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Abstract

The Integrated Systems and Devices Group of the Manufacturing Flagship at the
Commonwealth Scientific and IndustriRlesearch Organization (CSIRO) among other
achievements pioneered the use of nanomaterials for seprbeessed optoelectronic
devices, such as printed organic solar cells and OLEDs. However, in such applications the
metal electrodes were still depositéarough thermal evaporation, a vacubased
expensive technique.

This thesis tries to fill the gap investigating the possibility to fabricate flexible and printed
copper electrodes based on the deposition of copper oxide nanoparticles. For this reason,
two different techniques, slatie and inkjet printingareused in order to compare their
different benefits and disadvantages in the deposition process, as well as to understand the
influenceont he el ectrodeds pr op e rcondethg natiey thee ver
copper oxide nanoparticles must be processed: becétise plastic substrageelative

low processing conditiongn innovative technology is appliéal convert the CuO to Cu:

the intense pulsed liglsintering

In addition to a fine contt of the copper nanopartidéansformationhigh-performance
electrodes are fabricated, achieving a great conductivity, as well as an optimal mechanical
stability. A good stability against oxidatidmas been achieved alsdathwout encapsulation.
However,the best results are obtained with sl@ coating, which is a quick and fast
technique, but does not achieve the resolutianigét.

In this work, ~27% of the conductivity die bulk copper was achieved processing the
electrodes at room temperatyiin addition to optimal resistance to oxidation without
encapsulation, as well as to mechanical stress, reaching a resistance variation of only 18%
when bent.






Riassunto

Questa Tesi ®ambitb ditricercad e Integtated Sysenand Devices

Group Questoteam facente parte della division®lanufacturingdel Commnwealth
Scientific and Industrail Research Organizati@SIRO) é specidizzato nello sviluppo

di applicazioni optoelettronichdeksibilied é sempre stata | | dfq@war di a nel | du
delle piarecenti tecniche di deposiziodemateriali nanocompositi.

D6 al t rnagli pitenrahn@li sforzi maggiori sono stati concentrati nella fabbricazione

dei devicesprinicipali, qualiorganic lightemiting diodegOLEDSs) ocelle solari flessibili,
tralasciando lo sviluppo concernente la deposizione di elettrodi metallici. ,lipkattia

| or o cr eazi on editschichdclte ogenarto talodo sogdelle sondizioni
ambientali un processo termico sotto vuoto permette la deposizione della maggior parte
dei materiali utilizzati, ma operaadn condizionifispinte, essorisulta essere alquanto
dispendioso e poco adatto ad un approccio su larga scala.

Questo lavoro cerca di colmala lacuna che si é venuta a credogalizzandosi sulla
creazione di elettrodi di ramiéessibili e quindi la possibilitd di fabbricanen 6 uni c a
applicazioneche racchiuda in sé alcuni dééviceprincipali e che ne rispecchi lero
peculiaritéd Inoltre, tale fabbricazione coinvolge un processo che opera a temperatura
ambiente, riducendo cosi le condizioni operative tipiche dei processi coonalnzi

Piu in dettaglio, due differenti tecniche sono state utilizzate per la deposiziona di un
soluzione di anopatrticelle di ossido di rame ((TuO) susubstrato plastico caratterizzato
daPETed uno strato poroso per aumenrndieare | 0c¢
inkjet printing.La prima é una tecnologia molto semplice, facilmente applicabile ad una
vasta gamma di soluzioni: non a caso in questa Tesi viene sperimentata per la prima volta
la deposizione di un inchiostro di nanoparticeienite slotdie, in precedenzpreraativa

di altre metodologie. Il concetto basilare € la formazione di unastustabile, il menisco,

che possa dare continuita materiale tra la testina dellalislad il substrato dove la
soluzione vi ealta padeessa £icarateriazata ddéhe da importanti
limitazioni, riguardantisoprattuttola complessita dedlesign che si puottenere. Ci6 é
dovutoproprio alla semplicitael meccanismo sul quale si basa.

La seconda é la tecnica gainted electronicper antonomasia: svariati stushno stati
condotti sulladeposizione di nanoparticelle metalliche e ,naon tale tecnologia
sviluppandola ad un livello mai visto prima. Molti sono i vantaggi che derivano dal suo
utilizzo: primo fra tutti la possibilita di digitalizzare il designmsdificarloa piacimento

senza dovesostituire alcuna parte meccanica. Laqu&di e | 6uni formitg8 de



molto al di sopra di quelle che si possono ottergene altre tecniche, cosi come la

complessita deldisegno: motiviarticolati e deposizioni multistrato sono facilmente

realizzabili tramite la tecnologiarop-onr-demang capacedi dispensare un numero

predefinito di gocce per unita di area. Anche in questo caso perd ci sono alcuni limiti

d 6 appl iLasolziooendeve rispettare severi requisiti circgreprieta chimice

fisiche, in modo da facilitarla deposiziondel materiale.noltre, problemi di intasamento

degli orifizi sono molto frequenti, dovuti soprattutto alla loro grandempamalmente

del | 6ordine di al cuni mi cr on. Una parte col
all 6ot ti mi zz aténiche di deppasizianete st e due

Al fine di conseguireslettrodi condulttivi, si € reso necessario procesddma depositati

in modo da ottenere la transizione dallo stato ossido a quello metallico: la reazione si basa

Su un meccanismo termico che prevededazione del rameéa parte di agenti riducenti
present.i in soluzione. Déaltra parte, | a t e
essere molto maggiose paragonata alla temperatura di transizione vetrosa del substrato

plastico. Per tale motivo étato utilizzatauna tecnologia innovativa:r@cessando i

campioni con luce pulsata ad alta intensita, si € in grado di raggiungere le condizioni
necessarie pda reazionesolo neifilm depositati manon interessando il substrato. Questo

€ dovuto al fattahe la maggior parte dmateriali plastici sono traspenti nel visibile e

quindi non vengono coinvolti nel processo di assorbimento della luce, a differenza, in

qguesto caso, delle nanoparticelle di ossido di rame. Tale processo couppoda

| 6 a smemtadblucdocalmentel 61 nnal zament o dell a temperat
allo stato metallico finale.

Investigando le condizioni ottimadl i A fe lqairglihvariando la quantita di energia

erogata al sistemai € scopertohe la reazione diduzione € carattezzata da un processo

multi-step che coinvolgeino stadio intermedio definito dal rame ossido (1) 2Q@u

Diverse analisi sono ate effettuate in modo da comprenderenaniera approfonditdi

che tipo di transizione si tratéi in chemodo essa avvengeaggiungendain controllo

eccellente del processo di trasformazione a rame metdlticquesto modoulteriori

considerazioni potrannessere effettuatesoprattutto circa processi ottimizzazione,

quali ad esempievaporaziongtotde o parzialedel contenuto di solventie soluzione

permigliorare le proprieté fisicelettriche del film.

Con | 6obiettivo di mi gliorare | e perfomance
anche un approccio multistrato. | risultati ottenuti sostati eccellenti, con un
miglioramento sostanziale delle proprieta meccaeiettriche dei filmmetallici. Déal tra
parte, é stato possibile ottenere questo risultato solo per una particolare formulazione

sola che é risultatstabile durante il trattaento a luce pulsata ad alta intensita

Gli elettrodi cosi ottenuti sono stati ulteriormente analizain costante confronto tra

singolo e doppio strato é stato affrontato in modo da determinare il reale incremento delle



performancelnizialmente si é testata la stabilita in presenza di ossigeran il rame,

infatti, tende ad ossidare facilmente, compromettendo specialmente le proprieta elettriche

e comportando una ri duzi oOttena stabiltép & etatas | v a
riscontrata non solo in ambiente condizionato con azoto, ma anche in presenza di ossigeno,
rilevando dopo 20 giorni un incremento di sbl@0% per ogni tipo di elettrodo.

Una delle caratteristiche principali un device flessibile é la capacita di curvaemza

veder diminuire la propria efficienza. Per questo motivo glireldittsono stati sottoposti

anche a dei test di curvatuta:superiore stabilita meccanica del doppio stresjeetto al

singoloha influenzato notevolmente la risposta ad uno stressanico, comportando una

minima variazione della resistenza elettrica. Il test effettuato in assenza di ossigeno,
riproducendoé condizioni ottenibiliconumic ap s ul a me nt dandoaatdild el et t
miglior risultato, con una variazione della resigie del 18% rigetto a quella iniziale. E
statadunque di mostrata |l a necessit8 di una ba
|l a conseguente diminuzione dell 6efficienza
In questa Tesi sono statiggiunti eccellenti risultatioperando in condinni ambientali,

si é ottenuto un ottimo contto della reazione di riduzione; inoltre, proprita meccanico

elettriche degli elettrodi di rame cosi ottersiono rizelatesopra ogni aspettativi stata

infatti raggiunta una conducibilithd pari a7% della conducibilith del rame bulk, con
undot t i miaon solb allb iedzibni d ossidazione, ma anche in situazioni di stress
meccanico
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Introduction

Flexible and Printed Electronics (FPEs) are transforming the way people consider
electronic device. The introduction of the microchip idy life decades ago has enabled
countless portable applications to emerge (e.g. mobile phone, television, etc...), this
innovative technology is having a massive impact in the way we live and interact with the
surrounding world. Moreover, integratedalenics are not conceived anymore to be only
smaller and faster than the predecessors, but othertamp properties have become
essential in order to enhance the user experience: large area, impfetee, low
weight, highpower, lowcost and greenlean manufacturing are new aspects that are now
related with the current electronic devices design. This revolutionary approach is sustained
by several projects that are trying to develop and consolidate flexible and printed devices
in many areas as pob#, offering knowhow and support where necessary. For example,
FlexTech Alliancgathers everyone who believes that advancements in flexible electronics
can make the difference for a healthier, safer and simpler world, managing technical
programs for adanced flexible electronics from the R&D stage through to
commercializatior(®).

