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Abstract

The use of acoustic waves initiated by the deformation of a microchannel is one
method for generating monodisperse, micrometer-sized droplets from small ori-
fices and is employed in piezo-electric inkjet printheads. These printheads are used
in both graphical printing and digital fabrication, where functionalities, such as
optical, biological, electrical or mechanical, are being produced locally. The pro-
cesses leading to detrimental artifacts such as satellite droplets or nozzle outages,
however, are not fully understood and require profound experimentation. This
thesis presents both novel techniques to study jetting for optimal droplet forma-
tion and reliability, as well as the post-processing techniques required for solution-
based production of a conductive feature on low-cost polymeric substrates.

A multi-exposure imaging system using laser light pulses shorter than 50 ns
and a MEMS micro-mirror enabled the imaging of the droplet formation at ten
instances on the droplet’s travel towards the substrate. The technique allows
for the study of droplet formation, satellite droplet break-up and secondary tail
formation allowing for better control and understanding of the process.

Reliability measurement using a linescan camera was introduced to record
every droplet ejected from the width of a printhead. The variations in droplet
velocity and misalignment of the printhead required the use of a constant back-
ground illumination to reliably capture the droplets. The resulting low-contrast
images were post-processed using statistical analysis of the graylevel distributions
of both, the droplet and background pixels, and were subsequently used in a his-
togram matching algorithm to enable reliable identification of the threshold value
required for unhindered detection of missing droplets based on the printed image.
Using temporal oversampling the technique was shown to qualitatively describe
droplet velocity variations introduced by the actuation of the printhead.

The conversion of inkjet-printed metallic nanoparticle inks to conductive struc-
tures was investigated with a focus on the applicability to industrial processes.
Intense pulsed light (IPL) processing achieved comparable results to convective
oven sintering in less than ten seconds. The dynamics of IPL sintering were found
to be strongly dependent on the spectral composition of the light resonating in
the processing chamber. By implementing a passive filtering concept, thermal
runaway was prevented and the line conformation was optimized irrespective of
the underlying substrate. Alternatively, pulse-shaping, to tailor the energy flux
into the deposit and incorporate drying in the IPL process, was found to generate
conductive copper features without pre-drying.

The findings were applied to applications comprising small droplet generation
for nanoimprint lithography, the fabrication of conductors for blind via connec-
tions to buried LED dies as well as the hybrid generation of hyperbolic ion-trap
electrodes for mass spectrometry applications. The addition of the non-contact
and high accuracy of the inkjet process enabled suitable performance that lies
beyond that of conventional processes.

Keywords: inkjet printing, droplet formation, digital fabrication, sintering,
nanoparticles, printed electronics






Sammanfattning

Anvéndningen av akustiska vagor som #r initierad genom deformation av en
mikrokanal &r ett exempel pa generering av monodispersa mikrometer-sma
droppar fran sma Oppningar och anviinds i piezo-elektriska blickstraleskrivhu-
vud. Dessa skrivhuvuden anvinds i bade grafisk tryckning och digital tillverkning,
dar funktionaliteter sasom optiska, biologiska, elektriska eller mekaniska, produc-
eras lokalt. Processerna som leder till oonskade artefakter som satellitdroppar
eller dysavbrott dr emellertid inte helt forstadda och kréver ingaende experiment.
Denna avhandling presenterar bade nya tekniker for att studera tekniker for op-
timal droppbildning och tillférlitlighet, savil som efterbehandlingstekniker som
krdvs for losningsbaserad produktion av en ledande film pa billiga polymersub-
strat.

Ett bildbehandlingssystem med flera exponeringar vilken anvénder laserljus-
pulser som &r kortare &n 50 ns och en MEMS-mikrospegel méjliggjorde avbildning
av droppbildningen i tio bilder under droppens rorelse mot substratet. Tekniken
mojliggér studier av droppbildning, satellitdroppuppbrott och sekundéir svans-
bildning som mojliggor battre kontroll och forstaelse av processen.

Tillforlitlighetsmétning med hjdlp av en linjekamera infordes for att av-
bilda varje droppe som matas ut fran skrivhuvudets bredd. Variationerna i
dropphastigheten och felinstdllningen av skrivhuvudet kridvde anvéindning av
en konstant bakgrundsbelysning for att tillforlitligt registrera dropparna. De
resulterande bilderna med lag kontrast efterbehandlades med anvindning av
statistisk analys av graskaleférdelningarna fér bade droppen och bakgrundsbild-
pixlarna och anvéndes dérefter i en histogrammatchande algoritm for att mojlig-
gora palitlig identifiering av troskeln som krivs for stabil detektion av saknade
droppar baserat pa den tryckta bilden. Med anvindning av temporir dversam-
pling visades tekniken kvalitativt beskriva dropphastighetsvariationer inférda
genom aktiveringen av skrivhuvudet.

Omvandlingen av blickstraleskrivna metalliska nanopartikelfarger till ledande
strukturer undersoktes med fokus pa anvindbarheten for industriella processer.
Intense Pulsed Light (IPL) processering uppnadde jamforbara resultat med
konvektiv ugnsintring pa mindre &dn tio sekunder. Dynamiken fér IPL-sintring
befanns vara starkt beroende av den spektrala sammansittningen av ljuset
som resonerar i behandlingskammaren. Genom att implementera ett passivt
filtreringskoncept férhindrades temperaturhéjning och linjekonformationen opti-
merades oavsett underlag. Alternativt visades att pulsformning, for att skrid-
darsy energiflodet i depositen och inforliva torkning i IPL-processen, genererar
kopparledare utan fortorkning.

