metals. A nanometer scale particle is also able to travel
through the bloodstream and into cells, which makes them interesting for medical ap-
plications such as drug delivery, imaging, or thermal treatment. [5–8]

Besides such geometric advantages, some thermodynamic size effects also play a
role. The surface of a nanoparticle consists of weekly bound surface atoms due to the
surface curvature and the low coordination number of a surface atom. Surface atoms are
therefore mobile, which reduces the melting point of a nanoparticle. The melting point
of gold nanoparticles can get as low as 526 °C for a 2.5 nm diameter nanoparticle, roughly
half of that of bulk gold. [9] Soldering material can then be made out of metals that would
normally have too high melting points. At the nanoscale, uncommon crystal structures
can also become favourable, or strange surface layers can form on the particle, opening
up new and exciting chemistry. Black titania (TiO2), which is normally a common white
pigment, is one example. [10]

Figure 1.2: A selection of illuminated quantum dots suspended in water exhibiting photo-luminescence.
Nanoparticle size increased from purple to red. [11]

The combination of mobile atoms and high surface area makes nanoparticles highly
reactive. For example, an unprotected metal particle will almost instantly react with
any oxygen available to form its metal oxide. Increased reactivity combined with the
increased active surface area makes nanoparticles ideal catalysts. Catalysis is, therefore,
one of the oldest applications for nanoparticles, where they have been applied com-
mercially for years. The best example is catalytic converters in cars, which convert the
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harmful exhaust gasses into non-toxic and safer compounds, primarily water (H2O) and
carbon dioxide (CO2). The catalysts inside these catalytic converters are nanoparticles of
platinum (Pt), palladium (Pd), or rhodium (Rh), and they are fixed on a porous ceramic
carrier through which the exhaust gas flows.

Lastly, quantum size effects give rise to properties that are very different or even ab-
sent in the bulk phase. Nowhere is this as clear to see as in quantum dots (e.g. CdSe).
Due to their size, they confine electrons in such a tiny space that quantum confinement
occurs. This effect makes the band gap discrete and dependent on the nanoparticle size.
When an electron in a quantum dot is excited by visible light, it can jump to the conduc-
tion band and when it decays back to the valance band, emit light in a process called
photo-luminescence. Since the band gap depends on the particle size, it is possible
to tune the wavelength of this emitted light by changing the nanoparticle diameter. A
smaller particle has a bigger band gap and will emit lower wavelength light. Quantum
dots such as the ones in Figure 1.2 are now used in "QLED" TVs to improve the range of
available colours.

1.3. THE CHALLENGE OF NANOMATERIALS RESEARCH
Faraday’s nanoparticle suspension is also an example of quantum effects, in this case,
surface plasmon resonance, which changes the particle’s colour depending on its size.
By tuning the particle size, one can thus change its properties to fit a specific applica-
tion. Additionally, by playing around with composition, an endless range of engineered
nanomaterials can be created to perform optimally for their application. The enormous
possibilities this creates for research directions make it necessary to narrow down the ap-
plication areas to research. Once an application is chosen to research, one must design
the ideal nanoparticle and find a way to apply it commercially. The problem is threefold:

• What is the ideal nanoparticle for this application?

• Can you make it, and how?

• How can you successfully apply this nanoparticle?

The first question is mostly answered by literature research and serves only to define
an end goal and desired material properties. Unfortunately, it is usually impossible to
make the ideal material because compromises are often unavoidable. There can be con-
flicting properties (i.e. improving one diminishes the other), fundamental limitations
(e.g. physical limits or chemical instability), or synthesis problems (e.g. dangerous pro-
cesses or extreme conditions). Even when it is possible to overcome these problems, it
might not be economically viable. Economic factors like raw material costs, equipment
costs, time, or energy requirements can make it entirely impossible to commercialize or
even research a material.

A sensible approach is to reverse these three steps and find a cheap, scalable, and safe
process. With such a process, you can make a range of potential materials and develop
them for specific applications. The second question is then already partially answered
and becomes more about optimizing the material and synthesis parameters rather than
developing an entirely new process. The third question is now the main focus of a new
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research project. Application of the material might require some additional processing
steps, device design, or some fine-tuning of the synthesis and deposition process and
equipment. If a potential application is found and the ideal particle is defined, it be-
comes an engineering challenge rather than a fundamental scientific problem.

One method to create and deposit nanoparticles in a single production step is spark
ablation combined with an impaction printer. Spark ablation generation uses a repeat-
ing spark between two opposing metallic electrodes to create a metallic vapour. The su-
persaturated metal vapour quickly cools down and crystalline nanoparticles form which
are carried away by a carrier gas. Spark ablation was invented as a synthesis method in
the 80’s but has recently been commercialized, initially aimed at the catalysis and chem-
ical sensing markets. [12, 13] However, its combination with impaction printing with a
sub-millimeter resolution creates opportunities to use this technology in microfabrica-
tion to create functional layers or printed electronics. The high purity of the produced
nanoparticles and the complete absence of any chemicals in the synthesis or deposition
step allows this production method to be directly inserted in a microfabrication process.

1.4. SCOPE AND OUTLINE OF THIS THESIS
The aim of this thesis project was to investigate the applicability of spark ablation gen-
erated nanoparticles in microelectronics. Such a wide research topic requires narrowing
down of research areas, and in the end, a few topics were selected to study, and corre-
sponding research questions were formulated:

1. What is the effect of the nanoporous structure on the electrical and thermal prop-
erties of a nanoparticle film?

2. Are printed nanoparticle lines applicable as interconnect materials?

3. Can we use semiconductor nanoparticles for thermoelectric or opto-electronic
devices?

To answer these questions, a better understanding of nanoparticle films is required.
Chapter two describes the synthesis technology central in this dissertation: spark ab-
lation. Both nanoparticle synthesis and deposition are discussed to provide a basis for
understanding the rest of the chapters. The next chapter describes a novel method to de-
termine mass deposition rate, density, and porosity. This is needed to be able to quantify
the porosity and discuss the effect it has on the properties of the deposit. It deals with
using quartz crystal microbalances to determine the mass deposition rate and, by exten-
sion of that, the density of a nanoparticle deposit. The rest of the thesis demonstrates
some application areas where spark ablation generated nanoparticles can be applied
within the field of microelectronics.

Chapter four discusses the use of metal nanoparticles for printed electronics and
interconnects. It shows some applications of printed conducting lines and how they
perform. It also presents a method to miniaturize the nanoporous film patterns further
if the resolution limit of the printer is reached. Chapter five demonstrates the possi-
bility of creating nanoparticle films with a reduced thermal conductivity compared to
their macroscale counterpart. This is demonstrated in thermoelectric nanoparticles for
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energy harvesting. The last application chapter, chapter six, deals with wide band-gap
semiconductor nanoparticles for UV photo-detection and shows the properties of such
functional devices and the potential for UV sensors. Finally, the conclusions of this thesis
are summarized and recommendations for improvement and further research are given.
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2
NANOPARTICLE APPLICATION IN

MICROELECTRONICS AND THEIR

SYNTHESIS

Whenever you face a man who’s playing your instrument, there’s a competition.

Wynton Marsalis

We start this chapter with a short description of some relevant applications within micro-
electronics. Before diving into spark ablation theory, other nanoparticle synthesis methods
are described and compared. To better understand the other chapters in this dissertation,
it is necessary to provide a good description of spark ablation and the setup that was used.
This chapter aims to provide this background knowledge as well as the fundamentals of
impaction deposition, the central deposition method in this dissertation. Lastly, a de-
tailed description of the nanomaterial printing setup is given with which all samples in
this dissertation have been made.
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2.1. NANOPARTICLE APPLICATIONS IN MICROELECTRONICS

L ET us first identify application areas of interest for nanoparticles. A few applications
have been briefly mentioned already in the previous chapter, but these are not nec-

essarily of interest to this dissertation. The focus here is on microelectronics and micro-
electromechanical systems (MEMS), so we will not discuss applications in other fields.
Applications that are delved deeper into at a chapter in this thesis will also not be dis-
cussed here but in the corresponding chapter.

DIE ATTACH MATERIALS

The first major application in microelectronics is the use of nanoparticles as a die at-
tach material. Here, the ability of nanoparticles to sinter or even melt when heated to
<200 °C is used to create a low-temperature solder alternative. [1, 2] Once sintered, the
temperature required to melt the connection is that of the bulk metal, making the bond
irreversible. [3] Currently, this application is being commercialized using silver nanopar-
ticle pastes due to their excellent electrical and thermal properties, and resistance to ox-
idation. [4] Copper would, however, be preferred due to its good thermal and electrical
conductivity but much lower price. Cu paste formulations are commercially available
but have not found commercial applications yet. [1, 5] One major challenge faced with
commercializing this technology is that the particles do not fully melt but sinter. This
leaves many grain boundaries and voids in the final film that form mechanical weak
points. A second hurdle is oxidation. As mentioned previously, nanoparticles are prone
to oxidize and require protection. This requires paste formulation with reducing agents
or surfactants to extend the shelf life or oxygen-free production and application envi-
ronments.

CHEMICAL SENSING

There are many reasons to develop more sensitive or selective sensors to detect cer-
tain chemicals in the air or liquids: safety, process control, air quality monitoring, or
research. Many sensors are based on adsorption or (reversible) reactions with the sens-
ing layer. The interaction changes the electrical or optical properties of the sensor which
are detected. More available surface area means more molecules can adsorb or react
with the surface, giving a stronger signal. Increasing surface area could be done by mak-
ing a larger sensor, but it is both more economical and practical to make smaller sen-
sors. Miniaturization requires a sensing material with a high surface-to-volume ratio,
so nanoscale materials are popular material classes to achieve this. [6] Semiconducting
metal oxide nanoparticles (e.g. SnO2, TiO2, ZnO) are promising candidates for use in gas
sensors because they have high sensitivity, can be synthesized from cheap raw materials
and have good chemical and thermal stability. [7]

The increased miniaturization of chemical sensors has moved research closer to mi-
croelectronics. Adding chemical sensing capability to microelectronic devices enables
high sensor and readout electronics integration levels, resulting in more power-efficient
sensors and integrated sensor arrays. Nanoparticle or nanostructuring methods com-
patible with microfabrication are needed to functionalize these sensors.
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CATALYST PARTICLES

Another benefit already discussed before of nanoparticles is as a heterogeneous cata-
lyst. Heterogeneous catalysts increase the reaction rate of chemical reactions on their
surface without being consumed, such as the catalytic converter in cars. A high specific
surface area increases the amount of available catalytic sites and, thus, the reaction rate.
In the context of microelectronics, catalytic nanoparticles are used as catalyst layer to
grow carbon nanotubes (CNTs) [8], inorganic nanowires [9, 10], or in microreactors [11–
13]. The first two applications use them to grow the actual functional material. Easy
methods to deposit nanoparticles evenly on a substrate can ease localized 1D material
synthesis. Microreactors are miniaturized chemical reactors to synthesize a chemical lo-
cally. This is interesting for biomedical lab-on-a-chip applications to analyse a sample
or to synthesize microscopic amounts of a drug or chemical.

2.2. NANOPARTICLE SYNTHESIS METHODS
In the past decades, many synthesis methods have been developed for many types of
nanoparticles. In this section, we will focus on methods to synthesise metal, metal ox-
ide or ceramic nanoparticles since they are the subject of this dissertation. The chart in
Figure 2.1 gives an overview of several available nanoparticle synthesis methods to syn-
thesize metal or ceramic nanoparticles. There are more ways to synthesize nanoparti-
cles that are not included here because of their limited use or inability to synthesize the
nanoparticles of this thesis. The methods can be separated into two main categories:
physical and chemical methods. We will first discuss the latter since that is the most
common, traditional way of making nanoparticles.

Figure 2.1: A chart showing the methods to synthesize inorganic nanoparticles.

2.2.1. CHEMICAL METHODS
Wet chemical methods use chemical reactions to build a nanoparticle. The precursors
that are used for that are often salts or metal-ligand complexes. [14–16] Although good
control over particle size and composition has been achieved over the years, wet chemi-
cal methods have several fundamental drawbacks:
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• Every new composition or material requires the development of a new recipe or
synthesis process. New recipes can take weeks to months to develop, severely in-
creasing development time.

• Extensive purification is often required to use the particles after synthesis. This, in
turn, requires many costly process steps and creates a large chemical footprint.

• Nanoparticles are generated in a solution with surfactants and, therefore, always
have an unclean surface. One must remove such surfactants or contaminants to
use pure particles or accept limited access to the nanoparticle surface.

Most chemical methods are batch-wise production which makes them reasonably
scalable. Still, their lack of flexibility and limitation to liquid-based methods is a serious
drawback for material screening, high-purity applications or particle surface modifica-
tions.

There are many different chemical synthesis routes, but most can be categorised in
one of these categories:

• Co-precipitation

• Colloidal synthesis

• Sol-gel synthesis

• Flame aerosol synthesis

CO-PRECIPITATION

The simplest nanoparticle synthesis technique is possibly that of co-precipitation. Here,
two or more reactants are added to a solvent, react, and yield an insoluble product that
will precipitate. The product is then separated from the reaction mixture by centrifuga-
tion and washing or filtration. Reactions are usually redox, where the metal ions in the
liquid exchange electrons with a second ion and are reduced or oxidised. It is possible
to create salts (e.g. AgCl) or oxides (e.g. CoFe2O4) this way. Size control, and to a lesser
degree, shape control, can be achieved by tuning the reaction conditions.

COLLOIDAL SYNTHESIS

In many ways, colloidal synthesis is similar to a regular precipitation reaction. The key
difference is that the reactions in colloidal synthesis need a catalyst and have added sur-
factants to keep the particles suspended and for better control of the reaction. The basis
of colloidal synthesis is adding the metal precursors and a catalyst to a solvent and let-
ting the chemical reaction create nuclei that grow until no reactant is left or the reaction
is stopped. The product is a suspension of nanoparticles with surfactants in a liquid:
a colloid. This method can create nano-sized crystals (nanocrystals) of sizes between
atomic clusters and several hundred nanometers.

The greatest advantage of this method is the high degree of control over particle
size, composition, and even shape. Nearly monodisperse size distributions can even
be obtained. By choosing the right reaction conditions, one can control the growth pro-
cess and stop it at the desired moment. This is also one of its biggest downsides; the
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reactions are very sensitive to small changes and scaling up can thus be a challenge.
Key control parameters are temperature, atmosphere (pressure, composition), catalyst,
and, most importantly, the reactants. These reactants are metal-organic complexes (e.g.
[Ag(NH3)2]+) or metal salts (e.g. AgNO3). Especially the complexes can be highly sensi-
tive to oxidation and require oxygen-free glove boxes and specialised glassware to keep
the entire process oxygen-free. Another disadvantage is that the nanoparticles are sus-
pended in the liquid and require several cleaning and purification steps to remove left-
over reactants and impurities from the reaction mixture. Besides the additional time
and work this needs, purification creates large waste streams of solvents and potentially
harmful chemical compounds.

Colloidal synthesis is the main pathway to synthesising photoluminescent quantum
dots such as in Figure 1.2 (e.g. CdSe, InP) [16] and perovskite nanocrystals (e.g. CsPbI3)
[17] and nanoparticle of particular shapes (cubes or stars).

SOL-GEL SYNTHESIS

Like the name implies, sol-gel synthesis refers to the class of methods that have a solu-
tion ("sol") that forms a gel in which a solid will crystallise. It is a widely used commercial
process for the production of fine powders of silica, titania and many other oxides. [18]
The process has four steps [15]:

1. Hydrolysis of metal precursors to start the reactions

2. Gel formation (or condensation) where the polymer reacts to form a network.

3. Liquid removal (drying or ageing) to make the gel denser or precipitate the solid
fraction.

4. Calcination (firing) to remove any organics and water and create a dry powder or
porous solid.

Sol-gel processes are popular due to their simplicity and scalability. The reactions are
easy to control and require no complex equipment. The calcination step can be done in
a simple oven. Another benefit is that this method can be performed on a substrate to
have a thin film on a substrate after calcination. [15, 18] Particle sizes start at several
nanometers. The main limitation is that due to the calcination step, all metals will ox-
idise, limiting it so oxide particles. Additionally, doping or complex compositions are
hard to make, because of the complex chemistry during gelation.

FLAME AEROSOL SYNTHESIS

Flame aerosol synthesis is the name of a set of methods that employ a flame to burn reac-
tants. Here, precursors and possibly a fuel for the flame are mixed, aerosolised and com-
busted in a controlled flame. During the combustion process, the reactants are heated
and oxidised, and a nanoparticle or agglomerate forms. The resulting aerosol can then
be further treated to become dense particles or left as nanostructured agglomerates.

We can distinguish two types of flame syntheses: vapour-fed and liquid fed. Liquid-
fed can then be further divided between flame assisted (with an external flame to provide
the heat) and flame spray pyrolysis (where the liquid precursors also provide the fuel for
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the flame). [19, 20] The first method is a the dominant industrial process for the produc-
tion of carbon black, silica, and titania, with production volumes of over several mega-
tons per year. [21] Carbon black has been produced by burning organic compounds for
millennia, but was industrialised during World War II for rubber filler. [20] Shortly there-
after, new formulations were discovered to create many oxide powders.

The main benefit of this method is the scalability and low cost. A reactor needs only
a flame and well controlled gas or liquid feed. There is decades of industrial expertise
available and production of the simplest oxide powders (e.g. SiO2, TiO2, Al2O3) are ma-
ture processes. Due to the high temperature combustion of the precursors, oxidation
can not be avoided and indeed, only oxides are made this way. Secondly, the product
has a large size distribution and a high degree of agglomeration. For advanced mate-
rial applications, this can problematic, but as catalyst carrier, or filler material, this is no
issue.

2.2.2. PHYSICAL METHODS
Physical methods do not use chemistry to create a particle from a solution but use elec-
tricity, heat or mechanical force to create nanoparticles. The main advantage of us-
ing physical processes is the (almost) absence of chemicals. This greatly reduces waste
streams, reduces process complexity and allows for higher purity particles. This purity
has the drawback that the particles agglomerate and are extremely reactive. [22, 23] Sec-
ondly, the processes have only one or a few process steps which reduces process vari-
ables and makes screening materials easier. The disadvantage is that you have less con-
trol over the particle shape. In this section, we will discuss the most popular physical
methods: ball milling, laser ablation, and arc ablation. Spark ablation has its own sec-
tion because of its central role in this dissertation.

HIGH-ENERGY BALL MILLING

The oldest and simplest way of making a powder is by grinding a material down to dust.
In the kitchen, you might use a mortar and pestle to create a fine powder or paste out
of your spices. When you want to make nanoparticles, however, much finer milling is
needed. Ball milling uses hard ceramic balls inside a rotating chamber to mill a powder
to nanopowder. Depending on the mass and speed of the balls, temperature and dura-
tion of the milling, one can choose a final size. In its simplest form, ball milling will only
create nanoparticles of an existing solid bulk material. When adding two materials to a
ball milling machine, the two will mix over time and form an alloy or compound. The
distribution of the two materials will be different per particle, but the whole powder will
have an average composition identical to the starting mixture. [24–26]. Ball-milling can
be done in high purity or reactive conditions to make, for example, oxides or nitrides.
[27] It has the advantage that it results in milligram to gram quantities of the material
after each batch, but each batch can take days to mill.

EVAPORATION-CONDENSATION

The following methods are gas based aerosol generation methods and work with funda-
mentally the same mechanism:

1. Creation of supersaturation in the gas phase due to evaporation of a metal
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2. Nucleation due to cooling of the gas

3. Nanoparticle growth by metal condensation and coagulation

Evaporation of a metal can be achieved by resistive heating or through an external heat
source. The vapour coming from such a metal, such as in a glowing wire generator [28], is
carried away by a cool, inert gas flow. The rapid temperature drop causes nucleation and
further growth of the nuclei. The aerosol is then carried away to deposition or analysis
equipment or to further processing equipment (e.g. for annealing or coating). The metal
particles can be oxidized when oxygen is present in the carrier gas. [23]

Generation rates using the evaporation of a heated bulk metal are low due to the
low vapour pressures of most metals and high energy requirements to heat the metal
to regularly above 1000 K. [23, 29, 30] To reach commercially viable production rates,
better methods have been developed to create supersaturated metal vapours. To reduce
energy consumption, it would be much more efficient to only heat a small part of the
parent metal instead of the whole block or wire. The next methods do exactly that by
ablating the material with a local, powerful heat pulse.

LASER ABLATION

Laser ablation uses a pulsed or continuous laser to ablate a metal locally. Similarly to
other vapour condensation methods, it works on all metals, but also non-conductive
and high melting point materials since temperatures can locally exceed 10000 K. [30, 31]
Production rates are in the order of grams per hour for a high power laser. [31] Although
it is a versatile and powerful method, the major drawback of laser ablation is the require-
ment of the high-power laser, which makes scaling up expensive and energy intensive.