The fact that FPEs are quickly expanding is also proven by several market statistics: if
today the world FPEs market is estimated in $1(3Bin the next future it will grow so

fast to reach $73B in 2048), led by flexible organic lighemitting diodes (OLEDS).

Part of Flexible and Printed Electronics is represented by Flexible Printed Circuits (FPCs),
known as well as flexible printed circuit boards (Flexible PCBs). As a méfiectpFPCs
replace what the rigid boards were for the traditional electronics: they support the main
devices, for example flexible displays or flexible transistors, by providing the necessary
interconnections between them and allowing the exchange ciriedd information.
However, they must reflect the overall ideology on which FPEs are based, in terms of
design and manufacturing. This would lead not only to smaller applications, but also to an
overall device that involves all the characteristics dbedriso far. Thus, many
advancements are necessary in order to keep up Flexible Printed Circuits with the
innovations reached in the many devices, such as solar cell, OLEDs and thin film
transistors (TFTs), where the research is mostly focused. In thiscopper nanoparticles
associated with plastic substrates, could be one of the best solutions inococdeate
efficient FPEs. This stems from their las@st and high availability, as well as lightweight
and nonrtoxic nature. However, new fabrication vgalgave to be considered, joining the
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reciprocal benefits: the conventional technologies are hard to apply in order to obtain a
sustainablenanufacturing process. This must involve a-toltoll (R2R) system and a

large area production, which define nowgglthe standards for the fabrication procedure,
due to the higher yields and the possibility to produce new types of devices with respect to
the stepwise counterparts.

Therefore, starting from copper oxide nanoparticles and Polyethylene Terephthalate (PET)
substrates, this thesis tries to investigate the viability to create copper flexible printed
circuits for commercial applications: the aim is to fabricate highly performing metal copper
electrodes combining innovative and traditional techniques. Thugerbanal methods

are adapted to the nanoparticle deposition, while an intense pulsed light processing is
applied in order to create conductive patterns. The combination of these two steps makes
it possible to achieve an efficient process, easily scalablenanufacturing level.
Moreover, attention is paid towards the performance of the copper electrodes, investigating
not only the electrical properties, but also the overall stability, to try and determine an
optimal solution between the material, power stonption and the principal major
characteristics.

In the first chapter, a general overview of FPEs and FPCs is introduced, defining the limits
of this work in the wide range of flexible electronics. The main applications, as well as the
principal materialend the deposition techniques adopted for FPEs fabrication are briefly
described. The second chapter explains the major advantages that derives by the use of
nanoparticle inks and PET substrates. Additionally, the techniques involved in this work
for thecopper oxide nanoparticles depositisiot-die and inkjet printing, are described in
detail, highlighting their peculiar aspects, which might make the difference in the
electrodes fabrication. In the third chapter, an optimal deposition with both coating
methods is achieved; however, a higher effort is directed towards the investigation of the
flash processing. Different conditions are applied in order to examine the behavior of
copper oxide nanoparticle flms under an intense pulsed light. In these taanyg,
analysis are performed evaluating chemical composition as well as the nanoparticle
structure of the samples investigated.

As previously introduced, the fourth chapter describe the testing of the environmental and
structural stability of the copperesitrodes. These measurements ascertain the possibility
of applying such electrodes to real world application

Conclusion are introduced in the last fifth chapter, considering the obtained results and the
future investigations.



Chapter 1

Flexible and Printed Electronics

This chapter introduces Flexible and Printed Electronics, defining its meaning and
explaining the advantages of Flexible Print€dcuits. Printable materials are then
discussed, in addition to the substrates that can be used in flexible devices. The chapter
finished with a dissemination of the advantages that come with printing approaches.

1.1 Definition of Flexible and Printed Electronics

Flexible andorinted electronics describes a broad range of technologies applicable across
a multitude of devicesgoing from the simple circuit tdi-tech devices, such as
smartphone, solarell and or flexible displays. The common theme of FPEs is that they
enable the fabrication of electronic products thatlmaaasily integrated to daily life.
Moreover, they show countless advantages in the manufacturing process: the most
important is he ability to reduce the production cesthis depends on many factpbait

it is recognized that rolio-roll processing has a main role in this competitive
manufacturing system.

In order to obtain flexible printed electronics, some requirements hdeerteet. Firstly,

the device must be flexible. Unlikely the silicbased circuits, FPEs can be bent and
shaped without any damage. This can be achieved by the adoption of different materials
with respect the conventional Si, which have flexible propestigable for the fabrication

of such devices. Thus, flexibility is one on the maharacteristics that affectsekible

and Printed Eectronics.

Furthermore, they must be printed. Printing techniques are very competitive with respect
to other types of farication methods, such as lithography, materials doping or pattern
transferring. United with flexibility, printing technologies have revolutionized the way to
create a flexible electronics, due to their{owst, material saving, easy and fast production
and the possibility to obtain complex devices without involving really expensive stepwise
processes, and are capable of large area manufacturing. The joined benefits deriving from
these properties have enabled printing to replace traditional materiagsgenmanium

with inherently green counterparts, plastic and inks. Moreover, the final product results in
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lightweight, shock resistance and produced with a lower energy consumption.

All these characteristics are found in many common electronic devices. Flexible solar cells
are the most evident outcome of innovation in flexible and printed technology. The ability

to shape and conform the device to an uneven surface is a goal thaitkvakalole with

the siliconbased conventional panel. Moreover, they can be easily integrated into daily

life, as shown irFigure 1.1a, where a flexible and printezblar cell is shown integrated

in a back bag.

(@) | (b)

Figure 11. Two examples of Flexible and Printed Electronics: (a) flexible solar cell implemea
back bag(Courtesy of CSIRO); (b) wearable flexible device. Picture adapted)from

More recent achievements derive from medigadlications, where biochemical sensor are
implanted in the human body, for example for monitoring the vital functionalities. The
lower cost and the high efficiency have enabled great results in the improvement of the life
quality. Squeezing conformablens®rs under the skin is a success that has quickly
traduced in a multitude of applications. However, wearable ser&gusé 1.1b) (%) sector

has to be reported as one of the leader fields, which has pushed more than others towards
innovative devices: smart-3hirt, H-Tech watches and glasses are few of the countless
outcomes. The capability to conform themselves tdtihmean skin and to interact with it
makes them the technology of the next future. In this field, the capability to create thin and
shaped devices is fundamental to fabricate flexible electronics that can reproduce the
ability of the body itself: wearable sgor can receive and send information from and
towards the skin.
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1.1.1 Flexible Printed Circuits

Flexible Printed Circuits is one of the bricks on which FPEs is based on, providing all the
functionalities that in the conventional rigid device were suppliedbbgecting wires. It

can be referred to them with different terminologies, such as flex circuits, flex printed
circuit board (PCB). However they reflect the common denominator: the capability to be
flexible. As FPEs, FPCs takes advantage from the flexilofithe material utilized and

the printing techniques that are used as fabrication metfagisr¢ 1.2) (°). Thus, they
involve countless benefits, as previously reported for flexible printed electronics.

Figurel.2. Example of Flexible and Printed Circuit. Image adapted ot

A flexible printed circuit in a commercial format consistsaofmetallic layer of traces
bonded to a dielectric laye?)( Copper is a very common as a conductive material, but
ot her metals can be easily i mplemented. Th
or very thick, upt o 0. 10. The dielectric counterpar
polyester, moreover sometimes an adhesive is used to attach the conducting layer to the
flexible substrate. Many different advantages have been introduced by FPCs azahthey
be summarize as following 7):

1 Assuming all different shees and thickness necessary for the applications;

1 No space limitations;

1 Handling and assembly costs considerably reduce with respect the rigid

counterpart;
1 Lightweight;
1 Reducing wiring errors;
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Unparalleled design connectors;
Elimination of mechanical conotors;
Higher circuit density;

More robust temperature range;

E

More robust operating temperature range.

Most of them derive from the ability to digitalize the desired pattern for the connection
necessary in the application. Therefore, human errors areecdecause of limited
human interactions. Moreover, the digital support can considerably improve the device
population density per unit of area and the pattern complexity in a way that it unthinkable
with other types of circuits board. Furthermore, théquenance are enhanced with respect

to the traditional counterparts, due to the intrinsic characteristics, such as high
surface/volume ratio that leads to an increased heat dissipation. It is easy to understand
that these innovations can quickly enhanaedhplication of Flexile Printed Circuits in
which is the panorama of FPEs.

1.2 Printable Materials

A consistent manufacturing process is mainly developed by the selection of the right
polymer, precursor or coliidal solution. This solutioomust meet specificheological
properties that are suitable for printed electronics. In order to achieve the aim ed@stow

and lightweight printed device a wide range of materials have been explored, both organic
and inorganic. These materials can be easily divided rieetimain categories: (a)
conductors, (b) semiconductor and (c) dielectriz€). Beside them, a list of composites
having dual nature ds been investigated, such as insulator, ferroelectric and
photosensitive, piezoelectric and piezoresistive. Moreover, hybrid solutions have also been
used, involving organic/inorganic materials (

Most of the printable materials are defined as solutions, due to the advantage to b
associated to many different printing technique, such as inkjet printinglislot doctor
blading. However, they must show optimal properties to be printed in various types of
substrates, involving mainly plastic and glass foils. For example, a gboaf chemical

and physical stabilizers with respect to the active materials is necessary in order to assure
an optimal balance between Brownian and gravitational motion of the particle. If some
sort of solid content is involved, the most important priypie a good dispersion in order

to avoid agglomeration problems, which can easily degrade the deposition process.
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1.2.1 Conducting Materials

Conducting materials are the fundamental part of every electronic device, forming its main
layers andnterconnections. For this reason, nowadays the confidence in deposition of this
kind of materials has reached a high level: a fine control of thickness and resolution is
possible obtaining very efficient patterned metal structure. Several printing teesniq
require an optimization of the solutionés
conductivity and compatibility with the underneath materials, when a multilayer structure
is involved. With this in mind, frequent adjustment are necessargibyg surfactants and
volatile additives. However, because the complexity of several printed electronics, the
conducting material has to be chose also considering the properties of the neighboring
compounds, in order to exalt the function of each layercétain the optimal efficiency

of the entire device.