Resultaten applicerades pa applikationer som innefattade sma-droppgenere-
ring f6r nanoimprint-litografi, tillverkning av ledare for dolda via-anslutning till
begravda LED-matriser samt hybridgenerering av hyperboliska jonfilleelektroder
for masspektrometriapplikationer. Tilldgget av icke-kontaktering och hoég nog-
grannhet i blickstraleprocessen mojliggjorde lamplig prestanda som ligger utan-
for mojligheterna i konventionella processer.

Nyckelord: bliackstraleskrivning, droppbildning, digital tillverkning, sintring,
nanopartiklar, tryckt elektronik
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Introduction

The generation of monodisperse microdroplets has implications for many appli-
cations and attracts significant interest in academic research. Applications span
from the preparation of emulsions, the distribution of droplets in sprays for the
optimal uptake of medicine in the human lung to the high-frequency creation of
molten tin droplets for the extraction of ultraviolet (UV) radiation in extreme
UV lithography tools. T3l

Inkjet actuators are one of the methods to produce monodisperse, picoliter-
sized droplets emanating from a free jet of fluid with a viscosity lower than

25 mPas.
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Fig. 1.1. Overview of the developments in the digital printing markets according to
Hutchings et al.® (lines) and the number of droplets created in commercial inkjet writ-
ing systems (dots) for continuous inkjet (CILJ), thermal inkjet (TLJ) and piezo inkjet
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Inkjet printing has undergone significant developments in productivity and as
a result has penetrated many markets, as is depicted in Figure[I-1] The resolution
and print frequency of early inkjet printheads was limited to tens of nozzles at
a resolution of 90 DPI, which were used for the coding and marking of products
in the 1980s. With the increase in nozzle density, desktop printing (Small and
Home Office, SOHO) and wide-format graphics came into reach, which commonly
utilized multi-pass printing to obscure some of the deficiencies in printhead re-
liability. The increase in quality, productivity, but most importantly reliability
led to digital printing of commercial print products such as labels, books and
newspapers, which pressured classical printing techniques such as flexography,
rotogravure and offset printing due to the decline in run-length. Inkjet also dis-
placed many of the electrophotographic processes due to its higher flexibility and
scalability. For instance the complexity of charging consistency in electrophoto-
graphic nanography is nowadays reduced by inkjetting a type of liquid toner
material directly onto a transfer belt.1T8 The last major wave in the adoption of
digital printing techniques was seen in the industrial markets, where inkjet re-
placed rotary screen printing in the ceramic tile industry within only a few years,
as sedimentation of the high density ceramic particles could be counterbalanced
by continuous convective flow through the channels of the printhead. A similar
transformation is currently anticipated in the single-pass digital textile market,
which had previously adopted multi-pass printing for direct-to-garment (DTG)
applications, but now increases rapidly in productivity through single-pass print
strategies to accommodate the market trends of custom and fast fashion.

Advances made in the production of nano- or micron-sized particles, the sta-
bilization of colloids in low viscosity fluids as well as the understanding of the
dynamics of monomers and polymers provide the production of inks that enable
products with sufficient color gamut, light fastness alongside with sufficient ad-
hesion and controlled dot gain on the substrate.IZ The concepts developed were,
however, not limited to ink pigments and dyes only but could be applied to
constituents with mechanical, biological or electrical functionality.

The combination of advanced materials being made jetable and printheads
improving in integration density, lower droplet volumes, increased jetting frequen-
cies as well as improved reliability, altogether facilitates new applications, where
inkjet is used as a fabrication tool that is capable to tailor optical, electrical,
mechanical or chemical functionality.

1.1 Digital Fabrication

With the initial purpose of producing graphical prints with reduced run-lengths,
digital printing, and in the recent years most prominently inkjet printing, was
part of a broader development towards the digitalized production of products.
The benefit can be mainly attributed to the elimination of pre-manufactured
masters, whose production cost dictates the minimum lot size, but also through
reduced material waste as well as change-over and setup times. In the printing
market this enabled the profitable production of print products.

The transition to digital fabrication does not come without the necessity to
rethink. Printing with massive arrays of nozzles requires the discretization of
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the product into pixels or voxels in a two- or three-dimensional grid, which is
fundamentally different from typical vector-based representations in the analog
manufacturing industry. Pixels or voxels can then be used to not only attribute
characteristics such as volume or location to an element, but in a digital fabri-
cation setting provide mechanical, electrical or optical properties. This, in con-
sequence, enables the local tailoring of material properties which are difficult or
even impossible to manufacture with conventional techniques. ™1 One key as-
pect for achieving this is the possibility to deposit a wide range of fluids with
volumes in the range of 1-200 pL. from a large number of orifices with a native
lateral resolution of tens of micrometers.

An additional benefit of inkjet is the non-impact nature of the image forma-
tion, so that no direct force is exerted onto the substrate except for the interaction
of the impinging droplet. The reduction of substrate thickness to minimize cost is
an evident trend in the industry and has its limitation in the peak distributed load
for breakage.2¥ In addition a change in topography does not impose insurmount-
able challenges to inkjet. Droplet placement variations due to altered flight times
and potential differences in deceleration due to Stokes drag can, within limits, be
already incorporated in the Raster Image Processing pre-press steps.21#22

The direct and additive nature of the inkjet process compared to subtractive
processes often used in the electronics industry is a key feature, where not only
process steps but also material waste can be minimized. Waste in, for instance,
commonly used spin coating is estimated to be higher than 85% and represents a
large portion of the consumable cost.2¥ With increasing prices for highly sophis-
ticated materials such as photoresists or rare earth materials required for todays
functionality, resolution and yield; subtractive processing can become prohibitive
to the cost target of modern devices. In addition the removal of process steps
does not only reduce the overall process time but also the necessity of additional
process equipment and thereby the total cost of ownership.