ARC ABLATION

Arc ablation and spark ablation use essentially the same phenomenon to ablate metal: a
high-power electrical arc. The difference is primarily in that arc ablation uses a continu-
ous arc, while spark ablation has short, pulsed arcs called sparks. Production rates of arc
ablation are therefore drastically higher than spark ablation, with reported production
rates in the order tens to hundreds gram per hour, at a cost of several kWh per gram.
[4, 32, 32] This high production rate makes it harder to control the size, and high degrees
of agglomeration are the norm. Arc and spark ablation are somewhat complementary,
where arc ablation is better suited for fast production larger nanoparticles (> 20 nm),
while spark ablation allows for smaller particles with better control over the composi-
tion.

2.3. SPARK ABLATION
The central technology used in this thesis is spark ablation. This section provides a suit-
able overview of spark ablation for readers of this dissertation, but a complete and exten-
sive overview of the technology can be found in the book of Andreas Schmidt-Ott. [33]
The method was first described in 1988 by Schwyn, Garwin and Schmidt-Ott [34], but
was not commercialized until recently. The first publication already mentioned its abil-
ity to produce 1 nm particles. Initially designed to create a synthetic soot aerosol, spark
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ablation has now been demonstrated to work for a wide range of (semi-)conducting ma-
terials: metals, oxides, alloys, and ceramics.

2.3.1. WORKING PRINCIPLE

Figure 2.2: Schematic drawing of spark ablation showing the evolution of the nanoparticles in the reactor
chamber.

As drawn in Figure 2.2, spark ablation uses two opposing metal electrodes placed
roughly 1 mm apart in a leak-tight chamber at atmospheric pressure. A short (< 10µs)
electric spark ionizes the gas and ablates some material from the electrodes that will
rapidly cool down in the carrier gas that flows around the electrodes. During this ul-
trafast quenching (from 20000 K to room temperature), nuclei form that continue to
grow by condensation and later coalesce into nanoparticles below 20 nm in diameter.
[22, 33, 35] This sequence repeats itself at a frequency of several hundred Hz, depending
on settings. [22, 36] The eventual product is a particle with the same average compo-
sition of the electrodes they originate from with a log-normal size distribution. [22, 36]
When they have reached their final size and stopped coalescing, the nanoparticles will
aggregate and eventually form larger agglomerates. The size distribution and production
rate depend on the electrode materials, gas composition and flow, and the spark energy
(see section 2.3.1).

A short spark has the advantage that each spark can have approximately the same en-
ergy and contains the same amount of ablated material. This gives good control over the
ablation process, so spark ablation can consistently produce an aerosol with the same
size distribution and composition. Furthermore, the short spark duration prevents the
electrodes from becoming so hot that evaporation effects influence the ablation rate or
composition when using two different electrodes.

As mentioned above, the ablation occurs by the discharge of a high-voltage spark
that creates a plasma. The generators are hence often called spark discharge genera-
tors (SDGs). The simple spark generation circuit is shown in Figure 2.3, showing the key
components to generate repeating sparks. The elegance of this design is that the elec-
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Figure 2.3: The classical spark discharge generator circuit, consisting of a capacitance (C), inductance (L) and
resistance (R)

trode gap acts as a switch for the discharge. A capacitor C is charged by a constant power
source until a breakdown voltage, VD , is reached that is high enough to ionize the gas be-
tween the electrodes, leading to a discharge, after which the process repeats itself. The
frequency of the spark, f depends on the speed at which the capacitors are charged and
the energy of a discharge:

f = I

CVs
(2.1)

Where I is the charging current and Vs is the mean discharge voltage. VD can vary due to
small fluctuations in the gas pressure and temperature or the location on the electrode
where the spark occurs, so the precise frequency should be measured rather than cal-
culated. When calculating the mean frequency, a mean voltage, Vs should therefore be
used.

The duration of a spark is up to 10 µs depending on the components and settings
used, so f is theoretically limited to almost 100 kHz, but in practice, this circuit is lim-
ited to a maximum of 500 Hz, at which point spark formation is too much influenced by
the previous spark, creating large variations in VD and irregular sparking. [22, 33, 36] To
avoid this, a high-frequency switching circuit has been developed by Pfeiffer et al. that
decouples the charging and discharging of the capacitors and fixes the discharge voltage.
[22] This results in a spark that always has the same discharge energy, enabling frequen-
cies of up to 25 kHz. The system in this dissertation uses the already commercialized
modified version of the simple spark circuit of Figure 2.3.

MASS PRODUCTION RATE AND PARTICLE SIZE

The spark energy Es depends on the capacitance and spark voltage according to:

Es = 1

2
CV 2

s (2.2)

The ablated mass per spark is however not directly proportional to Es , due to energy
losses in the system represented by the minimal energy required to ablate material, E0.
The ablated mass per spark can then be expressed as equation 2.3, with Cmat a material
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constant that is dependent on the heat capacity of the solid (cps ), liquid (ccl ), melting
and boiling points (Tm and Tb) and enthalpies of melting and evaporation (Hm and Hv )
according to equation 2.4. [35, 37] α is an empirically determined constant that is deter-
mined by the electrode mass loss measurement during ablation.

∆m =α∗Cmat ∗ (Es −E0) (2.3)

Cmat = 1

cp s(Tm −T )+ cp l (Tb −Tm)+Hm +Hv
(2.4)

Because of the requirement to do empirical measurements to calibrate this formula
for a specific setup, ∆m can only be calculated as an estimate for the production rate.
Feng et al. have shown that α= 0.0018 for spark ablation generators in the same config-
uration as the one in this thesis. [35] We will therefore use this value in further calcula-
tions. Anα of 0.0018 means that only 0.18% of the energy of a spark goes into the ablated
spot.

Since the mass ablation rate m =∆m ∗ f , we can calculate the theoretical mass pro-
duction rate for an SDG. Using the example of Au nanoparticles generated in N2 with
typical settings of C = 20 nF, Vs = 1 kV, and I = 8 mA, we get an ablated mass per spark of
8.3 µg per spark at f = 400 Hz and a production rate of 12 mg h−1. This is the theoreti-
cal mass ablation rate, not the nanoparticle production rate or even the mass deposition
rate further downstream of the generator. A significant portion of the mass remains in
the chamber due to turbulence, re-deposition of the mass on the electrodes, or is lost on
the tubing walls in the system. This will be discussed later in this chapter in the descrip-
tion of the experimental setup and in chapter 3.

It follows from the previous section that to increase the mass production rate, one
must maximize∆M or f . C is typically fixed, so we control the production rate by adjust-
ing Vs and I only: the spark power. The elegance of this is that only two well-controllable
parameters have to be tuned to control the entire process. Controlling I is done by ad-
justing the power supply input, while Vs depends solely on the electrode gap and gas
composition. Vs can therefore be controlled by adjusting the electrode distance.

Controlling the primary nanoparticle size is achieved by adjusting the mass load-
ing of each spark event (i.e. the amount of material that can evaporate per spark) and
the quenching rate (i.e. the speed at which the nanoparticles form). High gas flow in-
creases the quenching rate and dilutes the vapour cloud, leading to smaller nanoparti-
cles. Higher spark power (higher Vs or I ) increase the mass loading per spark. An ex-
cellent empirical overview of the effect of many parameters in spark ablation has been
published by Tabrizi et al. [36], while an analytical model for particle growth is presented
by Feng et al. [35]

NANOPARTICLE COMPOSITION

SDGs use only the electrodes and a carrier gas (commonly N2 or Ar), so they produce
clean, uncontaminated particles when the proper precautions are taken. [33] It is even
possible to generate pure metallic nanoparticles, even from reactive elements such as
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Mg when extensive anti-oxidation measures are taken. [38] Using two different elec-
trodes makes it possible to create binary particles with alloys. [39, 40] Adding more
elements to the parent electrodes allows the synthesis of alloys that only exist on the
nanoscale. [41] The operation of two SDGs in series or in parallel can result in decorated
particles or agglomerates. Figure 2.4 shows the four modes of mixing. Atomic mixing
refers to the internally homogeneous composition of a nanoparticle, although the indi-
vidual nanoparticle composition can differ within the aerosol. [22] The combinations
of different metals and alloys are nearly endless. One can imagine that high throughput
screening of compositions will identify superior compositions in, for example, catalysis
or gas sensing.

Figure 2.4: The different modes to create mixtures and compositions using spark ablation. Atomic mixing in a)
to c) and decoration using two generators in d). From Pfeiffer et al. (2014) [22]

The unprotected surface of the nanoparticles makes them highly reactive with oxy-
gen. It has been a recurring problem in spark ablation research that samples oxidize
rapidly during or after synthesis. To minimize the oxidation rate, a few precautions can
be taken. Firstly, flushing the system extensively with clean gas to remove residual air
after opening is necessary to bring down oxygen levels to ppm levels. To reduce the oxy-
gen and water levels further, oxygen and water traps can be installed at the gas inlet to
purify the incoming gas. This already assures a sufficiently low oxidation rate for some
metals. Still, for highly reactive metals, or applications where oxidation must be kept to
the absolute minimum, two extra measures can be taken. Vons et al. demonstrated suc-
cessful Mg nanoparticle synthesis with a thin oxide shell that formed after deposition.
[38] This was possible after baking out the setup under vacuum to remove water and
oxygen from the walls and after several hours of runtime. By running the setup for hours
before collecting a sample, the generated nanoparticles that attach to the inner walls of
the spark generator and tubing will collect the residual oxygen in the system and act as
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getter material. [38, 42]

Lastly, since it is time-consuming and difficult to bake out a system or run it for hours
without production, one can create a reducing atmosphere to suppress the oxidation
reaction. This was first shown by Hallberg et al. for several metals by adding H2 to the
carrier gas. [43] They showed this effectively prevents oxidation at a H2 concentration
of only 5%. Because of the simplicity of this method, it has been employed extensively
in this thesis to minimize oxidation. However, it is impossible to prevent oxygen contact
after deposition unless one packages the material immediately after deposition.

ENVIRONMENTAL FOOTPRINT

The absence of any reactants during synthesis makes the nanoparticle surface free of any
contaminants, so no cleaning or purification step is required. The chemical footprint of
spark ablation is minimal, only the gas and electrode material are needed. Furthermore,
spark ablation requires no storage and is used on-demand with minimal warm-up time,
reducing wasted materials and waste energy. The energy footprint is approximately 0.13
g kWh−1 for Cu in N2 [33], considerably lower than the energy use for arc ablation (1.5
g kWh−1 [32]) and comparable to laser ablation (0.28 g kWh−1 [44]), but these values
are for drastically larger particle sizes. Lower ionization energy gasses lower the energy
consumption per gram, with Ar, for example, lowering it by a factor of 2.6. [33]

2.4. NANOPARTICLE DEPOSITION
Aerosols can not be used in products unless they are deposited. Applications require ei-
ther a thick powder coating, sparse decoration of a surface by nanoparticles, or a thin
film. There are a few methods that are relevant for application in microelectronics, but
we will focus on impaction since that is the only one applied in this thesis. Other meth-
ods, such as filtration or drop coating, are also applicable in microelectronics but are not
as versatile or efficient.

Filtration captures the aerosol on a filter placed in the gas flow to create a powder,
but this still needs to be transferred to a device. Alternatively, a device is placed in the
gas flow, and particles land on it by diffusion. This is suitable for ultra-low loading of
an active area but requires precautions to prevent coating of other areas (e.g. covers or
masks). Liquid-based deposition methods all suffer from optimising the viscosity, evap-
oration rate, surfactant (and other additives) contamination and limited shelf life. Drop
coating and dip coating expose a substrate to a nanoparticle suspension in a volatile liq-
uid such that after evaporation, a thin film of nanoparticles remains. This is scalable,
and multiple coats can control the thickness, but it requires nanoparticles in liquid and
the correct formulation of this solution to have the best performance. Ink-based meth-
ods, such as ink-jet printing, are far more precise and accurate, but ink formulation is
not trivial, so switching to different nanoparticles can be time-consuming.

2.4.1. IMPACTION
Impaction or aerosol jet deposition is one of the few methods that directly deposits
nanoparticles from the aerosol to a substrate. It works by accelerating a gas through an
orifice towards a surface at sufficiently high velocities that nanoparticles have enough



2.4. NANOPARTICLE DEPOSITION

2

21

inertia on impact to immobilise them on the surface. [45–47] The nanoparticles follow
the gas streamlines closely due to the low speed, so contraction of the gas through the
nozzle causes the aerosol to be collimated. After exiting the nozzle, the nanoparticles
will, due to their inertia at these speeds, remain in a collimated jet while the gas ex-
pands. [46, 48] This phenomenon is called aerodynamic focusing and is illustrated in
Figure 2.5. If a sample is placed at a short enough distance, the collimated nanoparticle
beam will not have slowed down enough, and nanoparticles impinge on the surface. At
further distances, the nanoparticles will have slowed down enough to follow the gas flow
again, and no deposition will occur. The resulting deposit has a Gaussian profile, as seen
in Figure 2.6. With particles this small, there is an effect of the Brownian motion, but this
affects primarily the nanostructure of the deposit, not the deposit shape or beam width.
[48, 49]

Figure 2.5: Sketch of the particle trajectories (dotted
lines) and gas streamlines (solid lines) in a nozzle il-
lustrating aerodynamic focusing and the resulting de-
posit below. Note that this is not a cross-section of the
nozzles used in this thesis because the manufacturer
did not disclose the shape.

Figure 2.6: Cross section profile of an Au nanoparticle
line printed by an impactor.

Impaction is possible at downstream pressures of several millibars or lower and oc-
curs completely at room temperature, so it is compatible with a wide range of materials.
It has been demonstrated to work on hard materials like glass and silicon and softer ma-
terials like paper or polymers. The main limiting factor is the force of the impaction jet
itself. Small, fragile structures or too malleable materials can be damaged or warped
due to the supersonic speed of the gas. This can be mitigated by placing the sample fur-
ther away from the nozzle, but this widens the deposit and might reduce the collection
efficiency (the percentage of captured particles) of the impactor.

By moving the substrate relative to the nozzle, by using a programmable XYZ-stage,
it is possible to write with the nanoparticle beam. The impactor can thus be used as a
printer for nanostructured films. In combination with spark ablation, it is a powerful tool
that can print nanostructures on demand of a wide range of compositions and on many
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substrates. In microelectronics, it enables the fabrication of complex patterns without a
shadow mask or lithography.

2.5. SETUP DESCRIPTION

2.5.1. GENERATOR

Figure 2.7: Picture of the generator in through-flow configuration with a viewing window. Courtesy of VSParti-
cle B.V.

The SDG in this setup is a first generation VSP-G1 configured in a cross-flow config-
uration with the gas flow perpendicular to the electrodes, similar to Figure 2.2. The gas
inlet is positioned 2 cm from the electrode gap. The generator (see Figure 2.7 has two
settings to adjust: current and voltage. It controls the voltage by moving the electrodes
further (higher V) or closer (lower V) to each other, and it adjusts for fluctuations in the
voltage by adjusting the distance continuously.

2.5.2. PROTO-0 SETUP

Figure 2.8: Picture of the setup as installed in the fumehood, with the main components labelled.

The Proto-0 setup of VSParticle B.V. is a prototype nanoparticle printing setup that
consists of a VSP-G1 and an impaction chamber. The system consists of several main
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components, as shown in Figure 2.8. During operation, it is a closed system with the
impaction chamber under vacuum. The system is connected to three gas supplies, as
shown in Figure 2.9, with programmable mass flow controllers (MFCs) for each gas. The
VSP-G1 can be connected to the impaction chamber by turning the 4-way-valve. This
diverts the gas flow from going directly to the exhaust to the impaction chamber. Not all
gas that enters the impactor is used for deposition, a large fraction only flows past the
nozzle towards the filter and is wasted. This is due to the choked flow inside the nozzle,
which limits the gas flow to the nozzle throughput. The gas flow rate through the setup
when printing is limited to max. 3 L min.−1 due to pressure buildup caused by the small
tubing inside the chamber. Increasing the flow above this can cause irregular sparking
and should be avoided. At too low gas flows, the electrode gap is not flushed fast enough
to have independent sparks, so a minimal gas flow of 1.5 L min.−1 was set.

To control the printing, a switching mechanism was used that uses a flushing gas
that enters the printing gas flow just after the aerosol inlet into the impactor. [50] As long
as the flow of this gas is higher than the nozzle flow rate and the pressure higher than
the aerosol gas flow, the nozzle will be filled with clean gas and stops depositing. The
impactor will at all times have a gas jet, so no start-up or stopping effects are observed
due to turbulence and pressure changes are kept to a minimum too.

Figure 2.9: Diagram of the components and gas connections in the Proto-0 setup. The gas is supplied from the
lab’s supply lines and enters the setup at 1 bar.

DEPOSITION PARAMETERS AND PROGRAMMING

The system is controlled using a control panel to input and log the gas flow rates and
generator voltage and current. It is also the interface for the printer controls in the G1
language and controls the solenoid valve for the flushing gas to switch deposition on or
off. After starting up, complex scripts can be run with programmed start and endpoints.

The gasses are all at a 99.999% purity and come from the lab’s main gas supply net-
work. The setup operates at atmospheric pressure before the nozzle, while the down-
stream pressure in the impaction chamber depends on the nozzle used. There were three
available nozzles: 0.1, 0.33 or 1.0 L min.−1 that give a downstream pressure of 0.4, 0.7, or
1.6 mbar, respectively. This is low enough to ensure 100% collection efficiency for 2 nm
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Ag nanoparticles at 1.0 mm nozzle to sample distance. [45]

2.6. SUMMARY
The applications of nanoparticles in microelectronics have been discussed. Their prop-
erty of having a low melting point makes them interesting materials for die-attach appli-
cations and printed electronics. With a suitable printing method, nanoparticles can be
applied as functional layers too, such as for gas sensing and catalysis.

Next, various methods to synthesize nanoparticles have been discussed. They can be
split up into chemical and physics based methods. Brief overviews of several common
synthesis methods were given, with special attention to the physical methods, as they
are direct competitors of spark ablation, the method used in the rest of this thesis. The
background and theory of spark ablation have been presented to give a good foundation
for understanding the rest of this thesis. Compared to laser ablation and arc ablation, it is
a more versatile and flexible synthesis method with a lower production cost. Deposition
of nanoparticles can be done using filters or by transferring the particles to a liquid which
is dried. In this thesis, impaction is used to deposit the nanoparticles and a description
of this method and the resulting films is given.

Lastly, the equipment and experimental setup used to synthesise every deposit in
this thesis is described. All components, the gas setup, and process parameters are dis-
closed. Later chapters will therefore have a shorter method section containing mostly
the deviations to the standard operating conditions.
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3
QUANTIFYING MASS AND

POROSITY OF A NANOPARTICLE

DEPOSIT

Door meten tot weten.

Heike Kamerlingh Onnes

It is difficult to quantify the mass of a nanoporous deposit made using spark ablation be-
cause the resulting mass is too low for conventional mass balances. However, mass is cru-
cial to measure to understand nanoporous films better. Knowing how much material is
deposited improves reproducibility and process control, while mass is also a quantity used
to calculate other properties. Film density is such a derivative of mass and an important
variable in calculations such as those for electrical and thermal conductivity. Develop-
ing a reliable method to measure the mass deposition rate of spark ablation generated
nanoparticles using impaction was therefore highly desired. In this chapter, a solution is
presented to measure the deposition rate by using a quartz crystal microbalance. The the-
ory of quartz crystal microbalances and how to use them in impaction deposition cham-
bers is explained, after which the results of this method are presented. Finally, the density
and, by extension, the porosity was calculated and compared to literature.

Parts of this chapter have been published in: H.J. van Ginkel et al., Mass and density determination of porous
nanoparticle films using a quartz crystal microbalance, IOP Nanotechnology, 2022 [1]
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3.1. MEASURING SMALL VOLUMES AND MASSES

W ITH the advancement of nanotechnology come opportunities to discover new ma-
terials that can outperform conventional materials. However, this requires ac-

curate measurements of the performance and of both intrinsic and extrinsic material
properties. In particular, extrinsic properties are challenging since it becomes difficult
to measure them on the nanoscale because probes are too large, the equipment is not
accurate enough, or the amount of material is just too small to give a sufficient response.

For nanoparticle or nanoporous films, like the ones in this thesis, one of the most dif-
ficult problems is the quantification of density. [2] This requires accurate measurements
of the deposited mass and volume or an accurate direct way to measure the density and,
by extension of that, porosity. Small masses in the microgram range are extremely dif-
ficult to measure with a mass balance since small changes in air pressure, humidity, or
temperature can already create large errors in the same order of magnitude as the mass
itself. Deposition rates are often not precisely known or hard to measure or estimate. For
direct porosity measurements, the most popular method is gas adsorption based on the
Brunauer–Emmett–Teller (BET) method. Although this can directly measure the adsorp-
tion volume, it requires larger quantities for accurate measurement and is inaccurate for
nanoscale pores. [2, 3] Hence, to quantify mass, density, or porosity, we need alternative
methodologies.