Metal compounds are really common in such applications: silver, carbon and copper have
been deeply explored for their optimal performance in terms of electrical and mechanical
properties in various types substratestf). However silver is highly expensive, thus most

of the efforts have been directed towards carbon and copper, even if the latter easily
oxidize.

With similar conductivity, crystalline organic conducting materials have been also
investigated, involving organic compounds, such as polyacetydensyined with pand
n-dopants(*). Furthermore, the chemical structure can be designed in order to enhance
the electrical and mechanical properties. The doping pramasde carried out with
metallic conductors or semiconductors, as in the case of PEDOT:PSS- (3, 4
polyethylenedioxythiopenpolystyrene sulfonic acid). However, the l@est of organic
conductors is balanced by the lower conductivity that they can achidveegect to the
conventional metal€?).

Beside the organic doped conducting materials, nanocomposite compounds have been
developedor flexible and printed electronics. They are obtained for example by mixing
metallic nanoparticles with organic elastomers, such as Poly (dimethylsiloxane) (PDMS)
(*3). The most challenging aspect in nanocomposite materials is the proper dispersion of
nanofillers in the base polymers, which considerably influences the rheological properties
of the mixture to be printed. As a matter of fact, the agglotiweraould affect the
printability and the uniformity of the layer deposited. Avoiding this issue, the nanofillers
are firstly added to a dispersant solutiowl ghen mixed with the polymer.

1.2.2 Semiconductors Materials

Semiconductor materials are critical quoments for developing active electronic and
sensing devices. The most important aspect of this compounds that is under development
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for electronic devices is the transduction of free carriers within the semiconductor
dielectric interphase. As reported fitre conducting materials, also the semiconductor
ones can be divided into organic and inorganic materials: the former are taken in
considerations for their optimal performance and stability, the latter for thedsiv
processing at ambient conditions dlexibility.

Examples of an inorganic semiconductor is Si orotmioxides of transition metaf%)

(*%). While amorphous silicon is used in chemical vageposition (CVD) for large area
flexible devices, crystalline Si is also used for flexible electronics fabrication by adopting
dry printing techniques. It can be processed by using precursor or nanoparticles, but its
annealing temperature makes it incotifga with most of the plastic substrate. Oxide of
transition metals can be used for flexible electronics fabrication, however most of the times
there are deposited under vacuum rather than printing. ZnO and GIZO can be printed but
a temperature of 35800 °C must reached in sintering for optimum charge mobility.

Also in this case, solubility and proper dispersion of organic semiconductors are the main
important parameters to be taken into consideration for optimal depositions. However, a
reliability problem arises when the organic materials are processed for a long time, because
they lose stability due to their high degradability.

1.2.3 Dielectrics Materials

For devices requiring high capacity multilayered printed structures, thin layers of dielectric
materialsare essential in order to provide an optimal insulation to prevent malfunctions
due to leakage currents or low voltage operation. A uniform layer of dielectric material
promotes the activation of the carrier caused by an electric field or other transducti
phenomena.

While inorganic compounds, such as silica and alumina, are difficult to printcdetv
organic dielectric materials can be easily dissolved in several solvent and solution and so
printed, in addition to be characterized by a high avaitgbili

The importance of dielectric layer in electronic devices is proved by the attention given to
the interface semiconductor/dielectric, which is the most influential aspect for performance
and stability of the devicg).
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1.3 Substrates for FPEs

Even if flexibility is one of the most peculiar characteristics of a FPE, it does not mean
that a device does not have to meet ather requirement. Obviously, many different
qualities have to coexist in a flexible electronic device, without renouncing better
functionality, so, all the properties that are required to obtain a functional device, rigid or
flexible, have to be kept aigh standard. As it is still explained itf), these requirements

are different and they can be summarized as the following:

1 Optical properties Bottom-emitting or transmissive displays need optically clear
substrates. Moreover, substrates for LCDs application must have low
birefringence.

1 Surface roughnes3he thinner the device films, the more sensitive their electrical
function is to the surface roughness. If the roughnegs tong distance is
acceptable and most the time unavoidalie, one over short area must be
avoided. It is ustul to underline how if plastisubstrateare characterized by only
long distance roughness, the metal aaresusuallyough on both scales.

1 Thermal and thermanechanical propertiesThe glass transition temperaturg T
must be compatible witthe process temperatur@al because if there is any
mismatch between the active layers and the substrate, it may incur in a fracture or
mechanical stability problems. A good approximation for tolerable mismatch is
| @CTEL pD|]. 3@, 0 wh e r e difiggéntebn cbefficienth of thermal
expansion between substrate and device
temperature along all the process. High thermal conductivity may be important
also for the cooling of curreitbad circuits.

1 Chemical poperties The substrate should not release contaminants and should be
inert towards the chemicals used in the various deposition process. For specific
applications, such as OLEDs, the substrate should be also a good barrier against
permeation by atmospheric .

1 Mechanical poperties A high elastic modulus makes the substrate stiff, and a
hard surface supports the device layers under impact.

1 Electrical and magnetic propertie€€onductive substrates might be used as a
common node and as an electromagnetic shield. Electrically insulating substrates
minimize coupling capacitances. Magnetic substrates can be used for temporary
mounting of the sultsate during fabrication, or for affixing the finished
prodiction
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Tablel.1. Properties of different substrates for flexilglectronicg*°).

Glass Plastics

Property Uinit (1737} (PEM, PI) Stainless steel (4340)
Thickness L JLL 100} 100}
Weight g/m? 250 120 200
Safe bending radius cm Ay 4 4
Roll-to-roll processable? - Unlikely Likely Yes
Visually transparent? - Yes Some Mo
Maximum process “C L 180, 300 1,040
lemperature
CTE ppm™C 4 16 10
Elastic modulus GPa T 5 200
Permeable to oxygen, water Mo Yes Mo
vapor
Coefficient of hydrolytic ppmiSeRH Nons 11,11 MNone
expansion
Prebake required? - May e Yes Mo
Planarization required? - Mo Mo Yes
Buffer layer required? - Maybe yes: adhesion, yes: electrical
Why? chemical insulator, chemical
passivation passivation
Electrical conductivity - MNone Mone High
Thermal conductivity Wim-~C 1 0.1-0.2 16
Plastic encapsulation to Subsirate Fw 1 B
place electronics in thickness
neuiral plane
Deform after device - MNo Yes MNo

fabrication

In Table 1.1 are reported the main properties for some materials that are suitable for
substrate in a flexible deviséabrication highlighting the compatibility with R2R process

1.3.1 Thin Glass

Glass substrates are one of the most widespread supports for flexible devices in flat panel
display technology. This is due to the fact that glass sheets below 100 um thickness become
flexible (*"). Nowadays glass substrates can be 30 um thin and show great properties for

the further application. They are characterized by good thermal stability, resiptiag

600eC and have a |low coeffici®m®tC,off utrhdremanlo
impermeability against oxygen and water and resistance to most process chemicals.
Moreover they have a high scratch resistance and electrical insulation. Bablyrtite

aspect where glass substrates stand out is their optical properties: high optical
transmittance O 90% in the visible, l ow str«
roughness of 1 nm or less. However, one of major drawbacks of the glasatesls their

inherent brittleness and difficultly in handling. The strength of glasses depends on the

entire product history, which leaves mechanical or chemical traces on their surfaces and

their edges: the more evident the traces are, the lowersgémgth of the substrate. So to

improve mechanical stability, a good strategy is to combine glass with polymers, in fact,
laminating the substrate with a plastic foil, applying a thin hard coat or applying a thick
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polymer coat can reduce breakage duhagdling, while preserving the good mechanical
and optical properties of glass.

1.3.2 Plastic Film

Organic polymer foils are major substrate candidates for flexible elect(&dicBhey can

provide a lot of different advantages as lightweight, transparency, flexiaiidyeven
deformability, in addition to low cost and rab-roll process. However, the most important
disadvantage that affects plastic substrates, as said before, is the low process temperature
Tmax, Which must be compatible with the glass transition &raipre . On top of this,

the low dimensional stability and the high coefficients of thermal expansion CTE must be
considered. Such properties might be responsible for the formation of fractures on the
device after several coolifgeating cycles and comgmise its functionality. Furthermore,

because the elastic modulus of polymer foils is a factesQL@wer than the lowest

inorganic compounds, a small thermal mismatch stress can make the difference and create
deformations during the overlay registratioh the flattened piece in a stby-step

process. The overlay control is necessary when different patterns are placed on the silicon
wafer one over the others and they must be aligned correctly to avoid malfunctions on the
final device. Also low permealiiy against oxygen and other atmospheric gases is another
important factor that can influence the performance of the device. Polymer substrates with
CTE below20ppmé C ar e pr ef er r e d-baged devidesntiterialt es f or
There are several polymers which might be considered valid candidates as substrates for
flexible devices, including 1) the thermoplastic noncrystalline polymers such as
polycarbonate (PC) and polyethersulphone (PES), 2) the thermoplastic semicrystalline
paymers: polyethylene terephthalate (PET) and polyetigyleaphthalate (PEN) or 3)

high-Tg materials as polyarylates (PAR), palyclic olefin (PCO) and polyimide (PI). PC,

PES, PAR and PCO are optically clear and have relatively higtompared to PET an

PEN, but they are characterized by a CTEof 50 ppi@®/ or hi gher and poo
process chemicals. PET, PEN and Pl are more prominent due to a relatively small CTE,
around 1516 ppm/e C, and high elastic modulance. i n a
PET and PEN are optically clear with a transmittance >85% in the visible, moreover they
absorb a little amount of water, around 14%, however they have a process temperature
Twaxof only ~150eC and 200eC, even gagtber ani
350eC, it hasnét a good optical property d
it results yellowish. However, no one polymer currently meets the requirements for OLEDs
application, because the high oxygen permeation in the plaststrate. Barrier layer

coatings can improve some properties, such as permeability by gas, moisture absorption,
strengthen adhesion of device films and reduce surface roughness.
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1.3.3 Metal Foll