An early example of digital fabrication using inkjet was the the generation
of pixels in OLED display manufacturing, where prepatterned wells for the re-
spective colors were filled with a 70 nm thick layer of light-emitting polymer 2425
The required thickness tolerance needed to be kept within a few percent as other-
wise the varying electric field strength across the device would alter the photon
yield of the pixels. This development highlights many of the challenges in digital
fabrication, spanning the material science to find suitable functional and soluble
materials, to pre-patterning of the substrate and to the development of the print
process to provide the consistency and reliability in conjunction with drying of
the deposits. 2027

1.2 Motivation and Challenges

Digital fabrication differs greatly from graphical printing in the sense that require-
ments are much more stringent while throughput requirements seldom relax. It
is therefore that consistency of droplet velocity, volume and trajectory are fun-
damental requirements for the process of drop formation. The more challenging
target in this context is the reliability of the process, where a single missing
droplet may render the product non-functional. Sophisticated techniques such as
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photographing each deposited droplet have been developed to provide insight into
the correct operation of printheads and guarantee the correct dosage of functional
material 28

A critical step is the transition from the laboratory to the production stage,
typically referred to as the Lab2Fab transition. Here the complexity of the inkjet
process changes appreciably with increasing number of nozzles and printheads,
the accommodation of varying patterns and the accompanying differences in
crosstalk, altered drying behavior due to a change in composition of the sur-
rounding atmosphere and reliability considerations in a 24-7, often single-pass,
operation.

Mimicking these variations in a laboratory environment is often challenging,
mostly time consuming and costly. For instance reliability in the graphics world
is still assessed by eye on hundreds of meters of paper and therefore has to be lim-
ited to a finite time interval. Drop-watching setups are more efficient, as they can
be configured to recycle ink and enable longer print runs at reduced cost. These
are, however, often limited in the field of view to some tens of nozzles in the print
pattern rather than imaging a complete printhead and all ejected droplets. Pat-
tern variability is often limited, so that it is important to test worst-case scenarios,
where all nozzles fire simultaneously. This, however, in some cases gives rise to
lower droplet velocities, whereas air ingestion due to strongly moving menisci
may be dominant in much more sparse pattern configurations.2? Droplet visual-
ization techniques advanced with the improvement and affordability of cameras
with higher resolution and acquisition rates as well as improved image analysis
algorithms to estimate the drop volume assuming rotational symmetry. 3953 The
fundamental challenges of analyzing inkjet printing remain, where both droplet
velocities of 10ms~! and dimensions as small as 1 um need to be quantified to
study both the development of the primary tail as well as the disintegration of
secondary tails into mist.®# Sophisticated experimental techniques enable nowa-
days high-resolution imaging but often rely on stroboscopic illumination and the
high repeatability of the droplet formation process.?3

The development of electrical driving waveforms is highly complex, as the
pressure behind the nozzle needs to be tailored to efficiency, rapid damping and
minimal crosstalk while creating fast droplets without satellites, which are suffi-
ciently tolerant to fluctuations in temperature and duty cycle. Advances made
towards an optimal drive and thus optimum drop formation are accomplished
with optimization routines in embedded systems. These combine the input from
droplet formation with the residual pressure signal in the channel. 5837 However,
they still rely on the pattern-based acquisition and image analysis and do not al-
low for a direct correlation to reliability. Residual fluctuations were shown to be
able to assess nozzle health to proactively initiate redundancy measures or trigger
preventive maintenance.28539 Other reliability measurement techniques mainly fo-
cus on printhead technologies without the ability to automatically recover from
air ingestion or debris 2041

From a fluid point of view, selection is often a limiting factor. Here the finite
solubility of materials in a solvent, the limited dispersion stability, the viscosity
requirements as well as the orthogonality of solvent systems to previously de-
posited layers poses challenges for material scientists. Many studies are produced
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on the solubility and stability of inks, but a limited amount of research is pub-
lished on the achievement of multilayer stacks with complicated structures and
the influence of surface energy contrast.*2

Following the deposition step the remaining challenge is the formation of a
dense layer of functional material at process speed. Particle-based functional flu-
ids require the removal of the ink solvent as well as the polymeric stabilizing
agents before particles come into physical contact and fuse together. Thermal
removal is one of the most common procedures, 245 hut is limited by the me-
chanical integrity of polymeric substrates. Lower temperatures and extended hold
times of 30 to 60 minutes are often employed, %8 which are incompatible with Roll-
to-Roll (R2R) processes. Alternative approaches to selectively or rapidly heat the
deposits have been proposed but are often either time-consuming or exhibit strong
dynamics, which require special attention.®? On the timescales available for the
creation of the final functionality, surface tension- and concentration-driven distri-
bution of the solute start to play an important role. For non-absorbing substrates
solvents often are chosen for rapid evaporation, which induce redistribution of
material due to the concentration gradient triggered by the strong solvent flux
at the contact line. For electrical conductors this may trigger locally enhanced
resistance or result in a variation of the electrical field intensity in the deposi-
tion of dielectrics and semi-conductors. 2850 To date post-processes for printed
conductors on non-absorbing substrates are separated into subsequential drying
and sintering. The combination of rapid evaporation and functionality formation
within a single, high-speed process is still to be found.