When we look at thin-film deposition equipment, such as sputter coaters or evap-
orators we see that they measure the deposited mass and calculate the film thickness
using the known density, assuming the film is non-porous. They do this using a quartz
crystal microbalance (QCM), a device that changes resonance frequency when loaded
with a mass. QCMs are particularly convenient because they require no calibration,
can achieve nanogram resolution, and are cheap. Their operation requires a simple cir-
cuit and specifically cut quartz crystals that are commonly available. For decades now,
QCMs have been employed in process control in metal evaporators, sputter coaters [4],
or atomic layer deposition (ALD) equipment [5] Günther Sauerbrey first described QCMs
in his 1959 paper [6], but since then QCM theory has been improved to allow for more
accurate devices and more application possibilities. [7–12] They have since been used
in thin film deposition process monitoring [4, 5], as gas sensors [13–15], as biochemical
sensors [16, 17], and even atmospheric aerosol sampling [18–20].

In this chapter, it is demonstrated that QCMs can be applied as mass balances for
nanoporous films too and that they can provide process monitoring for nanoparticle
film deposition. Next, we combine the mass measurement with volume data to calculate
the density and porosity. We validate the method for use with metal nanoparticle aerosol
deposition and discuss the effect of the impaction deposition on the QCM response.

3.2. QUARTZ CRYSTAL MICROBALANCE THEORY

3.2.1. WORKING PRINCIPLE
Piezoelectric crystals have the ability to deform when exposed to an electric field. When
exposed to an oscillating electric field, the crystal will start oscillating at its resonance
frequency. Depending on the size, shape, crystal orientation, and composition, each
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crystal has a specific natural resonance frequency. This property has been applied ex-
tensively in electronics to create or stabilize constant frequency signals or provide clock
signals. The most common crystal oscillator material is quartz (a form of SiO2) because
of its low price, mechanical hardness, and excellent frequency stability. The majority of
quartz oscillators are the so called AT-cut crystals, which are cut at a 35.25° angle from
the z-axis of the crystal.

Figure 3.1: Diagram showing the side view of a quartz crystal with Au electrodes (in yellow) on the top and
bottom. The shear oscillation, indicated by the dotted lines, has an amplitude U.

It was Günter Sauerbrey who first proposed to use quartz discs as mass balances in
1959. [6] He used the fact that a well-defined quartz disc has a resonance frequency
dependent on its thickness according to eq. 3.1.

f = ν

2d
= N

d
(3.1)

With f the frequency of the crystal, ν the wave propagation speed (i.e. the speed of
sound), and d the frequency. N is the so called natural frequency constant, defined as
ν/2 and is 1670 kHz mm for AT-cut quartz. Next, from the inverse relation between f and
d, it logically follows that

∆ f

f0
= −∆d

d0
(3.2)

Where f0 and d0 are the original resonance frequency and thickness respectively. If
we then substitute d according to eq. 3.3, we obtain eq. 3.4.

d = m

Aρq
(3.3)

∆ f

f0
= −∆m

Aρq d0
(3.4)

With A as the surface area of quartz disc and ρq the density of quartz (2.648 g cm−3).
Finally, if we then substitute eq. 3.2 for d0 and rewrite it to isolate ∆ f , we obtain the
Sauerbrey equation:

∆ f =− f 2
0

N Aρq
∆m (3.5)

Using eq. 3.5, we can now directly convert frequency change to mass change if the
resonating area is known. Note that everything in front of ∆m is constant and only de-
pends on the properties of the quartz. Sauerbrey, therefore, introduced a constant, C f ,
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for simplification, as seen in eq. 3.6. For AT-cut quartz with a resonance frequency of
10 MHz, C f is 0.2264 Hz ng−1 cm−2. It is thus possible to measure masses with near
nanogram accuracy, especially when the oscillating area is reduced. z

∆ f =−C f A∆m (3.6)

3.2.2. VALIDITY OF THE SAUERBREY EQUATION
The Sauerbrey equation is valid if two conditions are met:

1. The deposited mass is uniformly distributed over the entire oscillating area. In
other words, a uniform height increase (∆d).

2. The deposited material has the same acousto-elastic properties as the quartz.
Impedance or elasticity decouples the resonance change from the mass increase,
invalidating equation 3.1.

Obviously, no material has the same exact properties as the oscillator, so the Sauer-
brey equation is only an approximation. Lu and Lewis (1972) have shown that the Sauer-
brey equation is valid for small masses of < 2% of the initial quartz mass, and that higher
loading gives a larger error. [9] They propose a more precise equation that works up to
15% mass loading. In the measurements presented in this chapter, deposited masses
never approach this 2% limit so the simple Sauerbrey equation can be used.

3.2.3. RESPONSE DISTRIBUTION
In the previous section, we established that the size of the oscillating area has an ef-
fect on the sensitivity based on the Sauerbrey equation (eq. 3.5). This is because this
equation is based on a uniform height increase of the oscillating area. Essentially, the
Sauerbrey equation gives the average response of a QCM over the whole electrode area,
but a local deposit can cause a vastly different frequency change. A non-uniform mass
distribution will therefore cause an error in the measurement. The cause of this sensi-
tivity distribution is the displacement amplitude of the oscillations. Sauerbrey himself
already described this and determined a round crystal has a Gaussian mass sensitivity
distribution with the peak at the centre of the oscillating area, as shown in Figure 3.2.
[6, 21] As a consequence, it is impossible to calculate the mass change of local deposit(s)
without knowing the exact mass distribution.

The amplitude decays to zero outside the electrode area, but, especially for small
electrode areas, deposition in this region can still significantly contribute to the fre-
quency response. [12] The response decreases with distance r from the center, as de-
scribed in equation 3.7, with the amplitude U(r) being a Bessel function, see equation
3.8. [12, 21]

S f (r ) = |U (r )|2∫ ∞
0 r |A(r )|2 dr

C f (3.7)

r 2 ∂
2U

∂r 2 + r
∂U

∂r
+ (r kr )2U = 0 (3.8)
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Figure 3.2: Diagram showing the sensitivity distribution (blue line) above a quartz crystal microbalance. The
gold center is the oscillating electrode area which is connected to gold contacts at the edge. The bottom elec-
trode contacts are visible on the left side.

It follows that there are rings on the QCM with equal mass sensitivity. This property
can be used to design QCMs with a more uniform sensitivity distribution, as demon-
strated by Jiang and Tang (2021). [12] It must be noted that there also exists a ring at a
radius where the sensitivity is the same as the average sensitivity of the whole electrode,
but this requires precise deposition and is, therefore, impractical. Knowing that the re-
sponsivity of a QCM is location dependent helps us to interpret the results of a localized
deposition method such as impaction printing. We expect a decaying response when
printing further from the centre, even if the deposition rate remains constant. However,
the result should be the average of the whole area if the printing is uniform.

3.3. NANOPARTICLE MASS MEASUREMENT USING A QCM
Now that we understand how a QCM works and what the results should look like, we can
apply this knowledge and measure the mass of nanoparticle deposits. This section will
list the equipment and components and describe the procedure for using them.

3.3.1. COMPONENTS AND SOFTWARE
The QCMs used for these experiments are 10 MHz crystals with a 14 mm diameter sup-
plied by Novaetech S.r.l. They have 6 mm diameter gold electrodes deposited on the
front and back side with connectors on the edges. It is placed in an OpenQCM quartz
holder and soldered to two coax cables, as seen in Figure 3.3. The wires are connected
to a vacuum feed-through and connected to an OpenQCM Arduino shield that drives
the QCM and reads the frequency. An Arduino Micro board is mounted on this shield
with preinstalled OpenQCM software. The default software samples once per second,
giving it an accuracy of 1 Hz by averaging the response over that 1 second. It was edited
to sample five times per second, but this logically must reduce the maximum sensitiv-
ity to 5 Hz, or 6.2 ng. This compromise was deemed necessary to improve the response
time and to more accurately observe the deposition behaviour. All OpenQCM hardware
and software is open source. The full Arduino code is disclosed in appendix B with the
Matlab script to read the serial data and plot it during measurement.
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Figure 3.3: The QCM holder with a 10 MHz QCM mounted in it.

3.3.2. QCM MEASUREMENT PROCEDURE
Synthesis and deposition were done using the same equipment as described in chapter
2. To demonstrate this method, Au electrodes were used with 1.5 l min−1. N2 gas because
there is no oxidation. Furthermore, Au is a well understood metal to deposit, simplifying
the interpretation of the data. To satisfy the conditions to apply the Sauerbrey equation,
a printing pattern consisting of overlapping concentric circular deposits was designed
such that the entire electrode area would be covered with a thin nanoparticle film. This
ensures that the deposition is rotationally symmetrical and as uniform as possible to
minimize any location effects. The pattern is shown in Figure 3.4. The printing speed
was set at a speed at which the deposited mass will never exceed 2% of the QCM mass.
Total deposition time with a printing speed of 50 mm min−1. is 159.96 s.

Figure 3.4: The QCM printing pattern as seen from the top. Printing starts with a 0.2 mm diameter circle and
continues outward, starting on the left side. After the final circle with a 2.8 mm diameter is printed, the nozzle
then moves back to the center. The motion between circles and back to center is with 200 mm min−1.

After the first tests, it was clear the impaction jet has a considerable effect on the
QCM frequency. Therefore, a baseline was established during one minute before and
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after moving the nozzle above the QCM to have a well defined beginning and end point.
To obtain reliable data, the average of the first and last 5 seconds of a measurement are
used as beginning and end frequency. Before and after deposition, the nozzle waits one
minute (with clean gas flow) at the electrode centre before starting or stopping deposi-
tion to clearly show the effect of the jet without deposition. More details on the effect of
the gas jet can be seen in section 3.4.1.

3.4. MASS DEPOSITION RESULTS
Here, the results of deposition on a QCM are shown. First, the frequency response is
explained and the effect of the gas jet is shown. A mass deposition rate is then extracted
for different synthesis settings and compared to literature.

3.4.1. INFLUENCE OF THE GAS JET

Figure 3.5: Typical QCM frequency shift during deposition. The green curve shows the effect of the gas jet
without deposition. The blue line is the result of subtracting the green curve from the red, eliminating the jet
effect. This sample was made at 5 mA, 1 kV G1 settings, and 1 mm nozzle distance.

The most notable feature of the graphs obtained during QCM measurement is the
effect of the gas jet. As shown in Figure 3.5, without any nanoparticle deposition, the fre-
quency shifts considerably and changes over time during nozzle movement. Two effects
cause this phenomenon. First, the force of the jet causes stress and slight warping of the
QCM, causing the resonance frequency to change. This is the cause of the jump up when
the nozzle above the crystal and the jump back when it moves away from the crystal. The
second effect is due to the QCM sensitivity distribution. The nozzle starts moving over
the substrate at a constant speed but in increasingly larger circles. As explained in sec-
tion 3.2.3, the QCM response is radially dependent, causing a stronger frequency shift
in the middle. This results in an apparent gradual decrease of the deposition rate. This
location dependency is most clearly visible when the nozzle moves back to the middle
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of the electrode area, causing a fast drop in frequency around 4:10 in Figure 3.5. When
the nozzle is moved away from the QCM, we can observe a shift back to the original res-
onance frequency, showing the gas jet has no lasting effects on the QCM. Additionally,
this proves that the nozzle has no measurable deposition in the off state when only clean
gas goes through the nozzle.

Due to the circular pattern, we see a wave pattern emerge. With the increase of cir-
cumference for each consecutive circle, the period of this wave pattern increases. The
peak of a wave coincides with the nozzle being on the left side of the electrode. The wave
is not perfectly sinusoidal due to the inhomogeneous effect of the gas jet caused by the
holder geometry, nozzle tilt relative to the electrode area, and a possible slight offset of
the circles to the electrode centre. The gas effect is therefore not identical for each mea-
surement or crystal. Fortunately, we are not interested in the local sensing behaviour
but are looking to obtain the average response of the QCM. When subtracting the curve
without deposition from the curve with deposition, as done in Figure 3.5, we can com-
pletely remove the gas jet effect from the data. The resulting curve (blue) shows the exact
behaviour one would expect with slightly more noise. Although it would be possible to
do this subtraction for all measurements, it is unnecessary and time-consuming. The
beauty of QCM measurements is that they require no calibration. For quantifying the
deposited mass, it suffices to use the beginning and end of each curve and ignore the
deposition process entirely.

3.4.2. MASS DEPOSITION RATE
The effect of several synthesis parameters was tested, starting with the effect of the gen-
erator current. According to spark ablation theory, as explained in chapter 2, spark fre-
quency, fs , is directly proportional to the generator current, I , according to equation
3.9. [22–25] Assuming mass ablation per spark remain constant, mass generation rate is
directly proportional to the current too.

fs = I

2CVS
(3.9)

Figure 3.6 confirms that this relation is valid for the deposition rate. We can see a
good linear relationship between the current and deposition rate. Deposition rates are
not equal to generation rates in the G1. Not only does this nozzle have a throughput of
0.32 l min−1, just 21% of the flow through the generator, but there is also material loss
by adhesion to the tubing. Due to turbulent gas flow around the electrodes inside the
generation chamber, not all ablated material even reaches the tubing but remains inside
the generator as a black powder coating on the chamber and electrodes. To measure the
ablation rate solely, one must either quantify these losses or measure the mass change
of the electrodes, as was done in previous publications. [22, 24, 26] Tabrizi found an
electrode mass loss of 0.0705 mg h−1 f−1

s (at 2 nF, 1 mm electrode distance, and 0.8 l
min−1), giving a mass production rate of 8.81 mg h−1 at 125 Hz for Au in Ar. [22] Our
setup operates at 125 Hz at 5 mA (with 20 nF and 1 kV) and we see a deposition rate of
0.75±0.22 µg min−1, as seen in table 3.1. Correcting for the 0.32 l min−1 nozzle, we find
a generator output of 212±60 µg h−1.
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Figure 3.6: Deposition rate plotted as a function of generator current for three QCMs. The dotted line represent
a linear fit through these points. The data was normalized for better comparison, removing production fluc-
tuations between sessions. All data was collected in the same session for each QCM and with a 1 mm nozzle
distance.

Table 3.1: Deposited mass and deposition rates at 1 mm and the corresponding calculated G1 output for three
generation currents.

Current
(mA)

Spark frequency
(Hz)

Mass
(µg)

Printing rate
(µg min−1.)

Calculated GI output
(µg h−1)

2 50 0.62 ± 0.05 0.23 ± 0.02 65 ± 5
5 125 2.01 ± 0.69 0.75 ± 0.22 212 ± 60
8 200 4.35 ± 1.04 1.63 ± 0.39 459 ± 110

We can think of several reasons for this discrepancy with Tabrizi’s value. Firstly, the
value does not include material losses as discussed above, she estimates a loss of 62-78%
when she compares electrode mass loss with a deposited mass on filter papers. Sec-
ondly, although the frequency is the same, the operating conditions are not. We used N2

gas, which has a factor 2.6 lower ablation efficiency than Ar [25], combined with the es-
timated loss, and this brings the "deposition rate" to roughly 0.75 mg h−1. the gas flow is
also lower, while the energy per spark is higher. As she reports, this leads to the formation
of large particles that account for a considerable fraction of the ablated mass, but lower
spark energy (by lowering Vs ) could avoid that. [23] We have not observed such large
particles during deposition. Lastly, the setups are different. The chamber, the electrodes
and their holders, and the tubing are different, causing different generation efficiencies
and losses in the setup. Interestingly, although the losses are not easily quantifiable, they
seemingly scale with the generated mass linearly because the mass deposition rate scales
linearly with the current, precisely like the generation rate.
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∆m =Cmat (Es −E0) (3.10)

Es = 1

2
CV 2

s (3.11)

According to Feng et al. (2015), ablated material per spark is given by equation 3.10
and multiplication with the spark frequency gives the production rate. [26] He calcu-
lated E0 to be 1.98 mJ, Cmat to be 8.33× 10−7gJ−1 for Ar, and 2.6 times lower for N2 at
3.2×10−7 g J−1 [25, 26]. Using equation 3.11, the ablation rate of Au in N2 at 5 mA and
1 kV and 20 nF is 17.7 mg h−1, nearly two orders of magnitude higher than found here
and double that of Tabrizi’s. This is partly because Feng’s value is an idealized model
for ablation rate, not deposition rate. It accounts for no mass loss during transporta-
tion to the deposition chamber or other inefficiencies in a system. Each system has its
own transport or deposition efficiency; even different electrode sets will behave slightly
different. For these reasons, it will always be necessary for practical applications to mea-
sure deposition rate rather than calculate it or use the electrode mass loss. Correlating
found deposition rates like the ones presented here to a synthesis model such as Feng’s
will always be instrument-dependent and can never be applied without calibration. For
this reason, it is not done here since this is a unique prototype instrument that will be
improved in newer generations.

Figure 3.7: Deposition rate plotted versus nozzle distance. The data is normalized to the mean of each QCM
for better comparison because the absolute values differ per QCM.

The second relation to be tested was the influence of the nozzle distance versus de-
position rate. Impaction energy is inversely proportional to nozzle distance, so by mov-
ing the nozzle further away, we could see a loss in deposition rate. This appears not to be
the case for the distances tested here, as shown in Figure 3.7. No trend can be identified,
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not even within a single QCM. This shows equal collection efficiencies at those heights,
suggesting 100% impaction efficiency at all tested heights. De la Mora and Schmidt-
Ott(1993) used an impactor operated at 1.4 Torr with a 0.3 mm nozzle diameter (dn) and
determined the collection efficiency for <5 nm Ag nanoparticles generated by spark abla-
tion at various nozzle distances (L). [27] They found that at L/dn = 4, or 1.2 mm distance,
they would collect 100% of 2.3 nm Ag nanoparticles. Considering our impactor operates
at 0.53 mTorr, that Au has a higher density than Ag and therefore more momentum, and
that our nanoparticles are mostly agglomerated and thus have a higher aerodynamic
mobility diameter (>5 nm), we expect better collection efficiency in this system. We can
therefore safely assume a 100% collection efficiency at all tested heights. This assures
that we are not measuring collection efficiency variations due to operating conditions or
alignment errors but solely mass output changes. It also improves the operating range
of the deposition method.

3.5. DENSITY RESULTS
Density is mass over volume, so we can use our previously acquired mass values to cal-
culate the density of a deposit. All we need is a way to determine the volume of a deposit.
Unfortunately, this is, again, not straightforward for thin, porous films. Here we show a
method to do this and present the densities we obtained using this method. By dividing
this value by the density of the bulk material, we create a relative density, which in the
case of porous solids is the porosity.

3.5.1. PROFILE MEASUREMENT
The thickness of a single deposit on a QCM, combined with the large surface area to be
measured, make it challenging to measure its volume accurately. Mechanical profilome-
ters only measure a line, and optical profilometers are ill-suited for thin, porous films
due to scattering effects or semi-transparency. Therefore, it is necessary to deposit a
thicker sample on another substrate immediately after a QCM measurement. For this, a
line of 3 mm was printed at 0.5 mm min−1. A Dektak 150 physical profilometer with a
12.5 µm stylus was used to measure the cross-sectional area of this line, and by multi-
plying this area by 0.5 mm, we obtained a volume for one minute of deposition.

Figure 3.8 shows one of these cross-sections projected on a SEM image. The mean
volume of a sample made at 5 mA and 1 mm nozzle distance is 4.46 × 10−8 ± 1.82 ×
10−8µm3. The typical shape of a printed line has Gaussian slopes and a flattened off
peak. Shorter deposition time or smaller nozzles give an almost perfect Gaussian cross-
section. The deposits are not completely symmetrical due to turbulence in the gas jet
and imperfections in the nozzle. In the optical microscope image, many black specs
are scattered on the deposit, which are brighter spots in the SEM image. These specs are
large clusters of nanoparticle debris which accumulate over time. Their origin is unclear,
but such clusters are rare at high printing speeds, suggesting they are a byproduct of the
deposition process.
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Figure 3.8: Compound image of an optical and scanning electron microscope image (taken at 5 kv) of a printed
line on an Al surface. In blue is the average profile of two profile measurements overlaid on the SEM image with
the same horizontal scale and at the approximate location. Nozzle distance of 1 mm, 0.5 mm min−1. writing
speed, 5 mA generator current.

3.5.2. POROSITY RESULTS
The porosity, Θp , of a solid is defined as the volume fraction that is not occupied by the
material itself, but by a liquid, air, or vacuum: Θp = V f i lm/Vtot al . Often, the volume of
the solid is not known, because it can be difficult to quantify the pore volume inside a
material. In this case, the relative density can be used:

Θp = 1−ρ f i lm/ρAu (3.12)

ρ f i lm is the density of the film and ρAu the density of bulk gold, 19.32 g cm−3.

Figure 3.9 shows samples printed at different generation currents. The slope of the
trendline is the density: 15.95 g cm−3. This gives us a porosity of Θp = 0.18. Consider-
ing these samples were made with different generation settings on different days, and
all show a similar density indicates the tested experimental conditions have barely an
effect on the density. If we look at spark ablation theory (see chapter 2), the settings we
adjusted do not change the nanoparticle size distribution much and mostly change the
generation rate. The agglomerate structure should therefore be similar for all samples,
and they should then form a similar porous structure. Furthermore, if the volume stays
proportional to the mass added, the porosity of the layer must be constant in all stages
of the film growth.