Other candidates to be considered in flexible electronics appfisagoe metal foil
substrates, which become flexible when they are less than ~125um thick. The first
fundamental difference with respect to the other two options, plastic and glass substrates,
is the impossibility of them to be transparent. As such, meialdre commonly utilized

for emissive and reflective displays. In some circumstances, the preference for metal
substrates derives from their ability to tolerate high temperatures. Specific steel foils can
reach up to 1000e¢eC, athi the pthstio sybsttateseand alosvinge o b s e
to operate at the optimal conditions for fabrication of the device films. Furthermore, they
show great resistance against corrosion and chemical attack with no water or oxygen
absorption, iraddition to magnetic shiding (*°). On the other hand, metal supports have
some issues as well, especially related to the surface roughness. Because applications in
the electronics field required very flat surfaces, with limited imperfections and inclusions
to maingin electrical integrity, it is necessary to apply polishing or planarization processes
in order to ensure an optimal device functiona(f§). Planarization can be obtained
through the application of a film that could be organic polymers, inorganic, for example
methylsiloxane sphon-glass (spiron-glass, SOG, is a type of glass that can be applied as
liquid andcured to form a layer of glass having characteristics similar to those gf SiO

or a combination of both, with silicate spim-glass. It is important to underline that the
higher the organic content in the planarization is, the thicker the film canpbiedap
without causing cracks, obtaining a smoother surface. Obviously, the planarization by
organic films introduces again a temperature problem that can be partially solved by
applying an inorganic overlayer by pulskeder processing. A typical planariizen

process includes different steps as apinhotplate baking and higemperature curing.
Because metal foils are electrically conducting, they can be utilized also as a back contact
in some applications, as solar cells, but for others it is necesseryulate the substrate

to provide circuit isolation, this is made possible by applyingx SN SiQ layers.
Insulation also allows adhesion and barrier formation against process chemicals.

1.4 Deposition Techniques for FPEs

Printed electronics involves ceentional printing technologies, associated with new inks
that are suitable for flexible device fabricatid}.(Thus, the benefits achieved in the long
history of printing techniques can still be applied for flexible electronics. A wide range of
different methods have been developed, with the advantages to produagidligh
devices, to be extremely cesfficient and to have the capability to print from low to high
volumes without many issues. The fact is, even if they have been developed for rigid
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boards, they can be easily applied for flexible substrates.

Therefore, the rolto-roll manufacturing congs is available for FPEs fabrication, due to

the intrinsic properties of both devices and printing techniques. R2R processing is one of
the most prominent techniques due to its capability to reduce the amount of waste material
and increase the productiorield. This approach is different with respect to the
conventional ones because it does not treat a single product per process step, but it is
considered as a steady state process, with the consequence of an increased throughput and
lower consumption of rawnaterials. In this terms, the ability of the device to be flexible
represents a compulsory criteria for applying a R2R concept in a manufacturing system,
where the substrate is unwound from a roll in order to create a single continuous web. Such
webs carundergo one single processing step, in which all the active layers are deposited
in one step or can be processed multiple times unwinding and rewinding t{fé){oH.

This simplifies the traditional stelpy-step processes, enabling layea devices to be
created with a much faster process, while conventional techniques are subjected to size
limitations and longer processing times. The resulting process is made lexioke fas

well, because the use of the simpler techniques, which are easily adaptable to different
productive lines for different final products.

Moreover, the particular design and technologies of such printing techniques enable the
creation of more orelss complex patterns, allowing for the fabrication of simple devices
through to multilayer and multifunctional structures. Nowadays, mask printing methods,
which involve the use of a negative mask designing the desired pattern, are still used and
adopted b the simplest techniques; however, the digital support is pushing towards a less
problematic choice: the pattern can be digitalized and modified, based on the
functionalities and the structure that are wanted to give to the final device.

The most commonaposition techniques for Flexible and Printed Electronics are reported
as following.

1.4.1 Vacuum Deposition

Vacuum deposition is a family of processes used to deposit layers of materiddyatom
atom or molecukdy-molecule on a solid surface. These processesatgunder the
atmospheric pressuend the deposited layers varfesm a thickness of one atom up to
millimeters

If the vapor source is solid or a liquidthe process is calle@hysical vapor deposition
(PVD). Instead, wherthe source is a chemical vapor precursoe techniquas called
chemical vapor depositiofCVD). The lattempresents different types of depositidow-
pressure chemical vapor deposition (LPCVPplsmaenhanced CVD (PECVD), and
plasmaassisted CVD (PACVD). The vacuum environment in@ysed for different aims


http://en.wikipedia.org/wiki/Atmospheric_pressure
http://en.wikipedia.org/wiki/Physical_vapor_deposition
http://en.wikipedia.org/wiki/Chemical_vapor_deposition
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reducing the particle densiity order to not let them collide during the deposition;
providinga low pressure plasma environment

reducing the particle density of undesirable atoms and molecules (contaminants)
providing a means for controlling gas and vapor composition

E

providing a means for mass flow control into the processing chamber.
The partite vapor can be generated by different processes:

thermal evaporatign

sputtering

cathodic arc vaporization

laser ablation

decomposition of a chemical vapor precursbemical vapor deposition

=4 =4 =4 -4 A

The vacuum deposition technique is a stepwise process due to the different operations
necessary to allow a suitable depositiothef material. Furthermore, this method requires

a huge amount of material, most of which is wasted on the mask that is used to cover the
substrate in order to obtain the desired pattern. For these reasons, this technique is not
suitable for a R2R systerhdt aims to a singlstep process and decreases the amount of
material utilized in the fabrication of the device. Moreover, vacuum deposition is a very
complex technology, unlikely adaptable to a RolRoll deposition, characterized by a
moving web.

1.4.2 Spin Coating

The most common method in organic flexible devices is spin coating that allows a more
homogeneous film formation during drying procelsant other coating techniqu&he

typical spin coating technology involves application of a solution onto dratédshat is
vacuum attached to a rotor. After the solution has spread evenly on the substrate, the base
is rotated at high revolutions per minute (rpm), removing the excess of liquid by the
rotational acceleration and allowing an optimal thickness confite thickness, the
surface topography and the morphology of the final film for a particular material in a given
solvent at a given concentration is highly reproducible. Moreover, these three properties
highly depend on the rotational speed, viscosityatdity, diffusivity, molecular weight

and concentration of the solutes, but they are less influenced by amount of the solution
deposited, the rate of the deposition and the spinning time. The final thickness after a spin
coating process can be estimabgdhe followEquation 1.1

Q9 . (1.1)
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Wherey is the angular velocitin m s* andk andUareempirical constants related to the
physical properties of the solvent, solute and substrate.

Airflow

&%

Radial Radial
liquid I]m'- |Iq1JL-.1 flow
— I-x .1|'I{]|'.:[ll2]|'l ‘

Angular velocity

Figure 13. Representation of spin coatimgposition method. Image
adapted from (%°).

It is important to understand that when the excess of solution has been removed by the
rotational acceleration, the wet film is characterized by different phenomena, such as
solvent evaporation, change in viscosity, radial flow of the solution, and s$tieaint

and molecular orientation due to the shear field, phase separation of blends and diffusion
of molecules in the film. Even if spin coating is largely utilized in lab scale, due to its high
reproducibility, the stepwise process and the huge amowdsié material (>90%) make

it not compatible with a R2R configuration. Furthermore, this technique is not suitable for
patterning, thus more complex devices are difficult to fabricate. The operation of a typical
slot-die system is schematically representeFigure 1.3.

1.4.3 Knife-Over-Edge Coating

This technique is a-@imensional coating, which means that it possesses an absence of a
predefined pattern, so the entire surface is coated with solution -éirefeedge coating
provides a continuous appliancerm in a stripe with a define width (defined by the knife)

by a stationary knife positioned over a moving web, as show&wjure 1.4, which is
unwound from a starting roll and may be unsupported. The ink is also supplied in a bath
in front of the knife vinich is placed very close to the substrate. In this way the fixed blade
pushes it in order to create a deposition, determined by only the gap underneath the edge.
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The resulting thickness can be roughly calculate8dpyation 1.2

Q -0 . (1.2)

Where g is the gap distance between the blade and the substratm, c is the
concentration of the solid material in the inkglem?® and} is the density of thenaterial

in the final film in gtm®, when the blade is flat and parallel with the surface of the
substrate. There is no waste of ink in this process because the amount of ink required can

be set and will be coated alloritoch e substrate. | tds a very sim
variable is the ink flow feed to the reservoir and the gap between web and knife, allowing
the coating on uneven surface and | evelling

large-area depsition without any patterning, due to the fact that the only pattern that can
be obtained is a film with the width of the blade.

Ink supply

Figure 14. Representation of knifeveredge nethods Picture adapted fronS).

Knife-overedge is a simple technique that can be easily used-sthdb, but it is hard to
applied in manufacturing stgsns, due to its mainly characteristics.
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1.4.4 Slot-Die Coating

Slot-Die coating is a -Hlimensional technique, characterized by the coating of stripes of
different material along only one direction that can be well suited for a multilayer flexible
device, whee the materials are deposited on top of each other. It is very similar with
respect to the previous technique, because it involves the use of a blade and a moving web,
furthermore there isndt waste of i1ie&l due
coated at the end of the process, as it is schematically represehiguarenl.5. However

Slot-Die coating shows some critical differences. First of all, the head is more complex if
compared with the knifeveredge equipment, showing different fgaincluding a shim

that carries the coating blade, and a mask, which allows the ink to flow through the head.
The mask is usually 2000 um thick and a viscosity in the range eét@.cP characterizes

the ink. In fact, the constant supply of ink formsansing meniscus between the moving
substrate and the head that creates a continuous coat of pretty even thickness over a large
area. By modulating the ink flow with a suitable pump and by controlling the speed of the
underneath substrate and the free gajhe coating, it is possible to obtain different
thicknesseswhich are also dependent on the ink viscosity and the solid content.