Lastly, limitations in productivity as well as critical dimensions are widely
discussed in the community. Techniques for the creation of 2.5D and 3D structures
evolve into mature processes,>52 but the limitation in throughput compared
to conventional manufacturing processes is appreciable. Hybrid approaches for
separating the creation of shape and adding functionality often appear more
economical. Examples for such approaches can be found in Lab-on-Chip (LOC)
devices, 5 where the underlying fluidic network is prepared by hot embossing or
injection molding, whereas dielectrics and conductors are added in subsequent
printing steps.mI

Another driver for the adoption of hybrid approaches is to overcome the resolu-
tion limit of inkjet.55 This limitation is posed by the physical spacing of adjacent
nozzles, nozzle sizes and landing accuracy alongside with the dynamic wetting
of a low viscosity fluid on a substrate. Surface energy patterning offers the possi-
bility to exploit surface tension forces exerted on the liquid to constrain or even
move fluid to specific locations on the substrate.5857 Alternatively the fluid film
can be patterned after deposition as it is performed for instance in Jet-and-Flash
imprint lithography.®8 Here the inkjet-printed fluid layer, which varies locally in
thickness, enables minimizing the capillary filling time of the nanometer-sized fea-
tures and reduces defectivity in the created resist pattern.5? The requirement for
smaller residual layer thicknesses (RLT) to minimize the critical dimension of the
process pushes the jetting process to extremely small droplets at high repetition
rates.
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1.3 Research Objectives

The two main goals of this thesis address the challenges outlined above. The first
topic describes the improvement of the experimental techniques for the quantita-
tive measurement of jetting performance in a laboratory environment to minimize
the gap in the transition to fabrication. Secondly will intense pulsed light (IPL)
processing be investigated and optimized for the generation of inkjet-printed con-
ductors from nanoparticle dispersions without intermediate drying.

Objective 1: Develop a droplet visualization system that images the genera-
tion and trajectory of one single droplet and allows the study of tail formation.
Objective 2: Develop a measurement system to visualize all droplets ejected
from the width of a printhead over a period of time and analyze the data
according to the printed pattern.

Objective 3: Investigate suitable post-processing techniques for the inline
formation of electrically conductive inkjet-printed metal deposits on polymeric
substrates in a R2R process.

Objective 4: Assess the applicability of intense pulsed light sintering of
nanoparticle deposits on non-absorbing substrates without intermediate dry-
ing.

Objective 5: Extend the range of applications that benefit from digital fab-
rication through the techniques developed in Objectives 3 and 4.

1.4 Thesis Contribution and Organization

The contributions of the author with respect to the above mentioned objectives
are as follows

Contribution 1: A stroboscopic technique was designed and implemented
to overcome the challenges caused by the reduced spatial resolution of high-
speed cameras and by the low temporal resolution of cameras typically used
in the stroboscopic setups. A laser diode was employed to produce light pulses
shorter than 50 ns with sufficient intensity to create a sharp image of an inkjet
droplet in flight. By using the slow and fast axis of the laser diode the im-
aged area was confined to the trajectory of the droplet. The resulting slit
illumination was swept across a CCD chip by means of a resonant MEMS
micro-mirror. Synchronizing the illumination to the printhead produced mul-
tiple images during the transition of the droplet through the field of view in a
single exposure of the CCD. In this fashion the same droplet could be imaged
on a high resolution CCD at various stages of its development (Paper A).

Contribution 2: A new set up, allowing the investigation of every droplet
released from the width of a printhead was devised and implemented. Con-
tinuous background illumination was shown necessary to accommodate for
time-of-flight variations. The system uses a linescan camera, which is trig-
gered at threefold the frequency of the printhead to image all ejected droplets.
Sample data was recorded from a printhead at 18 kHz cycle frequency. As the
constant background illumination resulted in a low contrast image, the two
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Gaussian distributions for droplets and background pixels in the histograms
were difficult to discriminate. Statistical data analysis was used to estimate
the mean p and standard deviation o of the distributions in the recorded
gray level, which were subsequently used in histogram matching to allow for
improved thresholding. The technique provided sufficient resolution to iden-
tify missing as well as laterally deviated droplets and was used to investigate
droplet velocity variations qualitatively (Paper H).

Contribution 3: Inkjet printed electrical conductors were produced for the
electrical connection of LEDs on a polymeric carrier with low thermal stability.
Various sintering methods including thermal, infrared (IR) radiation and in-
tense pulsed light curing were investigated with respect to compatibility with
the used materials, consistency of the results as well as their applicability to
R2R processing. IR was found to produce conductive traces with a resistance
of approximately 31 £2cm™!, but compromised the integrity of the polymeric
foils. It was shown that IPL sintering was capable to achieve resistances as low
as 9.6 2 cm~! within three seconds without damage to the sensitive substrate.
Thermal sintering achieved an equivalent value, however, for a sintering time
of thirty minutes (Paper B).

Contribution 4: Wet intense pulsed light processing was assessed for the
inline sintering of nanoparticle deposits in a R2R process. The results showed
a strong dependency on the wavelengths present during different stages of
the sintering process. Different spectral compositions of the light resonating
between the substrate holder and the reflector of a broadband Xenon lamp
were investigated. Employing different absorbers resulted in (a) damping the
blue portion of the spectrum and thus prevented thermal runaway and (b)
preserving the red portion for both indirect heating as well as avoidance of the
redeposition of evaporated solvent in the vicinity of the cured layers. A passive
filter was implemented to optimize both line formation and electrical perfor-
mance. Using this wet sintering approach we found resistance values lower
than 52 cm™! with sintering times not exceeding ten seconds on polyimide.
Using the passive damping of the incident light allowed to sinter deposits on
PET into smooth lines with resistance values of 3-4 2 cm™!, without dewet-
ting and discontinuous tracks.

As an alternative, temporal shaping of the energy delivered by the arc lamp
was investigated on a copper oxide ink. It was shown that by shaping the
amplitude of a pulse train, both drying and sintering could be conducted in
a single step. Substrate feed velocities up to 0.18 ms~! were investigated and
allowed to produce resistances of 11.5 £2cm™!. These methods were superior to
those involving pre-drying with IR radiation, which did not result in consistent
conductivities at these feed rates (Paper C and Paper D).