SEM images such as the ones in Figure 3.10 support this concept of a porosity inde-
pendent of film thickness. We can see a continuous, rather dense film with no apparent
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Figure 3.9: Deposited mass plotted versus measured volume of a one minute deposit. All tested generation
currents and all nozzle distances are displayed here. A good linear fit through zero (R2=0.95) shows the density
is independent of the deposition settings.

change in density over its height. Previous models on impaction and density show much
higher porosities. Lindquist et al. [28] and Mädler et al. [29] modelled ballistic deposi-
tion of equally sized spheres and calculated a porosity of 0.84. There are several notable
differences between their models and the deposition done here that can explain the
discrepancy with the results obtained here. They assume unagglomerated equal-sized
spheres without inter-particle interactions. This are logical simplifications to make the
modelling less computational intensive, but will give differences with reality. Lindquist
et al. identified three regions with different porosities in their films. [28] Region I (close
to the substrate) and III (the surface) are finite in size, but the middle region II keeps
growing as the layer thickens. With increasing film height, the porosity of region II will
start to dominate. The final reported porosity eventually approaches that of region II,
but they note that at the beginning of deposition, up to 50 particle radii, when most of
the film is in region I, the film approaches zero porosity.

For our films, this corresponds to 300-500 nm, higher than the peak in fig. 3.8. Hence,
if we apply Lindquist’s model to our process, the samples should have a porosity sig-
nificantly smaller than 84%, and that porosity should actually increase while the layer
grows. However, our experiment indicates that the layer density and therewith its poros-
ity is constant. We believe that the lacking match between the simulations cited and the
experiment originates from the fact that the process of impaction causes compaction of
the film. Intuitively, a constant porosity induced by impaction pressure is not surpris-
ing, because portions with a higher porosity are more fragile and are compacted more
strongly.

Additionally, if the impaction energy is high enough, the kinetic energy can heat and
deform the nanoparticle upon impact and induce sintering. [23, 30] The models do
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Figure 3.10: Tilted SEM images (at 5 kV) of a line (1 mm min−1., 1 mm nozzle distance, 5 mA generator current).
The top image shows a high degree of nanoparticle coalescence and a porous structure on the surface. The
bottom image shows a cross-section of a cleaved sample. The Si and SiO2 layers are marked and labelled. This
nanoparticle film shows a 150 nm thick uniform film consisting of a dense nanoparticle structure.

not include any compaction or deformation, but the pristine surface of spark ablation
generated Au nanoparticles make sintering likely upon impact. The surface atoms are
mobile and reactive due to the absence of any surfactants or contaminants to stabilize
them. The SEM images in Figure 3.10 support this. They show the nanoparticles have
extensively coalesced and formed a dense network of nearly indistinguishable primary
nanoparticles. The golden colour of the films, visible in Figure 3.8, also indicates that the
nanoparticles are fused together and optically act as bulk gold. Unsintered agglomerates
of 5 nm 20 nm Au nanoparticles would appear black. [25]

3.6. CONCLUSIONS AND OUTLOOK
The method described in this chapter enables an accurate measurement of the deposi-
tion rate of nanoporous thin films. It was found that the deposition rate scales linearly
with generation current in the spark ablation generator, as the theory described previ-
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ously. There is no deposition rate change at different heights, validating the method up
to 1.5 mm nozzle distance, but further distance are likely valid too, but not commonly
used. Furthermore, after extraction of the volume, the density was calculated and was
found to be 15.95 g cm−3, or Θp = 0.18, at all settings tested here. It is shown the films
have a constant porosity independent of film thickness.

The porosity is significantly lower than previous models predicted and we attribute
this discrepancy to compaction and sintering of the film during deposition. The simula-
tions do not include any restructuring of the film, but our results show that at supersonic
impaction, there is extensive restructuring. The fractal-like structures reported in those
models are not seen here, because they primarily form in softer depositions, i.e. at lower
impaction speeds.

The setup presented here uses cheap, off-the-shelf components that are readily avail-
able and straightforward to integrate in any impaction setup. Now that mass and density
of printed nanoporous Au films are measurable, this method can be validated and ap-
plied to different metals, oxides or ceramic nanoparticles. This data can then be used to
have more reproducible results or even in process control.

Further improvement of the method could be achieved by improving the sensitiv-
ity, potentially creating real-time rate monitoring. This can be achieved with optimized
code and a more sensitive QCM. Better integration into a deposition chamber can enable
process control during the printing of a sample. To achieve this, one needs a QCM that
can be coated by a parallel (set) of calibrated, low throughput nozzles in the deposition
chamber.
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4
PRINTED CONDUCTING

NANOPARTICLE FILMS

Measure what is measurable, and make measurable what is not so.

Galileo Galilei

Printed conducting films can be applied in several areas. In this chapter, several such ap-
plications are explored with a particular focus on the conductive properties of nanoporous
gold films. Spark ablation has an advantage in this field because of its flexibility in printed
materials and surfaces it can print on. This makes it a versatile method with good poten-
tial to be scaled up and used for printed electronics or additive manufacturing.

Section 4.3 has been published in H.J. van Ginkel et al. High step coverage interconnects by printed nanopar-
ticles, EMPC conference, 2021. [1] Section 4.4 has been published in X. Ji et al. Patterning of fine-features in
nanoporous films synthesized by spark ablation, IEEE NANO Conference, 2022. [2]
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4.1. INTRODUCTION

T HIS chapter first showcases the capability of the impaction printer to print lines of Au
nanoparticles and analyses their electric performance. It then follows with an appli-

cation of these lines as interconnection technology for packaging or vertical integration.
Lastly, it shows a method to further miniaturize the deposits when the eventual limit of
a printer is reached. Every printer has a resolution limit, so lithography is still the best
way to reach sub-micrometer dimensions.

PRINTED ELECTRONICS

Closely related to die attach materials is the printing of conducting lines. Here, nanopar-
ticles are deposited using a printing system to create conducting traces on printed circuit
boards, chips, or other (flexible) substrates to connect components. Printed electronics
is particularly interesting as an additive manufacturing technology to print circuits, an-
tennas, or interconnects on soft or flexible substrates, uneven or rough surfaces, or chip
packages. [3–6] Examples of such printed devices are shown in Figure 4.1. Addition-
ally, integration with 3D printing technology could enable electrical components in 3D
printed parts. [3, 7]

Figure 4.1: Printed structures made by spark ablation and impaction printing. A) Au lines printed on a pack-
aged chip. B) ’TU Delft’ printed on paper.

The most popular materials for printed electronics are the noble metals Cu, Ag, and
Au due to their high conductivity and low oxidation rate and carbon-based materials
like graphene or graphite. They are primarily applied in inks or pastes that protect them
from agglomerating and oxidation. A simple and old method to print large areas with
ink is screen printing, where you press a nanoparticle paste into a mould (screen) placed
on the substrate. This is then cured, and after the removal of the mould, the pattern
remains. This works well on flat surfaces and can coat large surfaces efficiently. The
drawback is the large feature size, but using a photoresist as a screen, one can improve
this.

Using nanoparticle inks makes this technology compatible with ink-jet printing, an
already mature technology. Ink-jet printing is cheap, scalable and precise but requires
careful formulation of the inks. Viscosity, drying rate, surfactant amount and other pa-
rameters need to be tailored for the ink to perform as desired. This limits what can be
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printed, but with the correct ink, printing is fast. A gas-based jet printing method has
the same capability as ink-jet printing but can print pure particles and will not wet the
surface.

4.2. PRINTED CONDUCTING FILMS

4.2.1. PRINTING GOLD
As one of the easiest metals to ablate and because it does not oxidize, gold is one of the
most popular metals to experiment with in spark ablation. It is also one of the most
conducting metals, only surpassed by copper and silver. All of this makes it a prime
subject to print conductive lines with. The only downside is its prize, but due to the
small masses needed in research, this is of no concern. For large scale production, it
is lucrative to develop Cu-based materials, which is cheaper and would perform better
(provided it does not oxidize significantly).

One parameter to include is the cross-sectional area of printed Au lines. Figure 4.2
shows the relation between the nozzle distance and the line shape. The lines all have a
Gaussian profile that grows wider but lower with increased nozzle distance due to the
conical shape of the jet. The cross-sectional area stays the same for all heights because
the mass deposition rate stays the same at these printing heights.

Figure 4.2: A) Overlay of optical (top) and SEM (bottom) micrographs of five printed Au lines printed with
different nozzle heights ranging from 1.0 mm (line 1) to 0.2 mm (line 5) with 0.2 mm increments. B) The height
profile of these five lines. Th profiles match a Gaussian fit and with increasing height, the width of the line
increases, but the height of the line decreases. Lines printed with 8 mA under 1 l min.−1 N2 flow using the 0.1 l
min.−1 nozzle and 1 mm min.−1 nozzle speed.

Table 4.1 shows the cross-sectional area and conductivity of eight lines with various
settings. A few trends can be observed from this data. Firstly, a higher printing speed
logically decreases the thickness of the line and its conductivity. Secondly, the nozzle
height has little effect on the line area, but as seen in Figure 4.2, it does change the shape.
Towards the edges of a line it gets so thin that at some point, the nanoparticles are less
connected with each other and the conductive path becomes longer until there is no per-
colating path. In other words, the edges have a higher resistance than the core of a line.
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Line with identical area can thus have different resistivities depending on their shape.
We can see this in line 6, which is less wide and has a much lower resistivity. Lastly, mak-
ing the lines thicker does not significantly affect the resistivity. This can be explained by
the reduced contribution of the film’s edges when printing thicker films. The resistivity
of the core starts to dominate, which, with the settings used here, is around 5.3×10−7Ω

m. Compared to the resistivity of bulk Au of 2.44×10−8Ωm, this is roughly 22 worse.

Line
Nozzle

distance
(mm)

Writing
speed

(mm s−1)

Line
stacks

Area
unannealed

(µ2)

Area
annealed

(µ2)

Area
change

ρ

unannealed
(Ωm)

ρ

annealed
(Ωm)

ρ

change

1 1 1 1 34.0 - - 5.3×10−7 ±5.4×10−8 - -
2 1 2 1 19.7 - - 1.1×10−6 ±2.0×10−7 - -
3 1 5 1 - - - - - -
4 1 1 1 33.7 32.7 −3% 5.8×10−7 ±6.8×10−8 5.5×10−7 ±1.7×10−7 −6%
5 1.5 1 1 32.7 34.5 5% 5.6×10−7 ±6.7×10−8 4.9×10−7 ±7.4×10−8 −13%
6 0.5 1 1 31.3 33.2 6% 4.8×10−7 ±2.8×10−8 3.7×10−7 ±3.0×10−8 −23%
7 1 1 2 54.7 46.9 −14% 5.2×10−7 ±6.6×10−8 2.1×10−7 ±2.2×10−8 −60%
8 1 2 4 55.1 43.4 −21% 5.1×10−7 ±4.0×10−8 2.0×10−7 ±2.0×10−8 −60%

Table 4.1: Results of 8 Au lines printed with varied nozzle heights, writing speeds, or with multiple lines stacked
on top of each other. Lines 4, 5, and 6 have been annealed at 100 °C for 1 minute, and lines 7 and 8 at 200 °C for
1 minute. Resistance was measured at 4 points on the line and averaged. Cross-sectional area was measured
at three points along the line and averaged. The profile of line 3 was too thin to be accurately measured with
the profilometer.

4.2.2. EFFECT OF ANNEALING
The samples made using this spark ablation setup have a porosity of 0.18, so the porosity
of the film has a disproportionately large effect on the resistance of the film. [8] Coun-
teracting this effect can be beneficial for many applications where higher conductivity
is required. This can be achieved by annealing to improve the interparticle contact or
even partial melting of the film. Lines 4 to 8 in table 4.1 have been annealed at 100 or
200 °C and show significant improvement in their conductivity. Lines 4, 5, and 6 were
annealed at 100 °C and show no significant change in their cross-sectional area, so they
have not melted. The reduction in resistance is entirely due to better interparticle con-
tact. Interestingly, both the closer and further nozzle distance show a better conductivity
change than the 1 mm nozzle distance line (line 4). For line 6, this is expected since its
smaller and higher profile should give a denser and better-connected nanoparticle net-
work when annealed. The wider line 5 should not exhibit this, but it can be speculated
that the edges are conducting better after annealing, so annealing might improve line 5
more than line 4.

100 °C annealing does not change the area significantly and SEM images support
this. There is no discernible difference in microstructure between image A and B in Fig-
ure 4.3. However, in Figure 4.3C, we can clearly see that annealing at 200 °C nearly fully
fuses the particles together. Annealing at 200 °C therefore changes the area significantly
due to partial melting or coalescence of the nanoparticles. This has a directly propor-
tional effect on the conductivity, but the conductivity change is higher with 60%, so the
interparticle connection is now drastically improved too. The conductivity of lines 7 and
8 are only eight times worse than bulk Au, comparable to lead. This comes at the cost
of the special properties of nanoporous materials, so annealing to this extent is only rec-
ommended when conductivity is the crucial property to maximize.
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Figure 4.3: SEM images of the lines 1 (A), 4 (B), and 7 (C) of table 4.1. We can see no clear difference between A
and B, but the nanoparticles in C have nearly fully coalesced.

4.3. INTERCONNECT PRINTING
Interconnects, the components that connects chips to their packaging or chips below
are an integral part of any semiconductor packaging process. Due to the increased ver-
satility in microelectronic materials and applications, there is a need for interconnection
technologies in niche applications. Flexible electronics, harsh environment electronics
and bioelectronics provide unique interconnection challenges.

The most common interconncet technology is wire-bonding. This process uses a
wire to connect the top of the chip to its surrounding. Wire-bonding requires tempera-
tures above 150 °C or ultrasonic power to create a good weld on the bond pad. Flexible
materials (often polymer or paper based) do not survive such temperatures and are too
soft for ultrasonic pressure. [9–11] Alternative, more gentle methods are required to work
with such materials. Spark ablation with impaction printing is one potential candidate.
Here, we show the successful deposition of a conducting line on the side of a chip con-
necting it to the material it is bonded to.

4.3.1. MATERIALS AND FABRICATION

SUBSTRATE PREPARATION

To fabricate the stacked samples, Si wafers were insulated with 300 nm SiO2 by thermal
oxidation. After lithography, a 10/100 nm Cr/Au layer was deposited, and lift-off was
performed to finish the patterning. The wafers were then diced in 10×10 or 20×20 mm
dies and cleaned with acetone, isopropanol, and demineralised water.

The interconnection process is demonstrated on two substrates: polished Si wafer
dies and paper (PowerCoat HD, Arjowiggins Creative Paper. The 10 mm dies were ther-
mocompressively fabricated dies were bonded on the 20 mm pieces using SU-8 bonding
polymer. [12] They were cured at 120 °C and 1 kN for 2 hours. These samples will be
referred to as silicon-on-silicon (SoS) samples. For the silicon-on-paper (SoP) samples,
the 10 mm dies were bonded to 15×15 mm pieces of paper using cyanoacrylate adhe-
sive (3M). No additional curing was required for this adhesive. The resulting structure are
shown in Figure 4.4 Both top substrates have identical structures to connect two sides of
the die. This simplifies probing during conductivity measurements.

Au NPs were generated at 8 mA and 1 kV under N2 atmosphere and printed using the
0.1 L min.−1 nozzle. The samples were placed at a constant 0.5 to 2.0 mm distance to the
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Figure 4.4: Photographs of the substrates. A) Silicon on silicon with a few printed lines on the top edge. B):
Silicon on paper sample taped to a 20×20 mm silicon die for easier handling.

nozzle at a 20° or 45° angle to print all sides in one deposition. This is shown in Figure
4.5, the nozzle adjusts for the change in height to ensure nozzle-to-substrate distance is
constant. Writing speed was 1 mm min.−1.

Figure 4.5: Schematic of printing at a 45° angle.

4.3.2. RESULTS

STRUCTURE AND MORPHOLOGY

Figure 4.6 shows the final products with printed conducting lines on some pads. The
lines show good surface conformity and most notably, are continuous at the die edge, a
90° corner, as best visible in the SEM images of Figure 4.7B and C. The film is sensitive
to the surface morphology and features caused by the dicing are visible in the film. The
dicing grooves left by the blade on the side of the top die create a tilted layered pattern
in the nanoparticle film. Figure 4.7A also shows an excess of SU-8, which resulted in a
curved surface at the gap between the two dies. This creates a smoother path for the film,
which helps the film’s continuity. The microstructure of the printed films is identical to
the ones shown in chapter 3 and can be expected to have similar density. Although this
was not verified for this process, the generation and deposition conditions are almost
identical.

The SoP samples showed similar conformity and structures as the SoS samples, with
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Figure 4.6: Photographs of SoS (A) and SoP (B) samples with printed Au deposits circled in red.

Figure 4.7: SEM images of SoS samples taken at a 25° angle, fabricated with a 20° tilt. A) A SoS interconnect
line. B) Close-up of the top die edge showing the dicing grooves. The white line marks the exact location of
the edge. C) Close-up of the die edge to the Su-8 transition area. D) Top view of the Au nanoparticle film on Si
showing a dense surface.
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logically identical morphology at the top die edge, as visible in Figure 4.8A and B. The
conformity of the nanoparticle film is so high that, as seen in Figure 4.8D, it coats the
fibres of the paper uniformly. This ensures a continuous and conducting film on the
paper.

Figure 4.8: SEM images of SoP interconnects taken at a 25° angle fabricated with a 20° tilt. A) A SoP interconnect
line. B) Close-up of the top die edge showing the dicing grooves. The white line marks the exact location of
the edge. C) Close-up of the glue to the paper transition area. D) A section of the paper showing the high
nanoparticle film conformity on the fibers.

CONDUCTIVITY

The lowest resistance was found on SoS samples with a 0.5 mm printing distance and
a 20° sample tilt, with a resistance of 2.97±0.72 Ω. With a mean cross-sectional area of
168µm, this gives a resistivity of 8.3×10−5, so 34 times worse than bulk Au. Compared
to the lines printed in section 4.2, this is a nearly 50% degradation in the performance,
which must be attributed to the tilted samples. In almost every aspect, the Au nanopar-
ticle lines in this experiment are synthesized identically as the lines described earlier in
this chapter. As established in chapter 3, the porosity of these lines should thus be sim-
ilar too. Due to this, we expect similar conductive behaviour and resistivity inside the
film. Printing at an angle should not change the microstructure of the film significantly
since compaction is too high for Au under these conditions (see chapter 3). Still, at the
sharp corners of the die, the slope changes direction with respect to the printing direc-
tion. This could affect the conductivity of the film around the corners. Additionally, the
side of the die shows grooves left by the dicing, which could create bottlenecks in the
conductive path, reducing the effective conducting cross-sectional area on the die egde.

Broken devices show either an open connection when measured at a single electrode
or IV behaviour typical for varistors. This is due to the two opposing Au-Si Schottky
diodes that form on the side of the die, as illustrated in Figure 4.9. If a crack forms in
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the Au film, the conductive path goes through the silicon, giving a similar response as
probing neighbouring electrodes. Despite the high resistance of these Au-Si contacts, all
lines on the side of a die are connected through the silicon.

Figure 4.9: IV-curves and diagram of the conductive path across the interconnect for different probing points.
A working interconnect shows Ohmic behaviour when probed at the bottom and top line (left two images).
Measuring two neighbouring lines gives varistor behaviour due to the Si-Au contacts at the die edge. Although
the resistance of these contacts is high, it shorts all contacts on the die edge.

For SoP samples, it was challenging to reliably measure the resistance because prob-
ing directly on the NP line on the paper gives unreliable contact. However, repeated
measurements on various lines have given a range of 250 to 750Ω, two orders of magni-
tude worse than the SoS samples. One factor is that there are no probe pads on the paper,
necessitating probing the line directly, which damages it. Secondly, due to the high con-
formity to the nanoparticle film in combination with the fibrous structure of the film,
the conductive path across the paper is significantly longer than on the flat silicon.

FAILURE MODES

SoS interconnects could be reliably manufactured, with a 82% of the 18 fabricated tracks
showing good Ohmic behaviour. This is due to the reliable connection to the Au tracks on
the die and rigid, flat surface. The main cause of failure was therefore caused by cracking
in the SU-8 film or at the transition between the polymer-Si interface, as shown in Figure
4.10A and B. This can be improved with a better bonding process.

For SoP, the adhesive also proved to be a source of failure by, besides the aforemen-
tioned failure modes, causing cracking of the silicon of the top die. The cyanoacrylate
adhesion to the silicon is so strong that when it shrinks during curing, it causes high
enough stress to crack the silicon that no printed interconnect could bridge. Off all SoP
interconnects, only 20% showing good Ohmic behaviour.
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Figure 4.10: SEM images of three failure modes. A) Cracking in the SU-8 adhesive polymer propagating through
the Np film. B) Crack at the polymer-to-Si interface. C) Cracking of the Si due to stress caused by the cyanoacry-
late adhesive.

DISCUSSION

Impaction printing of spark ablation nanoparticles is a feasible alternative to wirebond-
ing for connecting a die to a package or die below it. The major difficulty for this technol-
ogy at the moment appears to be a reliable connection at the Si-Si or Si-paper interface.
At that 90° corner, the bonding adhesive needs to fill the gap between the two substrates
and preferably create a rounded corner. More controlled adhesive application and cur-
ing is the straightforward solution to solve this.