Ink inlet —

Meniscus \

>

Figure 15. Schematic illustration of a shalie technologylmage
taken from ¢3).

For a given web, ink flow rate, coating width and solid concentration, the dry thickness

t
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can be estimated qguation 1.3:

Q —O . (1.3)

Whered is the thickness in cnfijs the flow rate ircm®min, Sis the web speed in cm min

1 wis the coated widtin cm, cis the solid content in the ink in gh®andj is the density

of the dried ink material in gm®. Being a 1dimensional technique, it creates a 1
dimensional pattern that is suitable for electrical interconnections between different layers,
making pssible flexible devices fabrication at large scale. However, there is a limitations
range, in term of web speed, ink composition and ink flow rate, beyond which coating is
no longer possible.

1.4.5 Screen Printing

Screen printing is a very versatile printirgctinique that allows for full-dimensional
patterning of the printed layer. Its main requirements, as opposite to other methods, are a
high ink viscosity and a low volatility for coating solution, keeping the distance from other
techniques also for the ggence of a large wet film thickness. The process involves a
screen of woven material (synthefiber or steel mash) that has been glued to a frame
under tension. The pattern is obtained by filling the screen with an emulsion that prevent
the coating soliibn to reach the areas where no print should appear. The area of printed
pattern is kept open (without emulsion). The screen is then filled with coating solution and
brought into proximity of the substrate. A-salled squeegee is forced into the screen
bringing it into contact with the substrate and then drawn linearly across the screen thus
forcing coating solution through the open areas onto the substrate and in that manner
reproducing the pattern. One of the most important parameters about screeg isrthie
theoretical paste volume of the screegyed; normally measured in cttm?, which gives

the thickness of the coated film. Other factors that can influence the printing process are
the force with which the squeegee is pushed, its speed asmbgheff distance, in addition

to the solution viscosity. The final thickness of the dried film can be evaluated by the
follow Equation 1.4:

Q e Q- . (1.4)

WhereVscreeniS the theoretical paste volume of the screen iffrafk, the pickout ratio
that described the partially deposited matedad, the concentration of the solid material
in the ink in g cr¥, and} is the density of the final dried film in g ¢in
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There are two types of screen printing, flat bed and rotary screen printirfgdsez1.6a
andl.6b).

Screen . Squeegee, <«—»>

Ink / paste Rotating  Squeegee Printed pattern

\\ screen e /
o\ _ ol N/ e
,I Backup
roller

/
Printed pattern

Figurel.6. Schematic representation of a flaéd screen printinga) and a rotary screen printing (b
Pictures adapted frontY).

The former is the conventional technique, where the squeegee is swiped over the screen,
transferring the ink on the substrate and obtaining the desirable pattern. Although it is not
t hought for a R2R s ys tcensumidgusteps,tas fextaiple pr o c €
changing the substrate after every deposition, the flat bed screen printing has been
successfully applied to a R2R configuration. The latter is the most suitable for a continuous
deposition, characterized by a moving web and using the same cofhdbptflat bed

screen printing. In fact, the stationary squeegee is placed with the ink inside a rotating tube,
which presents open areas where the solution is pushed in, allowing the pattern deposition
on the substrate, placed in contact with the coatpyaratus. Rotary screen printing can
achieve very high processing speed, > 100 m/min, if compared withk3hedmin of the

flat bed one. However it is much more expensive due to the waste of ink in the initial
adjusting phase. Notably, even under syestdte conditiong is a very reliable technique
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1.4.6 Gravure Coating

Another Xdimensional coating technique is the gravure printing that allows the deposition
of preetched patterns onto flexible substrates. It is even more complex tharoke

edge and sletlie deposition but it is based on the same concept of not wasting of ink
during depositionkFigure 1.7 shows how the simplest form it comprisesi@er system,

where the coating roller has an engraved pattern that is partially inserted in an ink bath.
The excess of ink is eliminated by a doctor blade just before the contact between the
coating roller ad the moving web, which is supported by another roller, avoiding ink

Printed pattern ——

Impression
cylinder
Gravure
cylinder .

_y — Doctor blade

—— Ink bath

Figurel.7. Representation of the simplest gravure coating technidmage
taken from ¢9).

|l osses and patternds iIimperfections due to t
substrate in the desired pattern by the tight touch between the coating roller and the
substrateallowing the movement from the rolleawties to the web. Obviouslyhen a

new kind of pattern is required, it is necessary change the engraved roller.

This technique results suitable for low viscosity inks and for very high web speed.
However, the qudy of the pattern is not suitable for high performing devices.

1.4.7 Flexography Printing

The basilar concept of flexography is simil
transferred to the moving web by a soft printing cylinder, typically madeublyer or
photopolymer. The flexography system is traditionally composed by four rollers, where a
fountain rotor supplies the ink to a ceramic anilox roller, characterized by-oaeries
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in the surface, which is made in contact with proper printing dglithat is engraved with

the desired pattern. Finally, the ink is deposited onto the substrate that is supported by
another cylinder that rotates in the same directions of the printing one. Similar to the
gravure printing, the excess of ink is removedlwoctor blade positioned in contact with

the anilox cylinde. In Figure 1.8it is schematically showed thkexographic deposition

concept.

Printed pattern
P % P

—

Impression
cylinder

Doctor

blade
‘\

Printing plate cylinder
™ Anilox roller

—— Fountain roller

— Ink bath

Figurel.8. Flexographic method adapted for a flexible devi
fabrication Picture taken from?f).

The flexographic deposition is an evolution of the gravure printing and so it is wseer
than the predecessor in coating of printed devices.

1.4.8 Inkjet Printing

Inkjet printing allows a Zlimensional patterning obtained by a pixelatedpgatern with

a defined resolution unlike the techniques described so far, which present the same pattern
for every deposition if it has not previously been changed. Inkjet printing is based on two
main technologies, thermal and piezoelectric, which permit aainajemand deposition

for a high resolution printing. The former is typically utilized in lowstinkjet printers,

but the later has successfully settled as a reliabletmsioll technique. In the piezoelectric

inkjet printing process, the droplet is mechanical compresses by a piezoelectric crystal and
electrostatically charged by an electricdieft this point, it is pushed out from the nozzle

in the position defined by digital software. In order to obtain high resolution depositions
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(up to 600 dpi), the printing head requires many nozzles, which also decrease the amount
of time necessary for ¢hcomplete deposition. Specific limitations are required in inkjet
printing as well: for example ink with a low viscosity38 cP) are required, often achieved

with a mix of 58 different solvent, as well as the capability to be electrostatically charged

in addition to a high sface tension, typically >35 m, necessary to easily create a
stream of droplets.

Ink ,
supply Piezo
& dV/dt waveform
Ink ___ o
drops o Printed pattern
-y

>

—_

The dry thickness resulting from the inkjet deposition is given by the nuwhiskeoplets

Figurel.9. Schematic illustration of an inkjet printing deposition
adapted from ).

delivered per area, the volume of each droplet and the concentration of the material in the
ink and it can be estimated by the follow relatiBquation 1.5

Q 0 w- . (15)

WhereNq is the number of the droplets delivered per area iR, afmthe volume of the
droplet in crd, c the concentration of the material in the inkg/cn?® andy the ink density
in g/cn?.
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The inkjet printing is suitable for a R2R approach, allowing a high pattern resolution not
achievable with other type of printing technique. Moreover, it results more practical and
flexible due to the possibility to adjust the pattern througtofaware and prevent the
change of the entire roller manually. Substrate can be coated with a resolution pf 600 d
with a web speed of 75 m/min.

The techniques described so far are summarizddlnte 1.2 enabling to compardé
several deposition mettle bydifferent characteristicd\ttention is paid to the possibility

Tablel.2. Description of the main characteristics of the principal deposition technitjatsy
M=medium; H=high; VH=very high.

= s Film R2R

Thermal

Evaporation M & M H 2D Y
(vacuum)

Spin-Coating L 2 H M 0D N
Doctor-

Biading M I L L 0D Y
Knife-Over- H H L M oD Y
Edge

Screen H H 12 M 2D Y
Slot-Die H VH L M 1D Y
Gravure H VH L M 2D Y
Spray H H M L 1D Y
Inkjet H L M 2D Yo

to scaleup the technigue from the laboratory application to the manufacturing process: it
is probably the main characteristic required from a printing technique. Moreover, the
process geed and the material waste are underliiedentually, an indication of the
complexity of the pattern and the R2R compatibility are replort

In this work slotdie coating and inkjet printing will be explored, trying to understand the
possibility to obtain high performing electrodes. Froable 1.2 it is possible to observe
that they are characterized by the more interesting propertie=rmis of process speed
and ink waste (sledie) and pattern dimensionality (inkjet).
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Summary

In this chapter the technological information necessary to understand this work have been
explained. It has been explained the meaning of a Flexible and Printed Electronics and the
material which it is based on, as well as the deposition techniques devébopiéed
fabrication. In the next section, sldte coating and inkjet printing will be deeply
investigated: the procedures used in both methods will be outlined



Chapter 2

Materials and Methods

The fabrication of copper electrodes was based on depositionof a copper oxide
nanoparticle inkon a flexible plastic substrateand posiprocessing using flash
photosinteringIn thischaptey their most important properties are introduced, in relation
to the printing techniques involved. Moreover, the printing methods that were utilized are
explained, with a focus on the main ogtéve parameters that have been tuned, in order to
optimize the electrodes deposition.

2.1 Copper Ink and Substrate Description

An ink of copper (1) oxide (CuO) nanoparticles suspended in an aqueous solution and a
plastic foil werethe materialsisedfor the copper electrode deposition described in this
work. They show optimal properties for this type of application, as reported in the
following sections

2.1.1 Metalon® ICI-002HV

The ink used in the deposition of the copper electradssupplied by Novacentri¥!, as

an aqueous solution containing copper (Il) oxide nanoparticles, called M&tdin
002HV. It contains approximately 16% in weight of copper oxide, which average particles
size is around 130 nm in diameter, as showirigure 2.1, where the particlesize
distribution for a typical batch is reported. It has to be taken into account that this result is
obtained using a dynamic light scattering measurement (Malvern Instruments Zetasizer)
and therefore it measures the clusters in solution (single partichggegates of particles)

with their hydrodynamic diameter. For these reasons, the actual nanoparticles size might
be slightlysmaller(®4).