Contribution 5: The findings from the measurement techniques developed,
as well as the sintering optimization were applied to different applications.
Firstly, stable low volume droplet ejection was developed for the application
in Jet-and-Flash imprint lithography (JFIL). In a first step the droplet vol-
ume ejected from a commercial printhead was reduced from 6 pL to 2.4 pL by
adjusting the driving waveform. The meniscus pressure was found to reduce
the result by an additional 0.4 pL. within a stable meniscus pressure window.
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By additionally changing the geometry of the printhead, the volume was re-
duced to as a low as 0.9 pL. This droplet size enabled a reduction in squeeze
time by 500 ms, or 20%, at a constant defect density (Paper E).

Findings from the sintering process optimization were applied to the genera-
tion of conduction paths through blind vias in polymeric substrates for the
electrical connection to buried LEDs as well as the creation of the electrodes
in polymer-based linear ion-traps (LIT).

IPL sintering using passive damping was used to produce the electrical
series connection of three LEDs trough via connections with a silver film
within six seconds. Cracks appeared in the deposits at currents above
400 mA, caused by Joule heating, which induced failure at the rim. How-
ever, the application only required 20 to 40 mA, such that inkjet printed
conductors were suitable to drive these LEDs (Paper D and Paper F).

Conventional thermal sintering of silver nanoparticles was performed
on 3D-printed ion-trap electrodes for mass spectrometry applications.
A resistance of 500 mf2cm~! was produced. This was higher than the
250 ms2cm ! achieved by standard plated specimen, however, at a frac-
tion of the material thickness. The electrode arrangement was found to be
sufficiently conductive for the application. It was shown that outgassing
from sintered samples was sufficiently low when sintering was performed
at 200 °C. Therefore no increase in the backpressure of the measurement
chamber was expected (Paper G).

The following chapters focus on different aspects of the outlined contributions.

Chapter [2|is an introduction to the inkjet technology and discusses a set of chal-
lenges faced in new application fields. Chapter [3|first discusses the high resolution
measurement techniques currently used to study droplet formation and the ap-
proach proposed in this thesis. A second part focuses on the standard techniques
for reliability measurements and introduces the developed linescan approach to-
gether with the algorithms and example data. Chapter [f] presents the digital
fabrication of conductors on low-cost substrates with a focus on the sintering
process. The results described are then discussed in Chapter [f] with respect to
applications, where the consistent generation of small droplets as well as the cre-
ation of conductive surfaces for LED interconnects and electrodes for linear ion
traps are presented. Chapter [6] summarizes the thesis.
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Inkjet Technology

Drop-on-Demand (DoD) inkjet printing is nowadays considered a mature tech-
nique for digital printing in applications such as SOHO printing, wide-format
graphics and ceramic tile production. Transitioning into new fields, such as single-
pass production printing, printed electronics, and 3D printing, requires improve-
ments in print frequency, fidelity and reliability.

This chapter presents a brief history of inkjet technology as a way of delivering
pL-sized droplets. The physical principles of piezo inkjet droplet generation are
described, along with challenges inherent to this particular technology.

2.1 History

The development of the inkjet technique as way of producing small droplets is
based on the 19*" century ground-breaking work on the flow of fluid by Navier
(1822) and Stokes (1845) alongside with the description of disintegration of a
liquid jet by Plateau (1843), Hagen (1873) and Lord Rayleigh (1878). The actua-
tion principle can be largely related to the description of electro-magnetic forces
by Mazwell (1865) and the discovery of the piezoelectric effect by the brothers
Curie (1880).

From first printing machines using solely the Rayleigh breakup for the pro-
duction of electro-cardiograms,®0 continuous inkjet (CLJ) printers emerged (e.g.
Videojet 9600, 1968). CIJ employs the controlled break-up of a liquid jet emerg-
ing from a pressurized chamber, often assisted by a superposed disturbance cre-
ated with a piezo element. With the ability to precisely predict the break-up
point of a droplet, charging electrodes can be used to displace charges from the
conductive ink into the forming droplet and provide it with a well controlled
charge. This can then be utilized to deflect droplets in an electric field and re-
move non-printing droplets via a gutter. Derivatives of this technique include
multi-deflection of droplets using quantized charge levels® as well as grayscale
printing. %2 The latest development was the integration into a MEMS printhead
by Kodak,® where heaters around the nozzle locally reduce the surface tension
along the jet and thereby allow for the creation of differently sized droplets. The
selection of droplets is conducted by a laminar air-flow that deflects droplets
depending on their volume (cf. Figure .
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Fig. 2.1. Basic principles of inkjet printheads: (a) continuous (C1J), (b) thermal (T1J)
and (c) piezo (P1J) inkjet (adapted from 68,

The challenges of CIJ with respect to the charging, deflecting and catching
of unwanted droplets, sparked research into the field of Drop-on-Demand (DoD)
inkjet, which would produce droplets only when needed. The potential of creating
pressure by way of the deformation of a channel using a piezoelectric ceramic was
realized early on, but was not the first technique to enter the market. Electrostatic
pull inkjet, which extracts a volume of fluid from a nozzle filled with conductive
fluid when a strong electric field is applied was introduced in the 1960s.