A second issue is that conducting substrates can short two printed interconnects due
to the absence of an insulating layer. One proposed solution is to coat the edges after dic-
ing with an insulating material. This might be an oxide, but a polymer such as parylene
would work too. To characterize the electrical performance without any influence of
the substrate, future work should use non-conducting substrates like glass or sapphire.
Additionally, patterning contact pads on the SoP samples could improve the resistance
measurement quality on the paper samples.

The line width is variable by changing the nozzle distance and nozzle diameter. With
the available setup it is currently not possible to go below 100 µm in width, but this is
possible with further development. Tilting the nozzle to allow printing at a constant an-
gle (i.e. 0°) relative to the sample surface can improve the coverage of the surface and
create more homogenous printing on an edge. This would require extensive upgrades to
this setup, but such technology is already applied in conventional 3D printing or robotic
coating technology. Our setup is a prototype and although fully functional, improve-
ments on the printing accuracy and reproducibility will improve yield. Newer versions of
this nanomaterial printer already have significantly higher accuracy and printing speed.

CONCLUSION

A novel process is demonstrated to complement wire-bonding or VIAs on a wide range
of substrates. The process is entirely at room temperature, making it especially suitable
for temperature-sensitive and soft substrates. Its high conformity and substrate flexi-
bility allow for application on rough or uneven surfaces. The resistance is not yet high
enough for high-fidelity signal transport, but by printing on insulated surfaces or by a
short anneal of the nanoparticle film, this can be improved.
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4.4. PATTERNING PRINTED FILMS
The application of nanostructured films using deposition methods such as ink-jet print-
ing or aerosol jet printing is cheap and versatile. However, due to fluid dynamics, aero-
dynamics and printing technology limits, the resolution that such methods can reach
is limited. Patterning methods are therefore needed to scale down devices made with
nanoporous deposits. Lift-off is a tested method in microfabrication and is a cheap and
reliable method to pattern thin films. [13, 14] It works by first patterning a photoresist,
then coating the wafer with a film, and finally dissolving the resist, as shown in Figure
4.11. The resolution limit of this method can theoretically the limit of the lithography
process, thus making it suitable to scale down nanoporous deposits too. Although lift-
off has been applied to nanoporous films, the reliability and reproducibility are still poor.
[15]

Figure 4.11: Diagram showing the lift-off process. A) Photoresist application; B) Patterning using lithography;
C) Nanoparticle film deposition; D) Lift-off of the photoresist.

In these experiments, Au and ZnO nanoparticle deposits made by spark ablation
were patterned using lift-off. The lithographically defined patterns were tested down
to 0.5 µm resolution. The effect of the process on the film was analysed and the conduc-
tivity of a patterned structure was measured.

4.4.1. MATERIALS AND METHOD
The experiments were done using silicon wafers with a 190 nm SiO2 layer. A 25 nm Ti
film was sputtered on this for adhesion. After oxidation in air, this layer oxidizes to
TiO2. 8.5 µm AZ 12XT-20PL photoresist was spin-coated on the wafer and patterned.
The nanoparticles were generated using 99.999% Au electrodes or using 99.95% Zn with
0.05% Al. Zn nanoparticles will oxidize quickly, making the final product ZnO. [16] Al
doping was used to increase the conductivity of the ZnO film. G1 settings were 1 kV and
8 mA or 4 mA for the Au and Zn electrodes, respectively. The deposition was done using
the largest (0.99 L min.−1) at our disposal at 1 mm nozzle distance with 1 mm per minute
writing speed. Parallel lines were printed with 0.1 mm spacing between them to create
rectangular deposits with a relatively uniform height profile. Finally, the lift-off proce-
dure was performed by dissolving the photoresist in n-methyl-2-pyrrolidone (NMP) in
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an ultrasonic bath for 30 seconds. The wafers were then rinsed in a demi water bath for
several minutes and left to dry in air.

4.4.2. RESULTS

RESOLUTION

After lift-off, no photoresist residue can be seen on the wafer. The figures 4.12 and 4.13
show the patterns before (left side) and after (right side) lift-off. A and B in both figures
are resolution checking patterns with decreasing widths and spacing. The gold patterns
in Figure 4.12B have fraying around the edges caused by deposition on the side of the
photoresist. This phenomenon is called fencing and is problematic because these thin
frays frequently bridge the gap between the rectangles. Fencing is not clearly visible in
the ZnO patterns, but on closer inspection, the edges show inward curves. The ZnO is
considerably thicker than the Au, so the frays are much shorter.

Figure 4.12: SEM images of various Au structures before (left) and after lift-off (right). A and B show resolution
check patterns, while D to F show Van der Pauw structures used to measure electrical conductivity.
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Figure 4.13: SEM images of various ZnO structures before (left) and after lif-off (right). A and B show resolution
check patterns, while D to F show Van der Pauw structures used to measure electrical conductivity.

Figure 4.14: SEM images of resolution check patterns showing the minimal achieved resolution after lift-off. A)
shows Au patterns, B) shown ZnO
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If we zoom in on the resolution check patterns (Figure 4.14), we see that although
the gaps are largely covered by the frays that fell over, the smallest features are actually
well-defined. The minimal feature size we can identify in the Au patterns is around 1.2
µm and in the ZnO even slightly smaller, at 0.5 µm. It must be noted that the 1.2 and 1.6
µm in these two samples are actually the same feature on the mask, which was drawn to
be 1.0 µm wide.

The top strip in this Au sample has washed away due to the poor adhesion of such
a thin structure. Thus, The pattern is wider than drawn, which we attribute to fencing
obscuring the real edges.

The profile of the Van der Pauw (VDP) structures to measure the conductivity is rel-
atively flat with the exception of large clusters that decorate the surface (see Figure 4.15.
These clusters are a byproduct of long depositions and can be minimized by frequent
cleaning of the tubing and nozzle or high-speed printing with many repetitions. These
clusters are more noticeable in the Au sample since it is much thinner than the ZnO one.
The thicker ZnO film is a result of the much higher ablation rate of Zn. The edges of
the devices are sharp and straight which is useful for high aspect-ratio structures and
achieving high patterning accuracy. We attribute the sharp edges of the resulting struc-
tures to a special feature of the impaction printing process applied. As previously shown,
impaction printing leads to preferred particle sintering in the vertical direction. [17]

Figure 4.15: Cross section height profile of an Au (A) and of a ZnO (B) VDP structure. The data is the average of
100 line profiles in the red area of the micrographs (measured with a Keyence VKX 250 optical profilometer).

EFFECTS ON THE FILM

In order for these films to be applied in the same manner as the freshly printed films, it is
crucial their nanostructure and purity is preserved. First, the effect of the lift-off process
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Before (µm2) After (µm2)
Au 943±22 922±35

ZnO 404±31 389±31

Table 4.2: Mean cross-sectional area of Au and ZnO lines measured three times on three locations before and
after lift-off (measured using a Bruker Dektak 150).

on the cross-sectional area was quantified on printed lines that were not patterned. Ta-
ble 4.2 shows the cross-section before and after the lift-off process described before. For
both Au and Zno lines, the change is minimal: −4% and −2% changes, respectively. This
is within the standard deviations of both before and after measurements, so we conclude
that the process has no measurable effect on the film cross-sectional area. SEM inspec-
tion supports this. Figure 4.16 shows the microstructure of ZnO and Au films before and
after lift-off, with no noticeable changes in the structure. The rough, microporous struc-
ture of printed nanoparticle films is still intact.

Figure 4.16: SEM images of the microstructure of Au (A and B) and ZnO (C and D) before and after lift-off.
Changing due to the bad conductivity of ZnO distorts image C.

CONDUCTIVITY

Lastly, the electrical performance of these films was measured to show the ability to pat-
tern conducting films without performance loss. Since there was no annealing step in
this process, the ZnO samples were hardly conducting and the results are not been in-
cluded here. By applying equation 4.1 to calculate the resistivity of VDP structures with
this geometry and filling in thickness t = 1.24µm, we can directly measure the resistivity.
Using the four-point-probe technique as shown in Figure 4.17, the resistivity was found
to be 2.07×10−5 Ω cm−1. This is 8.5 times as high as bulk Au (2.44×10−6 Ω cm−1, and



4

64 4. PRINTED CONDUCTING NANOPARTICLE FILMS

not far above that of annealed printed lines (see section 4.2). The similarity to annealed
films suggests that the particles have now better electrical contact caused by the lift-off
step even though the samples were not heated. The ultrasonic energy might have an-
nealed the samples, but we must also note that these patterns have a high aspect ratio.
This means that there are no poorly conducting edges, like the samples in section 4.2, so
these patterned samples should already perform better than those.

ρ = 4.532 · t ·RA[18] (4.1)

Figure 4.17: Probing setup and corresponding IV curve on the Au VDP structure in Figure 4.15A

CONCLUSIONS

The fabricated nanoporous films were patterned using a conventional lift-off process
and a minimal feature size of 1.2 µm was achieved; the effective minimal resolution of
the lithography system in this laboratory. The influence of the wet lift-off process on
microstructure and thickness was found to be insignificant. Furthermore, the resistiv-
ity of the resulting Au nanoporous film was higher than freshly printed features, so mild
annealing of the nanoporous film might have occured. Due to the compatibility with
modern microfabrication processes, this process provides a solution for the mass pro-
duction of highly miniaturized nanoporous film-based devices from various materials.
It enables the application of these films in integrated devices by creating a large surface-
to-volume ratio in a small area.

4.5. SUMMARY
This chapter has shown the applicability of spark ablation generated printed nanopar-
ticle films as a feasible material for printed electronics. In its simplest form, it makes
conductive paths that are 22 times less conducting than bulk Au, but after annealing,
this can be reduced to 8 times lower. This technology can be employed as an additive
manufacturing technique to print conducting lines on a wide range of materials, such
as chip packaging, paper, polymers, silicon, and metals. One potential application is
printing interconnects on either very hard materials (alternative to TSVs in SiC) or as an
alternative to wire bonds on soft materials like paper. This is demonstrated to work on
Si samples bonded to silicon or paper and with some optimisation, it could be a good al-
ternative to both TSVs or wirebonds. Lastly, to be better integrated in microfabrication,
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better miniaturization is required for these nanoporous films. This was achieved for Au
films using a conventional lift-off process which successfully patterned the films to the
resolution limit of the lithography tool in our lab. Spark ablation provides a flexible, pre-
cise, and back-end compatible methods to apply conducting films on a wide range of
substrates and geometries. It can make an excellent additive manufacturing technology
to print circuits or interconnects on substrates or places that would otherwise be chal-
lenging to fabricate.

4.6. FUTURE PROSPECTS
Despite the successful proof of concept of the feasibility of printing conducting lines pre-
sented in this chapter, there is still room for improvement. First and foremost is the move
from Au to Ag or even Cu. These materials are cheaper and perform better than gold as
electrical conductors but oxidize. Development of a low-oxidation process could fur-
thermore enable more conducting metals or alloys if contamination or other limitations
or specifications require it. Secondly, Au is an excellent model material to work with,
but can still be much improved. To create a higher conductivity, annealing is necessary,
but a "hot deposition" method, where the substrate is heated during deposition, would
anneal the nanoparticles during deposition, creating the densest possible film and the
highest conductivity, perhaps even at a lower process temperature.

Another interesting avenue to explore is the mechanical properties of these nano-
porous films. Their adhesion strength to the substrate and the brittleness of the film
itself are valuable properties to quantify to be able to design more complex structures
and do more advanced processing on these films without damaging them.

Improvement of the printing equipment would improve the accuracy, speed, and
resolution of the patterning process, but parallel processing lines will be required for
the mass production of printed electronics using this process. A writing speed of 2 mm
min.−1 already halves the conductivity, so this process can only write at roughly 1 mm
min.−1; much too low for mass production. Higher aerosol loading can improve the
printing mass output and more powerful generators are being developed to achieve this.
[17] However, parallel nozzles must still be used to achieve a meters-per-minute printing
speed. Lastly, the mass deposition rate of the equipment varies based on the electrode
orientation and alignment and other parameters. This makes the output too inconsis-
tent for reliable production. Integrated mass deposition rate sensors such as the one
presented in chapter 3 are a solution to adjust the process parameters for a constant
mass output. Still, a better understanding of the spark ablation process is required to
improve the process stability.
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5
THERMOELECTRIC

NANOPARTICLES

Economic and technical imperatives - not any preconceived directives - will keep
propelling the process of energy transition.

Vaclav Smil

Reducing the thermal conductivity of thermoelectric materials has been a field of intense
research to improve the efficiency of thermoelectric devices. One approach is to create a
nanostructured thermoelectric material that has a low thermal conductivity due to its
high number of grain boundaries or voids, which scatter phonons. Here, we present a
new method based on spark ablation nanoparticle generation to create nanostructured
thermoelectric materials, demonstrated using Bi2Te3. The lowest achieved thermal con-
ductivity was <0.1 W m−1 K−1 at room temperature with a mean nanoparticle size of 8±2
nm and a porosity of 44%. This is comparable to the best published nanostructured Bi2Te3

films. Oxidation is also shown to be a major issue for nanoporous materials such as the
one here, illustrating the importance of immediate, air-tight packaging of such materials
after synthesis and deposition.

Parts of this chapter have been published in: H.J. van Ginkel et al., Nanostructured thermoelectric films synthe-
sised by spark ablation and their oxidation behaviour, MDPI Nanomaterials, 2023 [1]
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5.1. INTRODUCTION TO THERMOELECTRIC MATERIALS

T HERMOELECTRIC (TE) materials are materials that produce a potential difference
when exposed to a temperature gradient or vice versa. This property can be ex-

ploited using a p- and an n-type TE material in a Peltier or a Seebeck module, as drawn
in 5.1. Peltier modules apply a potential difference over the TE material to force a heat
flow against the temperature gradient, cooling one side and heating the other. Such ac-
tive cooling can be applied in refrigeration or active cooling of hot surfaces. [2] Seebeck
modules use the temperature difference to generate a potential difference, which results
in a current. [3–5, 5, 6]

Figure 5.1: Drawing of a Seebeck module, or thermoelectric generator. In this configuration, the temperature
difference across the p- and n-type semiconductors create a potential difference that can be connected to a
load, here an LED. For a p-type material, the charge gradient is opposite to the n-type with respect to the heat
gradient. Placing them electrically in series thus increases the voltage output.

Such modules can recover and convert waste heat generated by hot surfaces or elec-
tronic components into electrical energy, potentially boosting the efficiency of LEDs and
other microelectronic devices. They could also be used as miniature power generators,
called thermoelectric generators (TEGs), harvesting heat from the environment to power
small devices such as pacemakers or wearable electronics. [5, 7] Since TE materials are
semiconductors and TE devices have no moving parts, they have straightforward inte-
gration in IC or MEMS devices. TEGs could replace batteries, especially in applications
where regular battery replacement is unwanted and the power requirements are low.
Devices can thus be ’made to forget’. Examples are sensors or controllers for internet-
of-things or environmental monitoring. [3, 7, 8] On the other end, TE-based solid-state
cooling would be highly useful in cryo-TEM or quantum computing electronics. [9]

Unfortunately, due to the low efficiency of TE materials, large-scale application is
economically not yet feasible unless costs also drastically decrease. [3, 7, 10–15] The
exception is in such niche applications where efficiency is not the major concern (i.e.
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space exploration). TEGs have been used for decades by NASA and other space agencies
and likely will be for the foreseeable future. [16]

5.1.1. HOW TO IMPROVE THERMOELECTRIC MATERIALS
As mentioned, conversion efficiencies of TE materials are still low, at only a few percent
of efficiency. [3, 7, 10–15, 17] To improve energy conversion efficiency, a few properties
need to be optimized, which is expressed in a dimensionless figure of merit (FoM):

Z T = S2σT

κe +κl
(5.1)

Here, S is the Seebeck coefficient in V K−1, σ is the electrical conductivity in S m−1, T
the operating temperature in K, and κe and κl the electrical and lattice contributions of
the thermal conductivity in W m−1 K−1. S2σ is known as the power factor (PF) and is an
expression of the power generation performance of the material. Since all parameters
are material dependent (except the operating temperature T), it is possible to optimize
the material properties. Evidently, the ideal TE material has high electrical conductiv-
ity, a high Seebeck coefficient, and virtually no thermal conductivity. This concept is
known as the phonon glass, electron crystal (PGEC) approach and was first described by
Slack. [18] Although this ideal material is highly sought after, it has never been actually
made. The central problem for TE material optimisation is that S,σ, and κ all depend on
material properties such as carrier mobility, carrier concentration, and crystal structure.
[6, 13, 19–21] Optimizing for one parameter will change the performance of another and
can result in little to no improvement or even reduction of ZT. This trade-off is the cause
of the slow progress in TE materials research over the last decades. Even today, decou-
pling these parameters is the main challenge in designing new TE materials.

When trying to improve ZT, one approach can be to improve the PF. Both the ther-
mopower and the conductivity depend on the charge carrier count, n, and their mobility
µ. These are intrinsic properties of the material and adjusting them requires great con-
trol over the band structure, crystal lattice, and composition. The primary method of
improving these parameters is doping, and indeed many of the best TE materials are
heavily doped to maximize the PF. [17]

Figure 5.2: Diagram showing the effect of phonon scattering at different size domains. A combination of all
domain increases the ZT of SrTe to 2.2. From Biswas et al. 2012. [22]
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This brings us to the second way to improve a thermoelectric material, which is to
reduce the lattice thermal conductivity, κL . Although the thermal conductivity depends
also on the electrical thermal conductivity, κe , this conductivity is hard to change. κe

correlates strongly with the electrical conductivity and is hard to tune independently.
Consequently, reducing thermal conductivity comes down to minimizing κL . Contrary
to the other parameters in the FoM, this property can be adjusted without changing the
material’s intrinsic properties, but by changing its nano- or microstructure.

Heat travels through a crystal lattice as a vibration, called a phonon. These vibra-
tions can be scattered to varying degrees by imperfections in the crystal lattice such as
vacancies, dopant atoms, grain boundaries, and voids, depending on the phonon mean
free path. [17, 22–26] Figure 5.2 shows several ways phonons are scattered at different
size domains. [22] A material that can scatter phonons effectively in all size domains has
the lowest κL . However, grain boundaries and voids also scatter electrons, making it a
difficult trade-off. If done well, the electrical conductivity is minimally affected while re-
ducing the thermal conductivity, creating a PGEC. Creating nanostructured materials is
a way to introduce such scattering grain boundaries and many synthesis and methods
have been developed to create nanostructured TE materials. [23, 25, 27–34]

SPARK ABLATION FOR NANOSTRUCTURING

Spark ablation can create nanoparticles from any conducting bulk material. We can ex-
pect that the nanoporous films this technique can create should be excellent thermal
insulators, but we have seen that they are worse conductors than the bulk material (see
chapter 4). However, it is worthwhile to investigate to what extent we can reduce the
thermal conductivity with this nanostructuring method and see if we can improve the
trade-off between electrical and thermal conductivity. The benefit of this technology is
that it can take an existing TE material and nanostructure it without any change in com-
position while simultaneously allowing deposition on many types of surfaces.

This chapter introduces a spark ablation as a method to nanostructure TE materials,
demonstrated with undoped Bi2Te3. A first attempt to synthesize a TE film using spark
ablation is presented here, without any optimization of the material, to demonstrate the
feasibility of this technology. The performance is discussed and recommendations on
how to improve the process and material are made.

5.2. EXPERIMENTAL

5.2.1. NANOPARTICLE GENERATION AND DEPOSITION
The spark ablation generator was used with a pair of 99.999% Bi2Te3 electrodes supplied
by VSPARTICLE B.V. The ablation settings were 1 kV and 3 mA with 1.5 l min−1 of Ar with
2% H2 as carrier gas. The addition of hydrogen to the carrier gas is known to suppress ox-
idation of the metallic nanoparticles, which under normal circumstances oxidize rapidly
due to their clean and unprotected surface. [35, 36] The impactor operated at 0.5 mbar
with a nozzle throughput of 0.33 l min−1. Printing settings were unless specified differ-
ently, 1 mm per minute with a 1 mm nozzle distance.
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5.2.2. STRUCTURE CHARACTERISATION
A Bruker D8 Discover diffractometer was used for XRD measurements. Samples were
prepared on a Si(100) die. An XL30 SFEG SEM from Thermo Fisher Scientific was used for
SEM at 10 kV. TEM images for the size distribution were made with a JEOL 1400, operated
at a 120 kV acceleration voltage. For HR-TEM, a FEI cubed Cs corrected Titan TEM was
used, operated at 300 kV. The nanoparticles were deposited with a writing speed of 200
mm min−1 to create a film of less than a full monolayer in thickness on Si grids with
50 nm AlOx membranes made in-house. Regular grids of carbon membrane on a Cu
mesh would be destroyed by the force of the deposition jet and could not be used. AlOx

membranes are much stronger, but their transparency is not as uniform as a carbon film
due to large crystal grains in the AlOx layers. This made particle size analysis difficult to
automate, so particles were measured manually in ImageJ. The porosity was determined
using the method described in chapter 3. [37]

5.2.3. THERMOELECTRIC CHARACTERISATION
After the initial synthesis and material analysis, its performance as a TE material had to
be tested. First, the Seebeck coefficient was measured using a home-built setup shown
in Figure 5.3. The film was printed on a 20 by 5 mm strip of silicon wafer with 100 nm
thermally grown SiO2 and four 10/100 nm Cr/Au electrodes for electrical contact.