The solution is specifically made for inkjet printing. As previously discussed, there are
limitations about the specifics of the inks suitable for inkjet technology, in this case for the
piezoelectric printing system. One of the most important parametesrsider is the
viscosity, which for the copper oxide solution is betweeftb P at room temperature.
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Additionally, a quite high surface tension is required, estimated around 27 dynes/cm, in
order to avoid any difficulties in droplet creation in the @tlgystem. The specific gravity

of the ink is measured to be in the range of1L4& while the ink is neutrab slightly acid,

with apH value of 6.67.0. These entire characteristics meet the requirements specified for
optimal inkjetdeposition

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Figure 21. Nanoparticle size distribution for a typical M&a® batch. Figure taken froif)(

This ink showed a higmiscibility with different solverd, especially with ethanol. The
hydrocarbon has the capability to disperse in an optimal way the copper oxide nanopatrticle,
obtaining a stable solution without aphaseseparatioror precipitation of solidsThis
specific affinity between the commercial ink and ethanol was useful @nslibtdie
deposition, where the inkbés properties, spe
not suitabledue to the high viscosity. With a propeitution, different solutions were
produced. Based on the volumetric percentage of the solvennhtathie ink properties
changed towards a lower viscosity and a lower surface tension, showing a higher
evaporation rate. These changes were not studied in, daythurther details will be
discussed in the next chapter.

The choice of the copper nanopdgimk for the deposition of conductive electrodes was

not accidental. Because flexible electronics are designed to be bendable, rollable and
stretchable, the use of proper solutions in coating techniques in order to maintain a high
conductivity has becomfeindamental. The right ink option caonsiderablymprove the
chemical and mechanical stability of the final devedeliverbetter performance. In this

view, many different options for the preparation of flexible electrodes have been studied,
such asconductive polymers, molten metals, orgametallic compounds, metal
precursors and metallic nanoparticle suspensons

Among these classes of materials, conductive polyniensi@é be the most advantageous
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for flexible devices, given their mechanical properties. However, their relatively low
conductivity plays a major role in reducing thaliure Considering the other options, the
operating temperature of molten metals ishah with respect to the maximum process
temperature for a roto-roll manufacturing,which is limited by the glass transition
temperature of the plastic substra@.ganemetallic compounds requira chemical
reaction, which typically involves more thane chemical and/or additiorta¢at treatment

to drive areduction process. Moreovehe final electrodefrom such methodshow a
largeamount of organic compounds that céfect the electricaproperties
Nanoparticledispersionscan bridge the veryhigh conductivity of metals with the low
process temperatuakin to polymer processingecaus®f their small sizenanoparticles

offer a reduction of melting temperatusempared tothat of the bulk materia(?®).
However, sintering has to be achieved in order to enhance the electrical conductivity
towards the value of the bulk materialis is one of the main goals of this thesis.

In addition to a redwed melting temperatutethe nanescale size of the particles can
modify other physical properties, such as electronic, magnetic, catalytic, optic and
thermodynamic ones, compared to bulk matefinese unique characteristics are related
to the fact that v decreasing the size, the surface of the particles becomes prevalent
compared to their volumehuschanging their chemical and physical behavior. The low
melting temperature, and by extension the sintering temperature, emaltitks
processing conditiato be suitable for fabricatingetal electrodes.

Several metallic compounds have been proposed in the form of a nanoparticle ink, such as
gold (Au), silver (Ag)(?>"), copper (Cu) and nickel (N{f®). Ideally metallic features for
conductivity would be sufficiently conductive, stable and ch€apsidering these factors,
despitegold and silver nanopartideshowng a lower melting temperature asditable
electrical properties, tlyeare cost prohibitive for large area application. Their current
prices per ounce are $1200 for Au and $17 for Ag. Instead, copper and nicleetaostre
suitable for large area applicats because they co$10.17 and $0.36er ounce,
respectively Unfortunately, they are easily oxidizedhich degrades theielectrical
propertiesand forms the scientific challengdetalor ICI-002HV contains copper oxide
nanoparticles, which are contenl to a bulk copper films with pheteduction. Therefore,

they are naturally stable in dispersion, but do reqriapsulation to avoid oxidatidor
practical use.

212Novel e2B0 | J

The substraten whichthe Metalorf was depositesasproduced by the saencompany,
NovacentriX™. It is developed particularly for nanoparticle sniNoveld™ 13-220 is a
PET-based substrate for lewost and lowtemperature applications where transparent
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films aredesired. It is not a simple PET suppdrcause it presents averlayerthat is
extremely porousindaround 30 um thickThis enhancethe mechanical stability of the
deposited electrodes. When the solution is coated on N¥vEI€20, it permeates the
porous structure and after sintering a continuous networkreéatexl. This deeper
interconnection between solution and substrate enables for an improved mechanical
stability, avoiding easy delamination of the deposited layer. Different possibilities have
been considered as flexible plastic substrate, for exampleetpetymide (PEI),
polycarbonate (PC), polyarylate (PAR), polyimide (Pl) and polyehtylene terephthalate
(PET), in addition to photographic paper. Although each plastic substrate may be suitable
for flexible application, it has been demonstrated how PET slaobetter predisposition

for room temperature sintering processes, such as intense pulse light ar@®aling

Theflash sintering mechanism involves a photothermal effect that leads to heat generation,
which is confined within the individual nanostructufée substrate should not take part

in the formation of the conductive film, bfdr the above case it trtairy involved in
structuringthe sintering proces#$n fact, Figure 2.2 showsthat flash sinteringwith the

same solution of Ag nanoparticle irsd 14% in weight in solution with ethanethichis

printed with the same inkjet printing parameters onto difitgpastic substratdsas drastic
differences

111 \N

10 —a— Ag/PI
—e— AQ/PET
9 —a— Ag/Paper,

Resistivity(uQ cm)

N —

1 2 3 4 5
Number of flashing

Figure 2.2 Resistivity variations as a function of number of pu
for different types of substratézigure taken fron®).

The evaporation rate of the solvendbm the ink following ink depositioraffects the
formation of a continuous structure, due to the fact that the generated heat is dissipated
before vaporization of the organic compounds and mettfrige nanopdicles. In these
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terms, a plastic substrate with low thermal conductivity should be optimal to prevent the
heat dissipation in the surroundings and to confine more heat in the nanostructure.
However, reaching very higher temperatures in the top layeos$ &imised, because it has
been demonstrated how it can lead to surface ddfetidecreasthe electrical properties

of the conductive film. On the other hand, a higher thermal conductivity implies a faster
heat dissipationwhich prevents the formationf a uniform film structure due to the
difficulty in reaching the perfect conditions in the layer.

Table 2.1 Thermal conductivity for some of the plastic substrates.

Substrate Thermal conductivity (WrmK?)
PI 0.52
PET 0.19
Photo paper 0.04

With this in mind, PET shows an intermediate thermal conductivity, as shoWwabie
2.1, enabling an optimal heat transfduring flashandalsosintering of the nanoparticle
into a uniform frameworkvhilst avoiding the formation of surface defects.

The plastic foil used in the applications shows a basis weight of 175+F0aghna
thicknessof 140+£12 um, measured withcaliper.

2.2 Slot-Die Printing Apparatus

A 3-Dimensional (3D) printefieaturing a slotlie printing head is one of the two deposition
instruments that were used for the copper electrodes fabrication. This choice has to be
attributed to the outstanding characteristic, which hawlamit one of the largely
technologies studied for flexible electronics fabrication. -8let technique is a-1
dimensional (1D) coating, which means that is not suitable for creating complex patterns
except stripethatcan be narrow or wide depending be shape of the printing he&d).

The 1D patterning is more involved in the fabrication of simple multilayer devices, such
as solar cells, or for the interconnects between different layers. Several investigations
have been performed in order to analyze the behavior of such technology in the
manufacturing oflexible devices, especially for orgarpbotovoltaicinks (*°).

This work varies from the conventional stlie applications, because it does not involve

a polymeric solution, but a nanoparticle ink. At the present, therdinaited studies
discussing the deposition of a hanoparticle mixture bydséofor flash sinteringand this

work is partly devoted to filling thisechnologicalgap. The main aim of this study is to
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optimize the deposition of copper oxide nanoparticlerdeido investigate the suitability

of this solution in a sletlie system andreate performingopper electrodedn fact, by
coupling the unique properties of a nanoparticle solution with this proven technique,
several advantages can be introducetthe falsication of flexible electronics.

Slotdie l-dimesional patterning may be thought as a limitation if compared to other
printing technique, such as inkjet printing, which will be treated as a reference methods.
However, the lower resolutions the slotdie printing is counterbalanced by the very
simpleapparatus that can lead to important advantages. First of all, an elementary system
involves an easier control of the coating process, because of the less variables that
characterize the solution depositidinis translated in a faster and deeper comprehension

of the parameters that can influence the phenomenon. Moreover, a simplag feéaid
enablesnore accessible changes: different configurations are available and they are easily
interchangeable, witha creating profound variations on the entire coating system. This
even means that stdie can be easily adapted to several solutions, which show different
properties. On the other hand, an elementary apparatus can be easily checked in presence
of malfundions and quickly repaired if necessary. The maintenance becomexliate,
without involving expesive spare parts. In fact, the cost of a-dietsystem is much
cheaper with respect to other techniques. With this in niredscaleup of such system

for industrial application is achievable with small adjustmemitfiout changinghe nature

of the method. Thus, the effortless seaeis the strength that leads stli¢ to be one of

the most prominertechniquedor a rolkto-roll process

Additionally, a 3D printer platform is associated to the sligt prining head as a
fabrication tool for the electrodes depositidf). This combination gives to the entire
system a further degree of freedom, with respect to the conventiedieslchnology.
Traditional designs are based on a fixed prgnhead thats put in contact with a moving

web: the ink is pumped through it and deposited onto the flexible substrate that is wound
from one end and rewound to the other. In this case instead, the printer is an extruder that
can move automatically along they and z axis with a precise position control, varying
the head acceleration/ deceleration/speed
additional parameters can be introddider example the temperature of the pgrigthead

as wellas the platéemperatureA software controls the movements and the positioning

of the 3D coater head, enabling more accumche solution deposition.