The effect of droplets leaving a nozzle when quickly heated, found accidentally
in the attempt to develop a piezo inkjet,” led to the introduction of thermal inkjet
technology. Here the spontaneous nucleation of vapor bubbles on the surface of
the heating element at heating rates higher than 107 Ks~! is utilized . The nuclei
form into a thin vapor film that starts forming a bubble. The increasing vapor
bubble exerts a pressure pulse into the confined channel and towards the nozzle,
which leads to the ejection of a droplet. S8 The bubble then collapses when
the heat source is switched off. Developed in the end of the 1970s by Canon
and Hewlett-Packard this technology enabled the first low-cost inkjet printers
that dominate the SOHO market until today due to the cost-efficient MEMS
manufacturing processes. The technique has progressed into a variety of large-
scale industrial applications with nozzle densities of up to 2400 DPL.621cL

The patents filed on piezo inkjet (P1J) between 1970 and 1985 described all
modes commonly known in inkjet, with the most dominant in current printheads
being the bend mode as used by Xerox, Epson, Dimatix, Konika Minolta and
Xaar. Both shear mode (Xaar, Spectra/Dimatix, SII Printek, Microdrop) and
bump or direct mode (Epson, Ricoh, Trident, Hitachi) are used due to its rela-
tively simple manufacturing and integration. High integration densities are much
more difficult with piezo inkjet compared to thermal inkjet due to the required
deformation of the chamber, which is typically governed by the size of the piezo.
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2.2 Droplet Generation with Piezo Inkjet Technology

The jetting of a droplet from an orifice is based on the creation of an overpressure
behind the nozzle opening. The amplitude of this pressure needs to be high enough
to overcome the viscous resistance, inertia and capillary pressure in the nozzle.

In piezo inkjet a force is created by a piezoelectric element as a result of
the inverse piezoelectric effect,” which exerts a deformation on the wall of a
microchannel. Depending on the orientation of the electric field E in relation to
the elastic, electric and piezoelectric coupling tensors, expansion/contraction or
shear motion can be realized. By adequate clamping this motion can result in an
expansion, bending or torsion. The motion of a wall or channel results in a change
of pressure Ap due to its change in volume AV, which can be expressed using the
compressional modulus K of the ink by —K (AV/V).B3 As is evident, both posi-
tive and negative pressure amplitudes can be realized by an increase or decrease in
chamber volume. With typical compression moduli of fluids being 2 x 10° Pa the
required deformation AV/V to achieve approximately 2 x 10° Pa with a factor of
safety of five for dynamic losses® would be 5 x 10~*.3 A high positive pressure
can be directly utilized to form a droplet but is commonly avoided due to lim-
ited breakdown field or the coercive field strength of the piezoelectric. Therefore
wave superposition principles are commonly employed to minimize drive voltage
requirements and electrical loss.

The pressure waves initiated by the deformation of the chamber travel along
the length of the actuator with a phase velocity ¢, in the channel. This velocity
deviates from the speed of sound ¢y measured in the bulk liquid since the sur-
rounding microchannel acts as a pseudo-compressibility through its compliance

(5. This can be described by
2
0]
Ce X\ ————
\ 1+ pc2B

where p is the density of the fluid and the proportionality is described by a
geometry factor of minor influence. 3974

Figure depicts a typical driving scenario by taking the example of a Xaar-
type hybrid-sideshooter printhead. In this case both ends of the channel are
open to a large reservoir of fluid and the nozzle is located in the center facing
downwards. The initial step change in the electrical potential difference across the
PZT (a) widens the channel cross-section and two negative pressure waves start to
propagate towards the ends of the channel. As both ends are open to a large fluid
reservoir, the acoustic impedance discontinuity acts as an open end and initiates
a 180° phase-change of the reflected pressure wave with some minor transmission
loss due to imperfections in the reflection. These two waves of positive sign then
travel towards the center of the channel and superpose. To enable an optimal
superposition, the timing of the subsequent set of waves is aligned to half of the
acoustic period t,, which is prescribed by the damped natural frequency of the
channel f ! This timing can, in a first order approximation, be related to the
length of the channel [.. as l.c; . Hence, after a time interval of ¢, the electrical
potential difference is removed from the PZT forcing the channel to contract
and superpose two additional positive waves (d). The result is a sufficiently high
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Fig. 2.2. Schematic pressure development in a side-shooter type printhead with both
ends of the channel open to the manifold and the nozzle positioned in the center. The
magnitude of the electric field |E| indicates the electric drive to the piezo ceramic, where
a more negative value relates to an increase in the channel cross-section.

pressure to deform the meniscus and force fluid to flow through the nozzle. As
the waves continue to travel, an inversion of the pressure after another acoustic
period will revert the flow in the nozzle and eventually force the meniscus inwards.
The meniscus will, depending on the structural and viscous damping, continue
to oscillate until the waves have died away.

The described sequence of pulses is the most simple arrangement for actuators
employing the superposition of waves to minimize electrical drive power and is
referred to as a unipolar pulse. Bipolar pulsing schemes are often employed to
further optimize the efficient use of drive voltage at the expense of complexity
in the drive electronics. In the case of a bipolar drive, the channel cross-section
cannot only be relaxed to the quiescent state by the removal of the field but
is actively reduced to create an even higher positive pressure. In addition the
relaxation to a zero field can be timed in such a fashion as to quickly minimize
residual oscillations in the channel by the superposition of out-of-phase pressure
waves. The reduction of residual oscillations may also be accomplished by unipolar
pulses. This is restricted, however, to the polarity of the wave in the channel
being opposite to the canceling pulse. This typically results in longer waveform
durations and consequently lower maximum actuation frequencies.