Figure 5.3: Top: schematic drawing of the Seebeck effect measurement setup. The device is placed on two
Peltier elements to create a temperature gradient over the device. The voltage and temperature are read si-
multaneously using type K thermocouples at both ends of the device and the setup contribution is subtracted
from the acquired voltage. The thermocouples, made of chromel (C) and alumel (A), are used with a liquid
nitrogen bath as the reference temperature. Bottom: picture of a device placed on the Peltier elements with
the thermocouples (not in contact). The black strip is the Bi2Te3 film deposited on Au contacts.

Electrical conductivity was measured in situ using 4-point-probe chips wirebonded
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to a DIL package, which was mounted on a PCB inside the printing chamber. The PCB
was connected to a Keithley 2450 sourcemeter and set at a constant value of 10 mA dur-
ing readout. During deposition, the nozzle moved over the four electrodes, while the
sourcemeter read the resistance, creating a conducting line. For the long-term degrada-
tion study, measurements were performed on a Cascade Microtech microprobestation
at ambient conditions.

The thermal conductivity of the films was investigated using time-domain thermore-
flectance (TDTR) with the Netzsch PicoTR instrument. The measurement parameters of
the pump–probe technique can be found in. [2] The samples were measured by using
the principle of the bidirectional heat flow approach. [38, 39] For doing so, the films of
interest with a thickness of >15 µm were deposited on 1 mm-thick quartz with a 100 nm
Al layer on top. Both lasers were focused at the interface between Al and glass, as they
pass through the glass substrate according to their wavelengths of 775 nm (probe) and
1550 nm (pump). The Al layer acted here as a reflection layer for the probing and an ab-
sorption layer to guarantee uniform heating. The properties of the Bi2Te3 were deduced
from the cooling curve. Therefore, an analytical model of the cooling was set up that
included two heat flows. The first was the interface conductance between Al and glass,
as well as through the glass substrate. The second one was the heat flow through the Al
layer, the interface conductance between Al and through the Bi2Te3, and the Bi2Te3 layer.
For the analysis of the film, its density of 3.4 kg m−3 and its specific heat of 127 J mol−1

K−1 served as input parameters for the evaluation. Furthermore, the thermal conductiv-
ity values of the Al layer, the glass substrate, and the interface conductance between Al
and glass were obtained by performing TDTR measurements on the sample without the
Bi2Te3 films. Because of logistical difficulty in shipping the samples for TDTR measure-
ment, it was not possible to measure the thermal conductivity earlier than presented.
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5.3. RESULTS AND DISCUSSION

5.3.1. NANOSTRUCTURE AND COMPOSITION

Figure 5.4: XRD spectrum showing a Bi2Te3 sample as freshly deposited (red), after one week (green), and after
a month (blue).

Figure 5.4 shows that the deposited material was pure polycrystalline Bi2Te3; no other
phases were detectable. The grain size could be extracted from an XRD spectrum with
the Scherrer equation, which was applied to the highest peak. The full calculation and
results are enclosed in appendix C. The fresh sample had an approximate grain size of
5.1 nm, while the week-old and month-old samples were slightly larger, at 5.3 and 5.5
nm. An increase that small can be attributed to measurement error, such as a slightly
different measurement location or orientation of the sample. It can therefore be con-
cluded there was no significant change in the Bi2Te3 grain size over time. Although it is
not accurate to attribute all peak widening to grain size and the calculation assumes per-
fectly spherical particles, we can confidently say that the grain size was approximately 5
to 6 nm and that there were no large particles in the samples. [40] The existence of a
crystalline Bi2Te3 phase even after 1 month shows that the samples did not degrade sig-
nificantly within this timespan.

TEM images, such as the ones in Figure 5.5, showed agglomerated nanoparticles with
extensive neck formation or even fusion of particles. The images indicate that the surface
of the nanoparticles consisted of highly mobile atoms that fused easily. The size distri-
bution in figure 5.6 shows a log-normal distribution as typically found in spark ablation
generation. [40, 41] The mean particle size of 8±2 nm was slightly larger than the mean
found by XRD. Two effects can contribute to this: a non-crystalline Bi2Te3 outer layer or
an amorphous oxide shell. In both cases, XRD would only work on the crystalline core,
ignoring the outer layer.

A side view of a printed film, as shown in Figure 5.7a, shows a porous but continu-
ous film similar to compacted powders. The film is 2.1 µm thick and has a high surface
roughness, visible in Figure 5.7b.
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Figure 5.5: A) TEM images of Bi2Te3 nanoparticles. B) HR-TEM image. We can observe extensive agglomer-
ation and neck formation between particles in an agglomerate. The background is blurry because the mem-
branes have non-uniform transparency due to processing imperfections during production and crystallinity
of the AlOx substrate. Printing speed was 200 mm min.−1. All other settings are as mentioned before.

Figure 5.6: Size distribution of the diameter of 116 nanoparticles measured by hand on 4 TEM images. Auto-
mated measurements were not possible due to the blurry background. The mean particle size is 8±2 nm.

Figure 5.7: A) Side view of a cleaved deposit with the SiO2 layer visible between the Si and Bi2Te3. The printed
line is 2.1 µm thick. B) Top view of the same sample showing a rough surface.
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Figure 5.8: A) Mass change over time during deposition as recorded by a QCM. The first step results from the
force exerted by the nozzle on the QCM. The decaying mass deposition rate is caused by the printing pattern
and non-uniform response of the QCM. Once printing is finished, a step down happens when the nozzle leaves
the printing area. The final deposited mass is 18.60 µg. B) Mass change of the same sample after deposition.
Initially, the Ar/H2 gas flow was still on with the nozzle next to the QCM. Gas flow was closed off to see the
effect of the deposition chamber in an "idle" state.

The mass deposition process can be seen in Figure 5.8A and shows a similar charac-
teristic apparent mass deposition rate as described in Van Ginkel et al. [37] This was due
to the decreasing mass sensitivity near the edges of the electrode, resulting in a lower
response of the QCM for the same deposition rate. Therefore, the beginning and end
points were the only relevant points to determine the total mass change during deposi-
tion accurately. As seen in Figure 5.8B, after reaching a mass of 18.60µg, the deposit mass
rapidly increases and stabilizes under the protective Ar/H2 atmosphere at around 19.25
µg. When the gas flow is stopped, the chamber is pumped down, and leaked-in oxygen
can react with the deposit, rapidly increasing the reaction rate. However, since the mass
increases immediately after deposition, we must conclude that even the 99.999% pure
Ar/H2 gas contains enough impurities to begin oxidation and thus, oxidation must have
started during deposition.

The experiment was stopped at 20.45 µg, a total mass increase of 9.9%. Total oxi-
dation of the sample, consisting of pure Bi2O3 and TeO2, would increase the mass by
18%: from 800.74 u to 944.76 u. [42, 43] Bando et al. (2000) also found that even after
long term exposure to air at room temperature, the oxide layer does not exceed 2 nm
even after 5700 hours. [43, 44] In contrast to their experiment on a solid monocrystalline
Bi2Te3, the nanoparticles here were in contact with oxygen residuals in all directions. Yet,
the oxidation reaction appeared to still be slow. Oxidation was not finished, but all mass
increase could not solely be attributed to oxidation, particularly after closing the clean
gas flow over the sample. Water or organic compounds in the air could have adsorbed
on the surface, which, due to the high surface area of the nanoporous film, could have
been in significant quantities. This was, however, not visible on the SEM or TEM images,
since they formed a thin film and were volatile, desorbing in high vacuum systems and
under electron beam irradiation.

Using three QCMs, a mean deposition rate of 2.93×10−3 ±4.81×10−4 mg min−1 was
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measured. Combining this result with a one-minute deposition volume of 8.89× 10−7

cm3 gave a mean density of 3.40 ± 0.33 g cm−3, or a 0.44 ± 0.04 porosity. This is sig-
nificantly lower than previously found for Au [37] due to the lower malleability of Bi2Te3,
leading to less restructuring upon impact during deposition. It was also previously found
that the density of Au films is insensitive to variation in the synthesis parameters, as
tested by van Ginkel et al., giving a constant value for all syntheses within the operating
conditions of the setup. [37] It is therefore assumed that all samples here had the same
density (and porosity) too because the synthesis conditions were nearly identical.

5.3.2. THERMOELECTRIC PERFORMANCE
The key metric for a TE material is its figure of merit ZT (equation 5.1), which can not
be measured directly but is calculated from several measurements. A negative Seebeck
coefficient of −88.3±1.2 µV K−1 was obtained (see fig. 5.9, indicating that we had n-type
Bi2Te3. Bulk Bi2Te3 grown from a melt is, by its nature, usually p-type, while n-type Bi2Te3

is made by either doping with, for example, I or Br, or by having an excess of Te. [15]
Most nanostructured Bi2Te3 is also n-type, possibly due to vacancies or surface states
that act as dopants. [29, 34, 45, 46] Interestingly, ageing the sample in the air seemed to
improve the Seebeck coefficient, which stabilised at −105.1± 1.6 µV K−1. This value is
lower than most reported values for Bi2Te3, at −100 to −250 µV K−1, but is not unusual
for low conductivity samples. [11, 29, 47–49] It must be noted that the Bi2Te3 used here
was undoped, and no attempts were made to optimise the material’s Seebeck coefficient.

Figure 5.9: Seebeck voltage determined using the setup in Figure 5.3 on a sample measured at several points
after synthesis. Repeated measurements were taken at room temperature with a ∆T created using Peltier ele-
ments. The slope of a least squares fit gave the Seebeck voltage. The first measurement had S =−88.3±1.2 µV
K−1, which increased to S = −105.1±1.2 µV K−1 and did not increase further after two more weeks, reaching
S =−105.2±1.6 µV K−1.

The electric conductivity was measured during deposition in vacuum on packaged
and wirebonded samples. The four electrode devices could only create a measurement
when the nozzle had deposited on all four electrodes, after which an initial resistance
was measured and a sharp drop in resistance occurred while the nozzle moved over the
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Figure 5.10: Resistance of a single wirebonded device
during deposition. Until deposition, an open circuit is
measured (not shown), after which a sharp decrease
in the resistance is seen until the deposition area has
passed entirely over the four electrodes and deposi-
tion ends, after which we see an increase due to oxi-
dation and restructuring of the film. Inset: close-up at
the deposition time. The lowest measured value was
38.82 Ω. The film was kept under deposition condi-
tions for the duration of the measurement.

Figure 5.11: Decay of the mean conductivity of six de-
posited lines with 61 measurement points each. Mea-
surements were done within hours of deposition, so
some degree of oxidation must be assumed at day
zero. After a fast decrease of nearly a factor 5 in the
first week, conductivity decay slows down.

last electrode. We can see this exact behaviour in Figure 5.10, with a resistance minimum
of 38.82Ω. After deposition, there was an immediate increase in resistance that slowed
down gradually, but did not come to a complete halt. After 25 min, the resistance already
increased by 34% and measurements using a four-point-probe system, as seen in Figure
5.11, showed that the degradation in the first week was fast, but levelled off after this.
However, the conductivity did reduce further and did not seem to have reached the min-
imum, even after 56 days. These results show that it is critical that a deposit is protected
immediately after deposition, or the electrical performance will deteriorate rapidly.

As introduced earlier, the primary aim of the experiments presented here was to re-
duce the thermal conductivity of the Bi2Te3 by nanostructuring and improve the figure of
merit. Figure 5.12 shows the thermal conductivity of three samples (S1 to S3). S1 and S2
had identical settings (1 kV, 3 mA, 1.5 l min−1 Ar/5% H2), while S3 was made with a spark
at 0.8 kV. All samples showed low thermal conductivity <0.4 W m−1 K−1, with the lowest
value well below 0.2 W m−1 K−1, comparable to the lowest values reported in the liter-
ature, and a nearly tenfold reduction compared to the bulk thermal conductivity. [11]
This reduction can be attributed to the nanostructure of the film, introducing grains in
the<10 nm range where phonons are scattered at the grain boundaries, as demonstrated
before for Bi2Te3. [24, 25, 45, 47, 50–52] The porosity introduces further boundary scat-
tering of the phonons in addition to the grain boundaries. [24, 45] The 0.8 kV sample
was expected have a slightly smaller mean particle size, which would have contributed
to a lower κ. However, the value spread between the three samples made it impossible
to attribute the lower value to a smaller particle size alone.
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Figure 5.12: Thermal conductivity of three samples measured by LFA, measured 10 and 49 days after deposi-
tion. Each datapoint consists of two measurements at different positions on the film, using a density of 56%
that of bulk Bi2Te3, or 3.51 g cm−3. A significant reduction of thermal conductivity can be observed for two
out of three samples after ageing in the air.

One month later, a further reduction in κ could be observed. This was likely due to
degradation of the film by oxidation. An oxide shell around the nanoparticles will ther-
mally insulate the nanoparticles. The samples were all prepared in the same batch and
had an identical history, so the different κ values were not readily explainable. Thickness
was accounted for in the analysis, and measurements were performed on three locations
per sample to account for local differences. Considering that the porosity should be the
same (see chapter 3), the differences between them must have been due to other minor
process deviations that were not readily identifiable. The ageing also decreased the dif-
ferences between samples, suggesting that the initial state of each sample may not have
been equal.

The power factor (PF) and zT of the material were not determinable at any given
point in time due to the different timing of each measurement. However, we could calcu-
late approximate theoretical values at day 7 after synthesis by using the nearest datapoint
for each variable. This gave a PF of 3.7×10−4 W m−1 K−1 and a zT of 4.2×10−4. Compared
to other nanostructured n-type Bi2Te3, this is low, but the difference is predominantly
caused by the greater than thousandfold lower electrical conductivity [29, 34, 45]. The
zT increased slightly at day 30 due to an improvement in S and κ, even though this was
largely negated by a further degradation of σ.

5.4. DISCUSSION
Nanostructuring has reduced the thermal conductivity of Bi2Te3 by one order of mag-
nitude. Unfortunately, the electrical conductivity has been reduced by over two orders
of magnitude and decreases further over time. This degradation can partly be ascribed
to oxidation, which forms an insulating shell around the nanoparticles. The QCM mea-
surements indicate that this can happen directly after synthesis, so for the optimal syn-
thesis process, more measures should be taken to prevent oxidation. Examples are a
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higher concentration of reducing gas (e.g. H2) [35], the addition of moisture and oxygen
filters, or longer runtime before the deposition to purge the system. [53] Furthermore,
it is crucial to protect these reactive nanoparticles after production. The results in this
work suggest that a protective atmosphere can protect the deposits for the first few min-
utes, but in the end, this only slows down the degradation. This can be expected for any
nanoporous material, as air can penetrate deeply into the film and oxidize it through-
out. Immediate further processing or packaging is thus required for nanoporous films to
maintain their initial performance.

Considering these experiments were not aimed at producing the optimal material
but at demonstrating the production method by using a common material, the Bi2Te3

performance can be improved in several ways. Firstly, the Bi2Te3 used in the experi-
ments here was undoped, while it is known that doping or even alloying significantly
improves the performance of TE materials. [11, 49] Secondly, the porosity helped reduce
the thermal conductivity, but was also detrimental to the electrical conductivity. Chang-
ing the deposition conditions or particle size to change the porosity is possible, but the
film will remain highly porous. It is common to compress and sinter nanopowders, using
spark plasma sintering (SPS), into pellets, to increase the electrical conductivity while
maintaining the nanosized grains. [24, 54, 55] SPS requires larger quantities to enable
pelletising, which this printing method cannot yet produce, but future versions of this
equipment could. Compression by other means can be an alternative. By sandwiching
the material between the two contacts of a thermopile, it can be simultaneously pro-
tected, packaged, and contacted. A roll-to-roll or flip-chip process could be developed
with spark ablation and impaction printing to achieve this.

Lastly, this method can produce other TE materials. For example, producing oxides
for high-temperature applications makes oxidation problems irrelevant. ZnO, a thermo-
electric oxide, has been successfully deposited this way, and the first experiments have
been conducted to assess its performance. Alternatively, but not performed here, one
could use this process to find new compositions that do not exist as bulk alloys. [56] A
combination of two or more spark generators in series or parallel can even create mix-
tures of nanoparticles, introducing inclusions and complex materials.

5.5. CONCLUSIONS AND RECOMMENDATIONS
In conclusion, the synthesis of TE materials using spark ablation is possible, and the fab-
rication of nanostructured TE devices was demonstrated using impaction printing. The
one-step approach and direct writing capability make it a simple, clean, and versatile
method for producing TE materials. The technology was demonstrated using undoped
Bi2Te3 because it is the most common TE material. It exhibited n-type behaviour. The
lowest found κ was 0.2 W m−1 K−1 at room temperature, comparable to state-of-the-
art nanostructured Bi2Te3, but this came at the cost of the electrical conductivity. The
material showed degradation over time, starting immediately after deposition: 37% re-
duction in conductivity was already observed within the first 25 minutes. This can be
attributed to mild oxidation and adsorption of contaminants on the nanoparticle sur-
face. To retain its performance, further protection of the film or immediate, air-tight
packaging of the device is required. Although the method presented here can synthesise
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and deposit a wide range of TE materials without developing new synthesis processes,
the process requires further optimisation. Its performance was lower than comparable
nanostructured films, predominantly due to the low electrical conductivity. Improved
material composition and synthesis parameters, perhaps combined with compression
or annealing to reduce porosity, will improve the TE performance further.
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6
ZNO NANOPARTICLE BASED UV

SENSORS

Do. Or do not. There is no try.

Yoda - Star Wars: Episode V — The Empire Strikes Back

Sensing ultraviolet (UV) light is important to protect people from exposure to this harm-
ful radiation. Manufacturing of such devices has been possible for a while, but simple,
printable, and biodegradable devices are still far off. In this chapter, spark ablation gen-
erated nanoparticles are used to detect UV-C light. A photoresistor was fabricated using
wide-bandgap ZnO nanoparticles. Due to the wide bandgap of ZnO, the device is blind
to visible light and exclusively responds to UV light. They show a hundredfold decrease in
resistance when exposed to UV light compared to darkness.

Parts of this chapter have been published in: H.J. van Ginkel et al., ZnO Nanoparticle Printing for UV Sen-
sor Fabrication, IEEE Sensors Conference, 2022. [1] and the MSc thesis of Mattia Orvietani, MSc., under the
supervision of Joost van Ginkel, Joost Romijn, and Sten Vollebregt.
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6.1. INTRODUCTION

U LTRAVIOLET (UV) light is light with a wavelength between 10 to 400 nm. This high-
energy light is invisible to the naked eye and harmful to the skin. UV-A (315 to 400

nm) and, in particular, UV-B (280 to 315 nm) are causes of sunburn and skin cancer and
should be protected against by using sunscreen. At even lower wavelengths, the UV-C
range (100-280 nm), UV light is mutagenic, and exposure to this light should be avoided
entirely. Fortunately, the ozone layer blocks most harmful UV radiation emitted by the
sun, or the earth would be sterilized. However, the sterilizing property of UV-C can be
used to disinfect surfaces, water, or air. [2, 3] This application has been of particular
interest since the outbreak of the COVID-19 pandemic in 2020, and many publications
have since been made on the effectiveness of UV-lamps in sterilizing our environment.
Products are now on the market for businesses and consumers to disinfect indoor air
and surfaces. [4–6]

Figure 6.1: The solar spectrum showing the regions of ultraviolet, visible and infrared light and the absorption
bands of certain molecules in the atmosphere. [7]

It is important to have the correct dosage of this light to passivate or kill any microbes
or viruses effectively. Too low irradiance will not sterilize enough, while a too high dosage
might degrade the surfaces exposed to the light (and consume too much power). Addi-
tionally, because humans can not see UV light, we can not detect if a UV lamp is on, so a
UV sensor must always be present to prevent accidental exposure. More accurate, sensi-
tive, and cheaper UV sensors are therefore desirable to ensure that the decontamination
is effective and safe.

6.2. THEORY ON PHOTODETECTORS
Photodetection using semiconductors is based on the phenomenon that photons with
sufficient energy can excite electrons from the valence band to the conduction band.
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The energy of an incoming photon is inversely proportional to its wavelength, λ:

E = h ∗ c

λ
(6.1)

Where h is Planck’s constant and c the speed of light. A photon with a wavelength of
350 nm can thus excite electrons by 3.54 eV. If the bandgap of the material is higher than
the incoming photon energy, no excitation occurs and the photodetector is blind to any
light above that wavelength. Excitation and decay have various pathways, depending on
the incoming photon energy, the bandgap, band structure, trap states in the bandgap,
amongst others. The various ways in which an electrode can be excited or decayed are
illustrated in Figure 6.2. If the photon has enough energy, the excitation can cause the
electron to be ejected from the material entirely, known as the photoelectric effect, for
which Einstein received the Nobel prize. [8] This principle can be used for photodetec-
tion (using a photocathode), but a milder version is used in microelectronic devices.