2.2.1 Slot-Die Coating Head

In order to deposit thin and uniform copper film onto the flexible substrate, -dislot
coating head was used as end of the 3D coater. The common design fedia ploht
head involves several components, each one with a specific function. The parts can be
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easily assembled together by screws, and they are fabricated in order to exhibéran in
channel where the ink is pumped through, creating a solution flow that is deposited onto
the underneath substrate. The equipment that was used for the copper electrodes deposition
is shown inFigure 2.3, where the components are arrangethe sequergcin which they
wereassembled.

Figure 23. The slotdie coating head in the disassembled version in order to show tf
different components.

The front and the rear pieces, numdgkas (1) and (4), are thicker than the central masks,
because their function is to give stabiltjth their weightto theentire apparatus, which

has to avoid sudden movements due to possible contacts with the flexible substrate or
vibration coming from the motor of the coating system. Their thickness is wider than the
other parts also because it has to allow the screws to have a sufficient stirdkéogthe
print-head the solidity necessary to contrast the pressure created by the pumping of the ink
inside it. The fronpiece, the part that faces the coating dire¢tstiows a different design

with respect the rear part. An extension can be obdegoing inside the component,
ending at the beginning of a circular cavity: it is the connection the coating head and the
syringe that can be screwed in it for a better grip. The recess at the center of the front piece
is the reservoir for the ink: if is pumped inside the coating head directly into the slot for

the deposition, the pressure that could be generated may create some instability in the ink
flow, influencing the deposition. The cavity disconnects the pumping process with the ink
flowing, allowing the suppression of possible flow instability during the coating process.
The inner parts represent two masksps#main functions are to create the slot through
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which the ink can flow just before the deposition and, the most important, to geherate t
meniscus necessary for defining the desired pattern. It can be seen, in fact, how the mask
(2) shows a channel starting at the same height of the reservoir and ending at the same
level of the front and rear components, creating a free path where thi®rs@an go
through. The shim, as the component (3jlesignatedis probably the most important

piece of the coating head. The blade that characterized one of its ends enables for the
formation of the ink meniscus, which is the basilar concepts fatgpesition by slatlie.

Due to the solution properties, such as viscosity and surface tension, the liquid creates a
curved surface that makes in contact the coating head with the underneath flexible
substrate. This structure is continuously refilled by itle flow and it enables the
deposition of the ink by the head motion.

The meniscus has a really unstable nature and it depends from different factors, both
solution properties and coater parameters, and it may be disappear due to some
instabilities. Thisis the main issue for a stdie coating and it can become really
challenging to find the right settings and properties in order to create and stabilize the
convex | ens for a proper deposition. The bl
which is claracterized by only stripes, but it can define its width. For the cepgeirodes

a 4 mm bladevasutilized that ensured the deposition of valid samples for the subsequent
characterizations. The amount of ink that is coated onto the substrate cansibedaulyu

the thicknesses of the mask and the shim, as well as by coater parameters, such as the
volume of ink pumped or the head speed. In this case, a 50 pum thick shim and a 200 um
thick mask were adopted.

Particular attention was given to the sequenaghich the different parts were assembled.

As everyone can notice, there isnét a predef
differ for the position that the mask and the shim can assume. However, even if for the
organic solutions it is usually ceken an inverse sequence with the respect to the one
illustrated inFigure 2.3, for a nanoparticle ink an arrangement that involve front piece,
mask, shim and rear piece in this order was preferred. The main reason for this choice is
related to the naturefahe ink, which is an aqueoleshanolic solution where the
nanoparticles are suspended in order to create an apparently one liquid phase. However, it
is possible that those nanoparticle may create clogging preplenexample due to the
solvent evaporain or aggregation, influencing the normal ink flow and so the deposition.
Thus, a configuration that can minimize the possibility to incur in that problem was opted.

In fact,placing the mask between the reservoir and the shim enhabéliedto flow through

the headnore easily due to the larger free volume allowed. On the contrary, if thesshim
placed before the maskhe solutionhasaccess to the slot ontyirough a very tight
window, which may lead to cloggingelated problems

To complete the coiaig head apparatus, a syringe filled with the solution is connected to
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the front piece. For the copper electra@ggposition, a plastic syringe of 6 ml was utilized,
althoughdifferent alternativescould have been used based on the necessary coating
volume

2.2.2 Felix-Coater-3D Printer

The deposition of copper electrodes was achieved ugjdD)acoater, partially modified

from a commercial 3D printer. This equipment had been previously assembled by a
Commonwealth Scientific and Industrial Research Organiz&dG&iRO) team, in order

to deposit the active layers used in bulk heterojunction (BHJ) solar cells, as presented by
Vak et al (39). In the fabrication of copper electrodes, a similar approach was adopted,
replacing the organic polymers used in solar cells with a copper oxide nanoparticle
solution.

Fgure 2.4 TheFelix CoateBD printer, illustrated highlighting the main component

With the idea of reducing t he-contaminmatomid® s ¢ om
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the solution feed line and decreasing the waste materials by reducing the dead volume,
additional modification were made. In details, an integrated syringe pump had been
designed to feed the solution directly from the syringe to thedsobhead without any
tubes, as shows Figure 2.4, wherethe Felix Coater3D printer isillustrated.

The basilar concept of the 3D printer is to convert the rotation in linear translation, in order
to move the different components along the thxeg and z axes The independent
movements of each part gitfee desired deposition. The motoj éllowsthecoating head

(6) to move along the-axis, while motor (2) allows the plate (& move along thg-axis
therevolution of the rota is translateth linearmotion bya rubber beltDifferently, the
motors (3a) and (3b) am®nnected toibbedsupportstat rotateenablingthevariation of

the printng headalong thez-axis In a similar way, motor (4) operates the pumping system:
during its rotation it varies the level of the piston that pushes the syrpigeger and
controlsthe ink deposition. As itan be observed iRigure 24, different plates are
available, also with temperature control for a faster evaporation of the solvent in the
application where a higher heat triarss required. The three screws that support the plate
are responsible fahe plate levelingvith respecto the coating head. This action enables

to obtain uniformity in the thickness layers

Regardless of what type sblutionis utilized for the deposition, the coating procedure is
performed always in the same way and ineslthe following sequence of steps:

1. The system dispenses a small amount of ink in order to fill the void in the coating
head and to wet its end with fresh ink at home position.

2. The printing head moves from the home position to the starting point for the
deposition at a safeaxis height.

3.To create a solid meniscus and avoid pro
Aki sso action has been i mplemented. Prac
predefined height in order to touch the underneathtatbsand make mechanical
contact. At this point a small amount of ink is dispensed to form the meniscus.

4. The coating head lifts up until the deposition height determined by a Feeler Gauge.

5. The head moves along the substrate characterized by a constanitlyvehd a
constant ink feed rate.

6. If the deposition requires more than one stripe, at the end of each one the head lifts
up and repositions itself to the new starting point, reiterating from the step (1).

It is important to underline that the meniscosnfation must happen instantly when the
coating head touds the substrate, in order to avoid depositions starting at different
positions.For this reasorstep (3) has been implementedgatinga solid meniscus due to
the physical contact between coathmead and substrate. This additional action has had the
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consequence to considerabtyprovethe reliability of this coating technique.

1. x,¥ positioning
2. lift down and solution feed
to form meniscus

3. lift up to coating height
4. coating at controlled coating speed/solution flow

25mm

Figure 2.5Schematic representation of the stepwise sequence performed by thdieslobating hea
during a typical deposition. Figure adopted fr¢#).

A schematic illustration ofie stepwise procedure for a single stripe deposition is reported
in Figure 25, where the principal steps to perform a coating process are highlighted. It can
be observed how the maximum coating length may be 25 cm, due to the maximum
translation the suppts can perform.

At the end, it is a lab scaégparatushut it can be easily associated to a-tofloll concept
without any difficulties. Furthermore, the implementation of 3 directions movenmeays

make the difference with respect to a conventistuldie system in a large area produntio

2.2.2.1 Felix Coater Software Control
The 3D coater functions are controlled by a digital code. The most important advantage of
a digital control is the capability to vary the deposition features without changing any
physical part. For example, different patterns, speeds and solution feed rates are possible,
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so different results can be obtained with the same solution. Furthermore, this feature
strongly reduces the sep time, which is one of the aspects that is morerekbsn
manufacturing scale. Moreover, less material is wasted and the probability of cross
contamination is reduced with the advantage to obtain different results without replacing
mechanical components.

The protocol associated withe machinevas devedped a reported by Vakt al(*') using

a G-code formalismit is a machinéndependent standgrathichmeanghatthe optimized
printing conditions for a specific deposition can be transferred from lab to lab, from
machine to machine, by a simpkxt file .txt . This can improve reproducibility and
transferability of the results, by simply
processing, a script had been developed in order to easilyrttmegrinting parameters

in G-code formatThe G-code generatanterfaceis shownin Figure 2.6.