As the fluid is forced through the nozzle by the pressure, the surface energy
of the meniscus is overcome and the fluid starts to extend out of the orifice as a
circular jet. At this time the meniscus experiences an acceleration in the order of
10 ms~2, where surface active molecules have insufficient time to diffuse to the
newly created surface. The surface tension in this initial stage is therefore mostly
related to that of the base solvent, which is approximately 72mNm~' for water
and 20-40 mN m~" for organic solvents.# In the initial stage the extension of the
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jet is controlled solely by the inertial forces on the liquid filament, while at later
stages surface tension and viscous forces govern the formation of satellites. As
soon as the velocity of fluid flowing from the nozzle is lower than the velocity of
the leading droplet, the fluid column closest to the nozzle will begin to reduce
in diameter. This thinning can already induce backflow towards the nozzle be-
fore the pressure behind the nozzle has transitioned into the low-pressure regime
and reverted the flow direction towards the channel. ™ The local reduction in
diameter will trigger surface tension forces to minimize the surface energy and
initiate the pinch-off process. The most likely position for this pinch-off is for low-
viscosity fluids close to the nozzle and moves closer to the main droplet for higher
viscosity, where the viscous effects counterbalance the growth of the instabilities.
Depending on the acceleration of the meniscus, instabilities may be triggered on
the meniscus surface, resulting in asymmetric droplet formation or the detach-
ment of small droplets from the leading surface of the main droplet.770 The high
surface curvature after pinch-off drives the tail towards the main droplet with a
high velocity, which reduces as the tail accumulates volume. Upon merging with
the main droplet a velocity increase of the final droplet is observed.

The fluid and its physical properties play a critical role in the drop generation
process. The density p and the speed of sound ¢y, combined into the compres-
sional modulus K as pc3, relate the volume change of a chamber to the change
in pressure inside the channel. The viscous dissipation inside the small channel
impacts both the damping as well as the phase velocity, reflected in the reduced
frequency, even when excluding the elasticity of the wall. 78 Viscous dissipation
is commonly described by the Stokes boundary layer given by 1/2n/(pw), where
7 describes the dynamic viscosity of the fluid and w the angular frequency. Its
magnitude for a typical resonance frequency of 200 kHz, viscosity of 10 mPas and
a density of 1000kgm 3 is approx. 10 pm and gives rise to appreciable contribu-
tion of the wall friction to the damping in the channel, while being dominant
inside of the nozzle. For Newtonian fluids, viscosity is only dependent on the
temperature. Temperature variations therefore impact the consistency of droplet
formation due to a change of the damping of the traveling waves. This in turn
has an impact on the pressure magnitude at the entrance of the nozzle, typically
resulting in strongly increased droplet velocities as a result of an increase in tem-
perature. The main sources for temperature rise are the energy dissipation from
the piezo element and the electronics located close to the fluid path. Commer-
cial printheads counteract these effects either through temperature compensating
drive voltages™ or convective removal of heat using the ink as coolant. 280 For
non-Newtonian fluids, which exhibit shear dependent viscosities or viscoelastic
properties,®L the behavior becomes more complicated due to altered timing and
energy efficiency of the actuation as well as altered flow behavior at the shear
rates of 10%s~! inside the nozzle. Shear-thinning fluids were shown to produce
satellite-free droplets as result of the strongly reduced shear-rate when the droplet
has detached from the meniscus and the increased viscosity counteracts capillary
break-up of the tail.®2
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2.3 Print Artifacts

Commercial PI1J printheads have improved greatly over the last decades to pro-
vide substantial amounts of droplets per second and extended time between main-
tenance operations. This evolution is attributed to both an increase in understand-
ing of the underlying phenomena of drop formation and their consideration in
the design alongside with an improvement in manufacturing capability. However,
there are still influences that deteriorate the printed product, such as satellite
droplets, variations in velocity, volume or trajectory as well as nozzles ceasing to
fire.

The following sections describe some of the challenges commonly experienced
in inkjet printing, which result in artifacts in the printout.

2.3.1 Crosstalk

Crosstalk describes the interaction of an actuated channel with the neighboring
ones. While there are other possible interactions such as electrical crosstalk in
drive electronics, we will focus here on the phenomena introduced by the actua-
tion, which can be defined as structural and fluidic crosstalk.

The change of cross-sectional area in an actuated channel will also trigger a de-
formation in adjacent channels, as these are not structurally decoupled from one
another. Reasons are found in the design of the printhead, which has to consider
trade-offs between stiffness and nozzle density. If adjacent channels are actuated
simultaneously the crosstalk waves travel in-phase with the waves introduced by
the actuation of that particular channel. If nozzles are being fired with a time
offset, the timing and damping are important, which results in constructive or
destructive interference as well as a reduced influence with an increased time
offset due to viscous damping.

The shared-wall actuator used in our studies exhibits by design a very specific
structural crosstalk. For an actuation the two walls of the particular channel that
are shared with the neighboring channels (¢f. Figure (a)) move in opposite
directions. The two neighboring channels therefore experience a pressure of half
the magnitude and opposite sign of the active one, which is too low to eject
droplet from the adjacent channels. At actuation of every second channel the
intermediate channel will experience a pressure of opposite sign, but of the same
amplitude as the jetting channel, which could result in sufficient pressure to eject
so-called accidental droplets. Therefore only every third channel is actuated at
a time, which reduces the print frequency by a factor of three. One workaround
is the insertion of gas filled isolation channels. This implies reduction of nozzle
density by a factor of two, but allows to fire all active channels simultaneously. It
was shown that the elimination of this type of crosstalk could enable a threefold
increase in productivity.5?