Figure 6.2: Diagram showing excitation of electrons from the valance band (EV ) to the conduction band (EC )
in a semiconductor by incoming photons with energy hν (frequency ν= c

λ
. The vacuum energy level, E0, and

bandgap, EG , are indicated. From left to right: excitation to the conduction band, electron emission (photo-
electric effect), excitation to a trap state between the bands.

Here, the excited electrons stay within the material and thus increase the number
of charge carriers, lowering the resistance. This resistance change can be measured,
as done in a photoresistor, the simplest device. In a photodiode, exposing a p-n junc-
tion or rectifying metal-semiconductor junction to light separates the photogenerated
charge carriers due to the electric field across the junction, changing the depletion layer
width and, with it, the threshold voltage. Depending on the metal-semiconductor con-
tact characteristic, a two terminal device is either a resistor or a photodiode. Photon-
induced charge carrier generation can also be used in a three-terminal device to create a
phototransistor since the bias depends on the number of charge carriers in the channel.

The photodetectors fabricated here are metal-semiconductor-metal (MSM) devices.
Such devices consist of two metal contacts and a semiconductor connecting them. Metal-
semiconductor contacts can be rectifying or not, depending on the work function,Φs , of
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the semiconductor, and workfunction of the metal, Φm . If these two do not match, a
barrier is formed, called a Schottky barrier. If the junction is not rectifying, we call it an
Ohmic contact. The conditions to form a Schottky or Ohmic contact are summarized
in table 6.1. The barrier height, ΦB , can be approximated by the Schottky-Mott rule:
ΦB = Φm −χs , with χs the electron affinity of the semiconductor. The simplified band
structures of the different contacts are illustrated in Figure 6.3 for an n-type semicon-
ductor, like ZnO. It follows thatΦB ≤ 0 gives no barrier, so Ohmic contact. Unfortunately,
these conditions can only be used as a rule of thumb.

In reality, effects such as Fermi-level pinning, local surface defects, crystal orienta-
tion, or diffusion between the two materials at the interface can drastically affect the
formation and height of a barrier. Minor process deviations can affect one or more of
these factors. Therefore, it is difficult to predict how the contact will behave and what
caused this behaviour.

Semiconductor type Schottky Ohmic
n-type Φm >Φs Φm <Φs

p-type Φm <Φs Φm >Φs

Table 6.1: Conditions to form a Schottky barrier or not, assuming a simplified ideal case. Local surface states
and other effects are ignored.

6.2.1. WIDE-BANDGAP SEMICONDUCTORS
Wide-bandgap (WBG) semiconductors have attracted significant interest by the semi-
conductor industry in the past decades because of their unique properties. [9] This class
of materials consists of hard, thermally highly stable materials that can operate at much
higher temperatures than silicon-based devices. [9–12] Furthermore, they are insensi-
tive to visible light due to their wide bandgap. These properties make them attractive
candidates for transparent conducting electrodes or harsh environment devices.

One application of WBG semiconductors is as UV-photodetector material because
of their insensitivity to visible light. Compared to silicon-based devices, this simplifies
the sensor design by removing any need to select the correct wavelength (using optical
filters or readout electronics). This makes the sensor smaller, more energy efficient, and
easier to produce. One of the challenges is that processing WBG semiconductor is diffi-
cult because of their mechanical hardness, high melting points, and chemical stability.
This makes processing most semiconductors slow and complex, thus increasing costs.
The most common WBG semiconductors are SiC and GaN, which recently have found
commercial applications in power electronics. Although SiC and GaN are reaching more
maturity, their processing is still hard. [12, 13] There is, therefore, room for alternative
fabrication methods to create WBG-based UV sensors.

6.2.2. SPARK ABLATION SEMICONDUCTING NANOPARTICLES
In this chapter, we propose to use spark ablation generation to create WBG devices. The
advantage of being able to deposit materials at room temperature on most substrates
is simple and opens up printed sensors, sensors on paper, and additive manufacturing.
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Figure 6.3: Band diagram showing a metal and n-type semiconductor junction without contact (A and C) and
with contact (B and D). When brought in contact, the Fermi levels, EF , align, called Fermi level pinning, shifting
the energy levels of the semiconductor. This causes band bending at the junction. A Schottky barrier ΦB is
formed with a highΦm as shown in B. A smallΦm creates an Ohmic contact, shown in D.
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At the same time, nobody has, to the best of our knowledge, tried to make functional
devices using spark ablation generated semiconducting nanoparticles. No transistor or
diode has successfully been made using spark ablation so far. Vons et al (2011) have pub-
lished about the successful synthesis of unoxidized Si nanoparticles using this method
but reported pyrophoric behaviour when brought in contact with air, making their ap-
plication useless. [14]

To create (and apply) semiconducting nanoparticles we need to either protect them
from oxygen or create oxidation-resistant semiconductors. It is a challenge to remove
all oxygen from a gas-based synthesis method due to impurities in the gas and residual
oxygen in the system. Chapter 2 discusses how to synthesize an oxygen-free nanoparti-
cle, so this section will not elaborate on that further. After synthesis, the material must
be protected without ever coming in contact with oxygen, another significant challenge.
It is much simpler to make a material that is oxidation resistant. Examples of this are
nitrides (e.g. AlN and GaN), carbides (e.g. SiC), and sulfides (e.g. Ag2S, Cu2S). Unfortu-
nately, getting solid rods of these materials to ablate is difficult and synthesising them by
reactive sparking or chemical reactions after deposition negates the simplicity of spark
ablation. It is an exciting avenue to explore, but the simplest way of making a material
that will not degrade in air after deposition is to lean into the oxidation sensitivity and
synthesise an oxide. In the case of WBG semiconductors, the most promising oxide is
ZnO.

6.2.3. ZNO FOR UV SENSING
ZnO is an oxide with a wurzite crystal structure and a direct 3.34 eV bandgap. Zinc is
a highly abundant and cheap metal and Zn and ZnO products are deemed safe for hu-
man consumption and biodegradable. [15] Due to its biodegradability, safety, low cost,
chemical and thermal stability, and direct wide bandgap, it has much potential as a WBG
material, but it is not easy to create devices with it. ZnO crystals will have relatively many
defects in the form of oxygen vacancies, making ZnO a natural n-type semiconductor.
Heavy doping is required to create p-type ZnO. [16] Furthermore, metallic Zn is one of
the most feared metallic contaminants in vacuum equipment due to its low vapour pres-
sure. Dedicated equipment is therefore required to deposit ZnO without risk of contam-
ination. A back-end compatible deposition process would circumvent this issue.

6.3. EXPERIMENTAL

6.3.1. DEVICE DESIGN AND FABRICATION
The first series of devices was made using the electrode structures shown in Figure 6.4.
These four-point-probe structures are designed for simple resistance measurement of
printed nanoparticle films. They have been fabricated on Si wafers with 300 nm of ther-
mally grown SiO2 for electrical insulation. The electrodes were deposited using thermal
evaporation of a 10/100 nm Cr/Au layer. Chrome is the adhesion layer for the gold. We
will refer to this batch of photoresistors as series 1, or S1.

To create a Schottky diode, we want a device with one Ohmic and one Schottky con-
tact. This can only be achieved by using two different metals. The two masks seen in



6.3. EXPERIMENTAL

6

95

Figure 6.4: Design of the four-point probe electrodes. Spacing between two middle electrodes is 160 µm.

Figure 6.5 are used to make the two- and three-terminal devices in Figure 6.6. Adding
a third terminal as in Figure 6.6B with Ohmic contact creates a metaloxide field-effect
transistor (MOSFET) when the metaloxide is deposited on top of the source, drain, and
gate. These samples made with these masks will be referred to as series 2 or S2.

Figure 6.5: Masks for two metal designs with various electrode dimensions. The design contains two- and three
terminal devices.

As discussed above, it is challenging to predict which metal will form Schottky con-
tact with ZnO. Processing conditions and crystal quality have a large impact on the bar-
rier. A range of metals was chosen to improve the chances of making the right contacts.
The metals tested with these devices were TiN/Au, TiN/Pt, Au/Ag, and TiN/Ag. Since
TiN and Ag have low work functions, and Pt and Au have high ones, we should be able
to see different behaviour. Based on the review of Brillson and Lu (2011) [17], Pt and Ag
should make Schottky contacts, while Au can make Ohmic or Schottky contacts and TiN
should make Ohmic contact. 10/100 nm layers of Ta/Pt, Cr/Ag and Cr/Au were evapo-
rated on the wafer, with Ta or Cr as the adhesion layers to SiO2. TiN was sputtered using
Ti as adhesion layer, resulting in a 10/100 nm Ti/TiN film. Two versions of these devices
have been fabricated, one on silicon wafers, and the other on glass wafers (Corning Glass
Wafers). The glass wafers were used specifically for UV responsivity analysis, because
they effectively rule out light reflection by the layers below the ZnO film which would
doubly expose the nanoparticle film to the light and misleadingly increase the apparent
responsivity.

After fabrication, the devices were coated with a line of Zn nanoparticles generated
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Figure 6.6: Examples of fabricated two terminal (left) and three terminal (right) devices made of Au and Ag
using the masks in Figure 6.5.

by the VSP G1 using Zn electrodes with 2% Al as a dopant to increase the conductiv-
ity. Although literature shows the optimal Al doping percentage is around 0.8-1.5 %, 2%
has a higher conductivity, which was more important for the low conductivity films our
synthesis method creates. [18, 19] Generation current and voltage were 3 mA and 1 kV.
Higher spark power resulted in excessive production and buildup of much residue in the
generation chamber and, in time, irregular sparking. A 1.5 l min−1 Ar with 5% H2 carrier
gas was used to suppress oxidation during synthesis deposition.

Annealing was required in any case (see section 6.4.1), and increased particle coales-
cence can be achieved if more oxidation occurs after deposition. Annealing in a ceramic
oven at 100 to 600 °C was done to oxidize the Zn. The S1 samples have been annealed
at 600 °C, while the S2 samples were heated to a maximum of 400 °C. Annealing times
varied depending on the device metallization.

6.3.2. MATERIAL AND DEVICE CHARACTERIZATION
Structure characterization was done by scanning electron microscopy using a Hitachi
Regulus 8230 operated at 5 kV acceleration voltage and a XL30 SFEG for EDX, also op-
erated at 5 kV. X-ray diffraction was done using a Brucker D8 diffractometer with Cu Kα
radiation.

For electrical characterisation, a Formfactor Summit probe station was used. 5 mW
265 nm LEDs were mounted in the probe station to illuminate the devices for measuring
the charging and discharging time under UV-C exposure. To measure the response per
wavelength, a spectral responsivity setup was used to measure the response per wave-
length. The setup diagram is shown in Figure 6.7. It consists of a combination of a deu-
terium and a halogen lamp (Bentham D2-QH Deuterium-Halogen Source), whose out-
put is connected to a monochromator (Horiba iHR320). The wavelengths this setup can
emit range from 200 to 400 nm. The selected wavelength is focused on the sample by a
UV reflective mirror (Thorlabs CM750-200-F01). The relative output of the photodetec-
tor is expressed as voltage per wavelength, and a readout circuit has been designed to
read out low output voltages. This setup could be operated in two modes: AC and DC.
When operating in AC mode, an AMETEK 7225 Dual Phase DSP lock-in amplifier was
used to readout the PCB and feed the data to the PC. In DC mode, a Keithley 2450 Source
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measure unit (SMU) was used to readout the PCB. Devices were mounted in the PCB
after wirebonding to a DIL package.

Figure 6.7: Schematic of the UV-measurement setup. The SMU would be used if the setup is used in DC mode,
otherwise, the data is recorded on the PC.

Transmittance spectroscopy was performed using a Perkin Elmer LAMBDA 1050+
UV/Vis/NIR Spectrophotometer to characterise the tranparency of the ZnO films and
extract the bandgap energy. Pieces of boro-aluminosilicate glass wafer (Corning Glass
Wafers, 500 µm thick) of 2.2×2.2 mm were coated completely with a layer of annealed
ZnO nanoparticles for these experiments.

6.4. RESULTS

6.4.1. STRUCTURE ANALYSIS

Figure 6.8: Dot on a pair of Au/TiN electrodes after 5 minutes of deposition. The center of the dot is directly on
the circular electrodes.

A dot as printed in Figure 6.8 shows good coverage of the device, with the thickest
part of the film right above the electrodes. No large cracking is visible in these samples
so the film does not crack due to thermal stress during annealing or due to stress in-
duced by the layer thickness. It was discovered that thermal oxidation was necessary to
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turn the Zn into ZnO, and a range of temperatures and annealing times were tested to
find the optimal annealing temperature. An optimum of 600 °C was found for minimal
resistance for the S1 samples. This was the starting point for further optimization with
the S2 samples.

The metallization of the electrodes limited the annealing conditions for Ag and TiN
devices. TiN is stable at room temperature but begins to oxidize at 500 °C, forming
TiNxOy and ultimately TiO2. Silver is highly oxidation resistant, but dewets when heated
too much. For these reasons, the optimal annealing temperature for the S2 samples was
400 °C for 2 hours for the Ag-containing devices and for 5 hours for all other devices. Al-
though 5 hours is excessive, it guarantees a thermally stable and fully oxidised film with
minimal electrical resistance.

The effect annealing has on the composition can be most clearly seen by EDX. The
results displayed in table 6.2 show a nearly 3:1 ratio of Zn to O atoms, indicating that
the nanoparticles have a thin oxide shell around them. After annealing at 400 °C, we see
a nearly 1:1 ratio, or almost full oxidation. The Si here is in the form of SiO2 and some
oxygen should be attributed to it in the EDX results. There could be oxygen vacancies in
the nanocrystals, which can affect the material’s UV sensing performance. However, the
slight shortage of oxygen found by Zn is within the error of the analysis, so it is hard to
quantify how many oxygen vacancies there can be precisely.

Before annealing After annealing
Element Weight% Atom% Error % Weight% Atom% Error %

Zn 89.74 73.76 3.13 56.01 44.60 2.96
O 7.39 24.81 5.72 13.97 45.45 5.33
Si - - - 1.27 2.35 9.75

Table 6.2: EDX results of ZnO film before and after annealing at 400 °C for 4 hours. Only the relevant species are
shown, not the metallic substrate underneath, since they do not influence the Zn:O ratio. Si was not detectable
in the before spectrum because it was measured at a slightly thicker area and thus the X-rays did not penetrate
deep enough.

The microstructure of the nanoparticles seems not to change much. SEM images
show no change in porosity or structure before or after annealing, as visible in Figure
6.9. The film is highly porous with large spherical clusters coated with smaller particles.
These clusters are present before annealing, so they must be formed during synthesis. It
appears they are dense agglomerates of smaller particles. The XRD results agree with this
too. Applying the Scherrer formula (see appendix B) to the peaks in Figure 6.10 using the
integral breath of the peaks gives a mean grain size of 19 nm. The 102 plane (represented
by the 4th peak) has an outlying 7 nm size, suggesting a rod shape. The nanoparticles
appear to be round in the SEM images, not rod shaped as suggested by the XRD size esti-
mation. It was thus decided the 102 plane size was excluded from the grain size average.
As visible in Figure 6.10, the annealed nanoparticles are crystalline and have a hexago-
nal crystal structure, and no other phases can be identified. The lack of a wide shoulder
underneath the peak areas suggests that there is no amorphic ZnO or phase present and
the absence of Zn peaks proves that the nanoparticles have fully oxidized.
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Figure 6.9: SEM images of a sample on an Ag bondpad before (A) and after (B) annealing at 400 °C.

Figure 6.10: XRD result of an annealed ZnO NP film on silicon. The peaks perfectly match the pattern for
zincite.
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6.4.2. TRANSMITTANCE RESULTS
To confirm that the ZnO film is optically transparent and to what wavelength, transmis-
sion spectroscopy was done from 225 nm to 550 nm. As seen in Figure 6.11, the boro-
aluminosilicate glass is highly optically transparent, with > 90% transparency until 350
nm, after which transparency steeply declines. The 200 nm ZnO coating applied on this
substrate absorbs nearly no visible light, lowering transparency only by several percent-
age points. At 380 nm, around the bandgap of ZnO, a sharp decline of transparency can
be observed that plateaus briefly but continues to lower with higher energy light when
the glass substrate contributes.

Figure 6.11: Transmittance per wavelength for the glass substrate and a sample of 200 nm thick. The sample
barely has lower transparency compared to the glass until the end of the visible spectrum, showing the good
transparency to visible light of ZnO.

Figure 6.12: Transmission of glass and ZnO coated
glass between 340 and 440 nm for extracting the
bandgap energy.

Figure 6.13: (αhν)2 as a function of photon energy.
The linear fit is plotted and extrapolated to interact
the x-axis.

α= 1

d
ln

(
100

I

)
(6.2)



6.4. RESULTS

6

101

(αhν)2 ∝
√

hν−Eg (6.3)

It is possible to extract the bandgap from transmittance data using the absorption
coefficient α. [20, 21] α is dependent on the transmittance I and film thickness d ac-
cording to equation 6.2, and can be calculated from the data in Figure 6.11. To get a
better value for the bandgap, a higher resolution measurement was done with a smaller
spectral range, seen in Figure 6.12. Knowing that α is related to the incoming photon
energy hν and the bandgap Eg according to equation 6.3, we can plot (αhν)2 as a func-
tion of hν, as seen in Figure 6.13. The slope of the linear part of the curve (the dotted
line) follows y = a1(hν)+a2, so at the intersection of the x-axis (α = 0), we should have
hν = Eg , giving Eg = − a2

a1
. Applying this to our data, we find Eg = 3.21 eV. This is close

to the literature value for the bandgap of ZnO, which is reported to be 3.3 eV for pure
monocrystalline ZnO. [20, 22] The difference can be attributed to crystal imperfections,
creating more states within the bandgap, lowering the effective barrier.

6.4.3. ELECTRICAL CONDUCTIVITY
As discussed before, it is hard to predict in advance what the behaviour of a metal-
semiconductor junction is, particularly when the material consists of nanoparticles with
a new synthesis method. Several metals were tested to see if some combinations reliably
make either a photoresistor or a photodiode. However, there was no consistency in the
type of contact for a metal, even if the fabrication of the devices was the same. Figure
6.14 shows, for example, three TiN devices with different contacts that contradict each
other. All samples are the same device with identical ZnO deposition and annealing, but
show different contact behaviours with TiN. In fact, it turned out that all tested metals
could have Ohmic contact.

Figure 6.14: Three of the same TiN-Au devices on three different samples showing different behaviour. A)
Single Schottky contact (diode), B) double Schottky contact, C) double Ohmic contact.

Several reasons can exist for this unpredictability. First, it matters which atom crys-
tal plane (or phase) is in contact with the metal. In the case of spherical nanoparticles,
this is not known, but the random orientation of the particles makes sure that all planes
should be making contact if the electrode area is large enough. Secondly, the curvature
of the nanoparticles changes the local band structure. Not only are there many defects at
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the surface, but the stress in the crystal lattice from the curvature also distorts the band
structure. Third, although great care was taken to make the processing of each sample
the same, slight changes in the processing or nanoparticle synthesis can change the be-
haviour at the interface. Surface contamination, slightly different sized ZnO particles or
impurities in either the metal or nanoparticle can all affect the junction. Lastly, it can
not be excluded that the annealing step changes the junction. Electrode oxidation or
nanoparticle structure change can influence how the junction behaves. Ultimately, it is
extremely difficult to find why the contact is rectifying or not and it would require exten-
sive characterisation of the metal-semiconductor interface, which was not the goal of
these experiments. Due to the unpredictability in the S2 samples, it was decided to fall
back on previously fabricated samples with good Ohmic behaviour to study the UV sens-
ing behaviour in more detail. These S1 samples show a resistance of 53 MΩ in darkness,
effectively acting as an insulator.

Despite the unpredictability of the S2 results, it was possible to fabricate diodes. Fig-
ure 6.15 shows a successful photodiode with a threshold voltage of around 5 V. This is,
to our knowledge, the first published diode fabricated using spark ablation generated
nanoparticles.

Figure 6.15: IV curve of a TiN/Au Schottky diode in darkness.

6.4.4. UV SENSING RESULTS
Because of a lack of consistency in the S2 devices, it is hard to draw any conclusive results
from the data. In successful Schottky diode devices, the response (see Figure 6.16) is
higher and peaks around 285 nm. The output voltage is very low (close to the bandgap
of ZnO) suggesting good selectivity. However, the responsivity shows a different picture.
Figure 6.17 show a significant responsivity in the near UV region, not even a full order of
magnitude lower than the peak responsivity at 310 nm and comparable to the response
in the UV-C region (100-280 nm). Response in the near UV region suggests there are
(local) effects that lower the bandgap.