Ml G Code Generator for FelcCoat - CSIRO ] =3 21 x|
Dispense at Home |2 Hu Coating Position (X, Y) ™ Point Nozzle
Home position (Z axis) | 0.00 = mm [30.00 =H[12100 Nozzle Diameter (mm)
Moving Height (Z axis) [5.00 = mm Coating Dimension (X, Y) 0.10 - @
Moving Speed 100 = mm/sec [s.00 = [0 = Line interval (mm)
I™ Reverse Direction 0.15 3;
——] Solution pL per Extrusion mm I 3
pp 12.00 - [ X Direction
- G Code
Move Down to Contact 0.50 =] mm
Debay Before Coatig 460 i O L = =~~======~ Initialize Coater ~ *====m==mnunn i_‘
Extra dispense at start I 1 3: ul G21 ; set units to millimeters
g - M302 ; enable cold extrusion
Coating Height (Z axis) [15.70 = mm G0 ; use absolute coordinates
— 5 ’ﬁ M82 ; use absolute distances for extrusion
Cozting Volume 2.20 =] Wem"2 G92 E0 ; reset extrusion volume
Coating Speed |2.00 3: mm/sec GO F6000.000 ; set moving speed
Delay After Coating I 0.00 3: sec
- ;**** Coating Process Start =***
Rectract to Move IS 3 ul
GO Z20.700 F6000.000 ;z axis safe place ﬂ
Multi Stripes Save Setting I
Generate G Code Load Setting |
Stripes Inverval (X Dir) | 10.00 3: mm
41+ . =Ly Close
Number of Stripes | 12 3 Stripes

Figure 2.6 The Gcode generator software interface where it is possible to vary the printing
parameters, in order to optimize the deposition.
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Many different options are available. In the first box (1), the values of the functions related
to the main movements cére changed, for example moving speed, moviagis and

home positiong-axis values, as well as the amount of ink dispensed at home position to
refill the blade with fresh ink. The second, frame (2), refers to the ink feed rate. It can be
easilycalculdd considering the heightdés wvariatio
pumping system. It will be explained further on, when the coater interface will be
introduced.

In the box (3), other coating options can be changed, based on the own first trials.
Synthetically, the fAkissoO step and the dep
the coating speed and the coating height, two of the most important parameters for a
uniform deposition, as well as the extra ink that is dispensed at thegsfaoiim in order

to create the meniscus. It is fundamental to explain how these options are always
customized after a first deposition experience: they are very sensitive to the solution
properties and a repetitive adjusting process is necessary to déraptimal values for

each set of experiments.

One of the abilies of the 3D coater is to move the coating head not only along one
direction, but also on the perpendicular axis. In this way, many different stripes can be
deposited, achieving a patternirtgacacterized by parallel lines. This is useful in order to
create more complex patterns or increasing the production rate of a single one, enabling a
large-area deposition. Thus, the number of the stripes can be decided in the box (4), as well
as the distace between each other. The details required for a typical coating process are
completed by inserting the coordinates where the deposition starts and the characteristic
of each line, so length and width. In fact, the coating plate is thaigit a Cartéan

plane where the origin is placed at the coating head home position, iwtsithated in
top-right cornerof the plate as marked Figure 2.5with (O). Box (6) is related to the use

of a nozzle instead of a sldte heagdwhichwas not utilized in tts work.

In the code generator, the entire G code for the relative deposition is also reported in a
smaller window. This involves a fast copgste of the protocol in the printing software
interface, enabling to implement different G code sets: stripesdiffdrent parameters

can be coated and a multilayer approachmalepossible.The printing software has a
RepetierHost interface, as shown Figure 2.7, by which it is possible to move manually

the coating head, checking some parameters such as coating height or the starting point for
the deposition. Specific controllers are highlighted in box (1). Under the commands for the
x-y-z axis, the interface fothe piston control is placed, as shown by box (2). With this
functionality, it is possible to move up and down the support that pushes the syringe
plunger during the deposition.
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Figure 2.7 The RepetieHost interface, which allows to move manually tteating head and to
implement the Gcode sequence.

The relation between the input data inserted in the software arebtheerght mutation can

be calculated manually: it was found a proportionality fadigprof 10. Thus, 100 mm in

i nput correspond to a pistonés movement of 1
ink dispense for each millimeter of variation reediroy the G code: the value must be

reported in code generator, in order to obtain a higher accuracy in the quantity of solution
dispensed in the coating process. If it is considered a 6000 pl syringe Vdméh a

stroke €) of 50 mm, the correspondj variationa for the printing software due to the
proportionality factor will b€ Equation 2.1):

/bOQ b ; 2.1)

so the amount of ink in Ol &)isgvenbysoeationf or eac!
2.2

w Jb v . (2.2)
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For the case considered in coppa&ide deposition,&is calculatedas 500 mm and the
relative amount of i nk peasl2filsnsmf t wareo mi | |
This procedure is useful when a new type of syringe is used and a new relation must be
defined: it enables to get the same results with different tools, improving the
reproducibility and the transferability of the technique. In the boxtli@)editor br G-

codecanbe found.

2.3 Inkjet Printer

In many different coating techniques it is impossible to precisely define the right amount
of solution necessary for each deposition, which translates into a huge quantity of waste
materials. Moreover, several problerare related to the impossibility to create an on
demand supply of ink. So a constant ink flow characterizes the deposition, limiting the
maximum resolution that it can be obtained. With this in mind, inkjet printing tries to avoid
such inconveniencesslt basi |l ar concept is to dispense
through a high frequency droplets formation of precise volume. In this way, more complex
patterns are available, due to the capability to deliver the droplets in specific positions and
only when it is required, with a fine control of the solution volume. Several advantages
can be introduced by this technolod$):(a higher resolution is now possible, enabling the
fabrication of more complex devices, which allow to reach a further step in device
functionality. Furthermore, the process rigaskless, not requiring the presence of a
physical shadow mask, in ord® create the desired patteNoreover, the patterning can

be easily digitalized: several different depositions may be made without changing any
physical components, but only openatiby a software interface.

The most important advantage that has been introduced by inkjet printing is the capability
to deposit a wide range of different compounds without any issue. The formation of
droplets requires some standard about ink propeféspecially surface tension and
viscosity), but it is an obstacle that can be easily avoided with a right formulation. In
addition, the dropn-demand (DOD) technology has grown up really quickly in the last
decades, enabling to reach a pattern resolatiohuniformity that had been never thought
with conventional techniques. Additionally, because it can be easily implemented in a
largearea R2R manufacturing process, inkjet printing is defined as-adetxtechnology

that can be scaledb in an easy way.

2.3.1 Thermal and Piezoelectric Systems

Droplets formation cabe obtainedy different processes, but the most popular are the
thermal and piezoelectric approaches. In the former, small air bubbles are created by ink
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evaporation in a small chamber on theface of a heating resistor. During the heating
process, the amount of bubbie the chamber increased, raising the pressure and enabling
the ejection of a tiny drop when this reaches a threshold value. When the droplet is pushed
out, the system sudderdropsthe temperature, enabling the formation of a regiriaplet

The ejection process lasa few microseconds and temperatures up to 30&2fiC be
achieved in the drops formation champ®y (3%). This process is very simple and can be
easily implemented; however some limitations affectittkechoice.For example, the
solventmust evaporate in the range of tte@nperature that characterizég®e printng
system; moreover, temperattsee nsi t i ve compound candét be pri
process that occurs in the dropletds formati
is limited to commercial mters

The latter is based on the effed piezoelectrianaterials, such as cerantigystak, which
undergo agphysical deformationsuch asexpansion or shrinkag&yhen subjected tan

electric field. The nozzles system from which the droplets are ejected is designed as an ink
reservoirand asmall chambeseparatedy the piezoelectric material. When a precise
electric charge is applied, the piezoelectric disk shrinks, enabling the solution to flow in
the small chamber. After, by the expansion of the piezoelectric crystal due to the
application of a specific voltage, the droplet is ejected. The electric field returns so to the
starting condition avoiding the loss of more ink through the nozzles by restricting the
chamber volumg®®). Piezoelectric systesnhavethe advantagef operatig at room
temperatureas opposite the thermal technology, so several different compounds can be
used in inkjet printing deposition without degrading their properties. The room
temperature process is the aspect that has made piezoelectricsgstepopular not only

atthe lab scale, but also in the largea manufacturing.

An overall issue for inkjet printing systems derives from the rasize of the nozzles
utilized for droplet ejection. To reach a very high resolution, easily up to hundred dpi
(drogets per inch)the volumeof the dropletss usually around 10 pl. With this order of
magnitude, clogging problenmsecome very frequenEFor example, aggregation of solid
material may be incurred when a nanoparticle suspension is used or theesgpenation

rate is very high. Sedimentatiofthe solid fraction of the inknay take place if stabilizing
compoundsre not present in the ink formulation

2.3.2 Fujifulm Dimatix Material Printer 2831-2800 Series

The piezoelectric inkjet printer that was ds®r in this work is a Fujifilm Dimatix
Materials Printer (DMP) 2832800 series. A 3D printer and a software control pre
installed in a desktop computer compose the entire system. It is conceived to move along
the three axes, where a rubber belt, coratetd the motor, allows the translation of the
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cartridge carriage along theaxis. Additionally, the plate can move along thaxis by

the rotation of a worm gear. The cartridge support, instead, enables the variatiog-on the
axis by lifting up the caridge. This printer is quite complex, providing different options
for an optimized deposition. For example, a cleaning pad is placed at origin position, in
order to remove the excess of ink during cleaning cycles or after several deposition
sequences. Moower, the plate shows a vacuum system that enables dditiexible

foils, avoiding printing issues due to uneven substr&tiggire 2.8 shows the Dimatix
Materials Printer 2831Hgure 2.8a) and the relative cartridge suppdfigure 2.8).

(@) (b)

Figure 2.8The inkjet printer: (a) the entire system; (b) a particular of the cartridge carrier.

In order to achieve optimum performance from DMP 2831, smartecularcharacteristics
are required. Referring to the jetting conditions, the viscosity must be betwdéhcR)

as well as the surface tension must place in the range-88 2§nes. Additionally, low
volatility and a density higher than 1 are preferred tadaetogging problems during
printing process.

2.3.3 DMP Cartridges

One of the strengths of DMP 2831 is the capability to disconnect the 3D printing system
from the solution apparatus. In fact, the cartridgeampletely removablérom the
printing head carriage, in order to minimize the process steps when remowiexgigiieg
ink and replacing it with another solution is necessary. This concept does not only simplify













































































































































































































