The older series 1 samples showed a slow, but good reponse to UV exposure. The
charging and discharging time have been extracted from Figure 6.19. It takes 79 seconds
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Figure 6.16: Voltage output for a TiN/ZnO/Au Schot-
tky diode. Peak response is at 285-290 nm

Figure 6.17: Responsivity of the same diode as Figure
6.16. Peak responsivity is at 310 nm.

to reach 90% of the plateau value and 82 seconds to reach 10% above the dark current
after switching on the 265 nm UV lamp. This slow response can be explained by their
large size in combination with ad-and desorption of oxygen under exposure to UV light.
[23] This is a slow process that occurs at the surface of ZnO and radically changes the
conduction behaviour. Nevertheless, the resistance reduces by two orders of magnitude
under illumination, as seen in Figure 6.18. The charging and discharging is slower than
other reported devices, but the two orders of magnitude repsonse is comparable. [10, 11,
24–27] The devices made with this design (fig. 6.4 was not designed to be a fast sensor,
but to measure film resistances, so there is definitely room for improvement. Smaller
devices with a higher length-over-width ratio should respond faster.

Figure 6.18: Semilogarithmic IV curve of a S1 device
in darkness (blue) and under 265 nm illumination (or-
ange). Inset: The same data plotted with a linear y-
axis. Data acquired after 5 min. waiting time.

Figure 6.19: Photo-response curve of a S1 device
showing charging and discharging behaviour during
and after exposure to 265 nm UV light. Measurement
done at 5 V.
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The generated voltage and responsivity of these S1 devices has been measured too.
Figure 6.20 shows the voltage output of three devices made on one sample. They have
been measured using 3 electrode distances, so each device has a different exposed area.
The largest exposed area generates more charge carriers and, thus, a higher output volt-
age. The responsivity of the devices (Figure 6.21) peaks at 305 nm, a slightly lower wave-
length than the diode described before. The devices show nearly no responsivity in the
near-UV region, meaning they are optically blind.

Figure 6.20: Voltage generated per wavelength for
three devices on one printed ZnO line at a 5 V bias.
Device 1 (green) is 140 µm wide, device 2 (red) is 340
µm wide, and device 3 (blue) is 540 µm wide.

Figure 6.21: Response per wavelength between 200
and 400 nm for the same three devices in fig.6.20. The
peaks are at 305 nm and there is a second peak at 275
nm.

6.5. CONCLUSIONS AND FUTURE WORK
This experiment successfully demonstrated the first optoelectronic devices and the first
diode made using spark ablation nanoparticles. The nanoparticles have a bandap of 3.3
eV, close to that of bulk ZnO, and are transparent to visible light. An attempt was made to
fabricate photodiodes, with mixed results. It proved difficult to reliably create a Ohmic
or Schottky contact with the same electrode metals, but a Schottky diode was made.
This diode showed blindness to visible light and a peak responsivity of at 310 nm. Older
ZnO resistors showed similar visible light blindness and over two orders of magnitude
resistance reduction after 265 nm light exposure. The charging time of this device was
79 seconds to reach 90% of the plateau and discharging to 10% above the dark current
took 82 seconds. This slow response is known for ZnO and attributed to the adsorption
and desorption of oxygen caused by the irradiation. The responsivity of these devices
was lower than the diode, but peaked nearly at the same wavelength at 305 nm.

6.5.1. FUTURE WORK
Although these devices work and are blind to visible light, they are far from perfect. The
primary issue is their slow response, which makes their practical applicability limited.
Because this is due to oxygen adsorption, we can avoid it by air-tight packaging that
is optically transparent, like a sapphire window above the sensor. However, this might
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reduce the sensitivity, since now charge carrier generation would only be caused by pho-
ton induced excitation. Secondly, the devices are large, which helps generate a large cur-
rent, but also increases resistance. Interdigitated electrodes can give the same amount
of charge carriers, but have much lower resistance, making them more sensitive.

Third, a better understanding is required of the metal-semiconductor junction formed
with these ZnO nanoparticles. It was impossible to predict if a junction would have a
Schottky contact, even with the same synthesis settings and devices, which hampers re-
producibility. A more in depth-study on the junction interface, perhaps a different metal
selection, or better synthesis and annealing settings are needed. Once it is possible to re-
liably fabricate ZnO diodes, it becomes attractive to continue to three terminal devices
and fabricate transistors. This would open up potential applications in printed electron-
ics by printing the full circuit (traces, electrodes, and semiconductor layers) using spark
ablation.

Furthermore, after further optimization of the device, it is interesting to see if the
devices can be fabricated on flexible substrates or chip packaging. This would enable
low-cost and highly versatile UV exposure monitoring with visible light blind sensors.
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7
CONCLUSIONS AND

RECOMMENDATIONS

Now, here’s the meaning of life. Well, it’s nothing very special: Try to be nice to people,
avoid eating fat, read a good book every now and then, get some walking in, and try and

live together in peace and harmony with people of all creeds and nations.

Monty Python’s The Meaning of Life
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7.1. CONCLUSIONS

T HE chapters in this thesis that discussed the scientific findings of my PhD work show
a diverse set of applications in which spark ablation generated nanoparticles could

be applied. I will briefly summarize the findings of each chapter here. They are as fol-
lows:

• Chapter 3 investigated the use of QCM for measuring the mass of a nanoparticle
thin film, and derive the porosity from the volume. It was shown that the mass
deposition rate scales linearly with spark frequency, despite mass losses in the
system. It was also found that the density of deposited Au nanoparticle films is
15.95 g cm−3, giving a porosity of Θp = 0.18 and that those values are constant
for all tested settings. This was attributed to the restructuring of the film during
impaction, making them denser than previous models predicted.

• Chapter 4 showed the applicability of Au nanoparticle lines as printed conducting
lines. Freshly printed Au nanoparticle lines have a 22 times worse conductivity
than bulk gold. Annealing at 100 °C improves the conductivity slightly, but at 200
°C, the film shrinks due to partial melting and the conductivity increases by 60%.
Comparable Au lines were used to fabricate interconnects on the side of a chip,
showing promising results on Si-to-Si samples and on Si-to-paper samples too,
albeit more unreliably. Printing Au interconnects like this can become a viable
alternative to wirebonding or TSVs.

• In the same chapter, a method is demonstrated to further miniaturise nanoporous
films by using lift-off. Using this method, 1.2 µm wide structures were fabricated
while the impact on the film was small.

• Thermoelectric nanoparticles made of Bi2Te3 were investigated in chapter 5. It
was found that the films had a reasonable Seebeck coefficient of S = −88.3± 1.2
µV K−1. An excellent thermal conductivity of κ= 0.2 W m−1 K−1 at room temper-
ature was obtained, comparable to state-of-the-art nanostructured Bi2Te3 and a
tenfold reduction compared to bulk Bi2Te3. This was unfortunately offset by a low
electrical conductivity, resulting in an overall loss in thermoelectric efficiency. The
change of the sample over time was monitored to study the effect of oxidation on
the sample and it was found that the electrical conductivity decreases quickly and
immediately after deposition, while the Seebeck coefficient improved and ther-
mal conductivity reduced. This emphasizes the importance of immediate airtight
packaging after deposition.

• The closing chapter 6 tested the applicability of using the wide band-gap semi-
conductor ZnO as UV sensor. This resulted in the first functional microelectronic
devices (Schottky diodes) made using spark ablation. ZnO photoresistors showed
a 100 times resistance reduction when exposed to UV light. The response time
was long, in the order of minutes, due to the slow sensing mechanism of oxygen
adsorption and desorption.
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7.2. ANSWERS TO THE RESEARCH QUESTIONS
In chapter 1, I formulated several research questions to be answered:

1. What is the effect of the nanoporous structure on the electrical and thermal prop-
erties of a nanoparticle film?

2. Are printed nanoparticle lines applicable as interconnect materials?

3. Can we use semiconductor nanoparticles for thermoelectric or opto-electronic
devices?

To answer question one, we can conclude that the porosity of a Au film is surpris-
ingly low (see chapter 3), but that it has a disproportionally high effect on the electrical
conductivity (see chapter 4. Even annealing did not completely offset this. This is even
worse for materials that do not restructure as much during deposition such as Bi2Te3,
which has an even larger reduced conductivity. From chapter 5 we can also conclude
that nanostructuring a bulk material drastically reduces its thermal conductivity but that
it also makes the films oxidize faster due to the large surface area. This reduces the elec-
trical conductivity even further, beginning immediately after deposition.

Printed nanoparticle lines are suitable for printed electronics and interconnect ma-
terials, as shown in chapter 4. Freshly printed, the conductivity of Au lines is roughly
twenty times worse than bulk gold and after annealing, this can be improved to only
eight times worse. The conformity of the printed lines to the sample morphology makes
it a versatile method. After more optimisation, deposited nanoporous lines generated
by spark ablation can be a viable alternative for wirebonds or TSVs with soft or ultrahard
substrates.

The last two chapters, 5 and 6, answer the last research question. Thermoelectric
nanoparticles are possible and show a tenfold reduction in thermal conductivity but a
much more reduced electrical conductivity, resulting in a worse thermoelectric perfor-
mance. Unless a high Seebeck coefficient material is found that can compensate for this
loss in conductivity, it will not be feasible to apply this material. For optoelectronic appli-
cations, wide band-gap oxides such as ZnO are simple to synthesise using spark ablation
and show promising results as UV sensors. The devices show no response to visible light
and a good but slow response to UV light. With some optimization, ZnO photodiodes
can be manufactured using spark ablation nanoparticles.

7.3. RECOMMENDATIONS FOR FUTURE WORK
This thesis explored several applications for printed nanoparticles for the first time. As
such, many of the presented results can be much improved with some further optimiza-
tion or research. There are also further research directions possible that build on the
groundwork in this thesis. Some recommendations can be made:

• The biggest challenge for the application of most metal nanoparticles is oxida-
tion. Reduced or prevented oxidation opens up the application of non-noble met-
als and vastly increases the potential for spark ablation. To protect from oxidation
after deposition, in-situ packaging solutions must be developed or the nanopar-
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ticles must be protected with a coating, which would limit their applicability. In
applications where environmental exposure is required (e.g. gas sensing), oxides
are unavoidable.

• Although the conductivity of Au is reasonable, the conductivity of semiconductors
is much reduced. This thesis has not investigated the cause of this, but it must
be investigated for the successful application of semiconductors. In particular, for
metal oxides, this is important due to their already low conductivity. Improved
deposition recipes or the use of dopants should be explored.

• It has been demonstrated that a Schottky diode can be fabricated, but its behaviour
is unpredictable. Better electrode-nanoparticle material combinations need to be
selected to reliably create nanoparticle-based microelectronic devices. Potentially,
a fully printable transistor can be made using these films.

• Besides the simplicity of spark ablation, its biggest advantage is material flexibility
to print with. Operation of several generators, mixed electrodes or with two dif-
ferent electrodes opens up nearly endless possible compositions. Combined with
artificial intelligence, it has the potential to become an effective material screen-
ing process to optimize compositions or test entirely new ones. This could enable
fast screening of materials for, for example, catalysis, gas sensing, and thermoelec-
tricity.

• The flexibility in materials to print on and print with makes the nanomaterial
printer a powerful tool for flexible electronics and additive manufacturing of both
conducting patterns and functional layers. To make it commercially viable, a high
nanoparticle production rate is crucial so meters per second writing speeds be-
come realistic. Both improved generators and printers must be developed to reach
this.







A
G-CODE EXAMPLE TO WRITE A 3

MM LINE OF NANOPARTICLES

This example is the minimal required code to make a deposit after nozzle alignment.

In the example below, the alignment sequence (line 1-3) begins with the camera
above the starting point and the nozzle moves to a 1 mm height in line 3. Calibration
has been done before deposition to ensure this path ends at 1 mm. Alignment is per-
formed in absolute coordinates (G90) to make sure it is constant in all deposits. The M9
command (line 5) closes the solenoid valve of the flushing gas and deposition begins. Af-
ter being set to move in relative coordinates (G91) to make path programming simpler,
the nozzle moves 3 mm to the right (X3) at a speed of 3 mm per minute (F3) before de-
position ends (M8). The nozzle then moves back to its origin and the camera is brought
back in focus on the starting point (line 10).

1 G90
2 G92 X0 Y0 Z0
3 G1 X1.95 Y-16.45 Z-1.3 F200
4 G91
5 M9
6 G1 X3 F3
7 M8
8 G90
9 G1 X0 Y0 Z0 F200
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B
READOUT CODE FOR QCM

MEASUREMENT

This appendix includes the Arduino code used to measure the QCM frequency and the
Matlab code to read the serial data and generate a live graph of the frequency.

The Arduino code is adapted from the openQCM code supplied with their QCM read-
out boards. The original code can be found on https://github.com/openQ together with
their Java application for easy readout

B.1. ARDUINO CODE
The alterations make the Arduino sample the QCM frequency 5 times per second, result-
ing in a resolution of 5 Hz, instead of the 1 Hz that is the default. This has been done to
get a higher resolution in the time domain to more clearly see the effect of the nozzle
location. Typical frequency changes are in the hundreds of Herz, so the readout resolu-
tion loss is acceptable. Furthermore, it only sends the frequency over the serial port as a
string, not the temperature or other information. This was done to simplify the data pro-
cessing and speed up the code. The temperature is stable during the entire deposition
process, so there is no need to record it.

1 /* INTRO
2 * openQCM is the unique opensource quartz crystal microbalance http://openqcm.com/
3 * openQCM Java software project is available on github repository
4 * https://github.com/marcomauro/openQCM
5 *
6 * Measure QCM frequency using FreqCount library developed by Paul Stoffregen
7 * https://github.com/PaulStoffregen/FreqCount
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8 *
9 * NOTE - designed for 6 and 10 Mhz At-cut quartz crystal

10 * - 3.3 VDC supply voltage quartz crystal oscillator
11 * - Thermistor temperature sensor
12 *
13 * author Marco Mauro
14 * version 1.3
15 * date May 2015
16 *
17 * Further modifaction by Joost van Ginkel:
18 * - It now writes only the frequency directly to the serial port
19 * - Ignores the crystal temperature.
20 * - It also samplels every 200 ms, instead of 1000 ms
21 */
22

23 // include library for frequency counting
24 #include <FreqCount.h>
25 // include EERPOM library
26 #include <EEPROM.h>
27 #include "Adafruit_MCP9808.h"
28 #include <Wire.h>
29

30 // fixed "gate interval" time for counting cycles
31 #define GATE 200.0 //Set to 200 ms, so 5 samples per seconds
32 // current address in EEPROM series
33 #define ADDRESS_SERIES 0
34 // current address in EEPROM first number
35 #define ADDRESS_NUMBERFIRST 1
36 // current address in EEPROM second number
37 #define ADDRESS_NUMBERSECOND 2
38

39 // QCM frequency by counting the number of pulses in a fixed time
40 // Initialize variables
41 unsigned long frequency = 0.0;
42 unsigned long TrueFreq = 0.0;
43 unsigned long Count2 = 0.0;
44

45 boolean DEBUG = false;
46

47 // print data to serial port
48 void dataPrint(unsigned long frequency){
49

50 // If you want to use the open QCM Java app, uncomment below code.
51 // Serial.print("RAWMONITOR");
52 // Serial.print(frequency);
53 // Serial.print("_");
54 // Serial.print(Count2);
55 // Serial.print("_");
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56

57 // And comment this custom part when using Java
58 // Calculate frequency based on "Gate" sample time.
59 Count2 = frequency/GATE*1000.0;
60 /*The board has a 16 MHz resonator. Calculate the difference between the
61 *measured frequency and the board frequency to get the resonance frequency.*/
62 TrueFreq = (16E6-Count2);
63 Serial.print(TrueFreq);
64

65 // Serial gate allocation
66 // Serial.write(255); // Add this for the Java app
67 Serial.write(13); // Remove this for the Java app
68 }
69

70 void setup(){
71 Serial.begin(115200);
72 // initiate the frequency counter
73 FreqCount.begin(GATE);
74 }
75

76 void loop(){
77 // read the openQCM serial number at the connection and open connection
78 if (Serial.available()) {
79 int val = Serial.parseInt();
80 if (val == 1){
81 byte valueSeries = EEPROM.read(ADDRESS_SERIES);
82 byte valueNumberFirst = EEPROM.read(ADDRESS_NUMBERFIRST);
83 byte valueNumberSecond = EEPROM.read(ADDRESS_NUMBERSECOND);
84 Serial.print("SERIALNUMBER");
85 Serial.print(valueSeries, DEC);
86 Serial.print(valueNumberFirst, DEC);
87 Serial.print(valueNumberSecond, DEC);
88 Serial.write(255);
89 }
90 }
91

92 // read quartz crystal microbalance frequency
93 if (FreqCount.available())
94 {
95 frequency = FreqCount.read(); // measure QCM frequency
96 dataPrint(frequency); // print data
97 }
98 }



B.2. MATLAB READOUT

B

119

B.2. MATLAB READOUT

1 %% This script is made for readout of OpenQCM micro board with shield.
2 %% Delete old connection from previous run
3 serCheck = exist('ser');
4 if serCheck ==1
5 delete(ser); % Delete serial
6 end
7 clear
8 close all
9 clc

10

11 %% Initialize variables prepare output file
12 % Save the date
13 date = datetime('now','InputFormat','yyyy-MM-dd','Format','yyyy-MM-dd');
14 date = string(date);
15 % Declare some variables.
16 n = 1;
17 nr = 1;
18 j = 0;
19 raw = 1.000555E7;
20 time=datetime('now','InputFormat','HH:mm:ss.SSS','Format','HH:mm:ss.SSS');
21 TIME(1) = time;
22 FREQ(1) = raw;
23 ZeroTime(1) = TIME(1)-TIME(1);
24 ZeroTime.Format = 'hh:mm:ss.SSS';
25 ZeroFreq(1) = FREQ(1)-FREQ(1);
26

27 % Make file for output
28 Dir = cd;
29 name = strcat(Dir,'\Working folder\RawData',date,'_',string(nr),'.mat');
30 save(name,'TIME','ZeroTime','FREQ','ZeroFreq');
31

32 %% Initialize plot
33 x=ZeroTime;
34 y=FREQ;
35 figure(1);
36 h = plot(x,y,'b-');
37 xtickformat('hh:mm:ss.SSS');
38 h.XDataSource = 'x';
39 h.YDataSource = 'y';
40 xlabel('Time');
41 ylabel('Frequency (Hz)');
42 hold on;
43 box on;
44 grid on;
45
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46 %% Intialize serial connection to Arduino
47 % Find the right COM port, it is mostly COM3.
48 list=seriallist; % Not needed, but helps to find all open COM ports.
49 ser=serial("COM3",'Terminator','CR');
50 ser.Baudrate = 9600;
51 fopen(ser);
52 raw = fgetl(ser);
53 % Give it a little time to stabilize before going into readout loop.
54 % This makes sure you read a full serial string.
55 pause(1);
56

57 %% Readout loop
58 for i=1:100000000 % essentially until infinity
59 tic;
60 raw = fgets(ser); % Read serial data
61 % Make timestamp immediately after readout
62 time=datetime('now','InputFormat','HH:mm:ss.SSS','Format','HH:mm:ss.SSS');
63 % Store data in arrays
64 TIME(i-j) = time;
65 ZeroTime(i-j) = TIME(i-j)-TIME(1);
66 FREQ(i-j) = str2double(raw);
67 % Update plot
68 x=ZeroTime;
69 y=FREQ;
70 refreshdata;
71 drawnow;
72 % Save data
73 name=strcat(Dir,'\Working folder\RawData',date,'_',string(nr),'.mat');
74 save(name,'TIME','ZeroTime','FREQ','ZeroFreq');
75 % This loops creates new files to store a segment of the data. It cuts when
76 % the frequency is stable. This makes it easier to cut off the beginning
77 % and endings for further processing. It can also be used to terminate the
78 % loop by setting i to a higher number than the loop counter when stable.
79 if i==n*5000+1 % Change the value here to change segment size.
80 n=n+1;
81 stability=abs(mean(FREQ(i-j-99:i-j-80))-mean(FREQ(i-j-20:i-j-1)))
82 if stability<=3
83 nr=nr+1
84 j=i;
85 clear ZeroTime
86 clear TIME
87 clear FREQ
88 clear ZeroFreq
89 TIME(1) = time;
90 ZeroTime(1) = TIME(1)-TIME(1);
91 ZeroFreq(1) =0;
92 % i=100000000000000000;
93 end
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94 end
95 dt(i) = toc;
96 end
97 delete(ser); % Delete serial after measurement to prevent erros.
98

99 %% This is used to plot the dt for all datapoints to see deviations
100 Timeaverage=mean(dt)
101 figure(2);
102 plot(dt);
103 xlabel('Time');
104 ylabel('Interval (s)');
105 box on;
106 grid on;



C
SIZE DETERMINATION BY THE

SCHERRER METHOD

C.1. SCHERRER CALCULATIONS
The Scherrer formula, equation C.1, was used to calculate the grain size, τ,from the XRD
measurements. K is the shape farctor, here assumed to be 0.89 as is common for spheri-
cal grains. λ is the X-ray wavelength, here 1.54 Å. β is the full width at half maximum of
a peak and Θ is the Bragg angle (in radians). All inputs are summarized in table C.1 with
the calculated grain size for the highest peak at 2Θ= 27.64.

τ= Kλ

βcos(Θ)
(C.1)

Table C.1: Input and outputs used for the Scherrer equation.

Day Θ (rad) β (rad) τ (nm)
Day 1 0.4824 0.0304 5.1
Day 7 0.4824 0.0291 5.3

Day 30 0.4838 0.0281 5.5
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