A second source for crosstalk results from the fluidic coupling of the channels
through the shared ink manifold (¢f. Figure (b)). The varying pressure in
channel or throttle act as point sources for pressure waves. The manifold allows
waves to propagate and alter the pressure boundary condition at the inlet of
other channels and initiate traveling waves. The time-dependent superposition of
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Fig. 2.3. Schematic representation of crosstalk induced in a printhead structure by
actuating a single channel: (a) structural crosstalk in a shared wall actuator and (b)
fluidic crosstalk created by the emanating wave (solid) and reflected (dashed) waves in
the ink manifold.

those waves can have a noticeable impact on the jetting performance at different
frequencies.®3 Therefore compliant features are often added to the manifold to
aid the damping of the traveling waves.80

One further type of crosstalk is commonly referred to as in-channel crosstalk.
Here the interaction refers to the presence of residual pressure oscillations from
a previous actuation. These interfere with waves generated in an actuation and
result in a characteristic frequency response of both droplet velocity and volume.
By considering only the last deformation in the waveform it was shown that
the value of a damped cosine function can be used to predict the variation of
the droplet characteristics at the different harmonics of the actuator. Relating
the response to the damped frequency of the actuator with the intrinsic damp-
ing of the actuator-fluid combination shows the influence of the damping on the
frequency response and allows for the extraction of these parameters from ex-
perimental data. Based on the reduced frequency fp and the Q-factor of the
actuator, a good first order approximation can be made to predict the behavior
of the droplet characteristics without the requirement for jetting.54

2.3.2 Air Ingestion

Acoustic variations inside or close to the channel alter the performance of the
resonator and shift timings as well as achievable pressure amplitudes. Such varia-
tions can be present in changing boundary conditions at the inlet of the channel
by the mechanisms described above, by an unbalanced ink system or blocking of
channels by insufficiently stabilized particles.
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Another strong interaction originates from the presence of an additional com-
pliance in the form of micro air bubbles inside the channel. Air bubbles can be
found in inkjet system by unbalanced menisci, water-hammer effects, cavitation
on particles and anomalies in the negative pressure cycle as well as unsuccessful
jetting of a nozzle or by nozzle plate flooding 3485156

The bubble reacts on the acoustic field by compression and expansion. Specif-
ically an expansion towards an equilibrium state of the bubble is observed when
surpassing a threshold value. Rectified diffusion is observed, where the combina-
tion of effects relating to the surface area and interface collectively drive a net
flux of dissolved gas from the ink into the bubble.B? The surface effect relates to
the increased surface area of the bubble during expansion which leads to a net
flow of molecules into the gas volume. The interfacial effect influences the local
gas concentration outside the bubble, which increases during expansion.

During continuous actuation of the channel bubbles therefore do not dissolve
into the surrounding liquid and either drive frequency or amplitude need to be
reduced to enable the gas to dissolve.588 Alternative approaches can be found in
modern printheads, where convective removal of air bubbles is accomplished by
continuous circulation of the ink through the channel B0 T

2.3.3 Satellite and Mist Generation

The droplet formation, as briefly described in Section does often not result
in a single main droplet but is accompanied by a number of smaller, differently
sized droplets. These can be classified by their momentum into satellite and mist
droplets. Satellites possess sufficient momentum to reach the substrate in the
vicinity of the main droplet whereas the low momentum of the mist droplets make
them susceptible to air currents so that they accumulate in random locations in
the printer. The droplet velocity will diminish as a function of time as Stokes
drag acts on the moving droplets and is strongly dependent on the droplet size
as well as the instantaneous velocity. Satellites and even small main droplets can
reduce strongly in momentum, so that they can be classified as mist and will
not reach the substrate in a controlled manner, which is challenging for distances
between printhead and substrate larger than 1-2 mm.

Satellite droplets evolve from the filament after pinch-off, as the system strives
towards a state of minimum surface energy. The growing instabilities in the fil-
ament will then result in local necking and disintegration, if the recoil time of
the tail is larger than the capillary time /73p/ 'y. The source for this Rayleigh-
Plateau instability is noise, which explains the random nature of the satellite
break-up. As mass transport from the necking to the bulging region is required,
viscosity does play a role in selecting the most unstable wavelength for break-
up. This influence is more pronounced as the filament radius becomes smaller
than the viscous length scale n%/(yp). Discrepancies in estimated break-up times
are attributed to an additional stabilizing mechanism, where the tension of the
interface contributes to the damping of the growing instability.®

Secondary tailing is observed just before the pinch-off from the meniscus. As
the neck decreases in size, the capillary pressure increases and a flow from the neck
to the meniscus is initiated, leaving a thin filament. The opposing motion of the
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tail and the meniscus exert a tension on the filament, which aids its stabilization
to a diameter around 1 pm. At this scale the viscous length scale is more significant
than the capillary one, which results in an increasing length of the filament with
increasing viscosity. The mechanisms governing these processes are still not fully
understood .22

2.3.4 Nozzle Plate Wetting

The conditions on the nozzle plate are important for the consistent and directed
acceleration of droplets towards the substrate. It is the component of the print-
head that, apart from a nozzle guard, is exposed to the substrate and air-borne
contaminants such as lint and satellites. Physical maintenance is therefore in-
evitable to keep the nozzle plate surface in clean and controlled conditions, but
bears the possibility of physical damage to the front of the nozzle plate surface
and the exit of the nozzle.

The presence of an ink layer at the nozzle exit or on the whole nozzle plate
can have significant implications. Wetting of the area around the orifice can be
attributed to the overfilling of the nozzle during refill.3¥ Once contact of the
ink inside the nozzle with the surface outside the nozzle rim is established will
the combination of the surface energies at the triple point ink—nozzle plate—air
determine the behavior. The contact angle 0 is typically used to discriminate
between wetting or non-wetting behavior, where contact angles below 90° are
considered wetting. This value is strongly dependent on the ink chemistry as well
as the nozzle plate material and is for inkjet inks commonly found to be below
30°. For wetting nozzle plates an ink film of the order of 10 um is often observed,
which affects the droplet formation by reducing the droplet velocity due to the
increased inertia.

A second implication of an ink layer on the nozzle plate is the transport of
debris towards the nozzle. As the ink droplets leaving the nozzle carry air with
them, an airflow towards the jetting nozzle to equilibrate the created pressure
gradient can be observed. This airflow is capable of creating a Couette flow in
the ink layer on the nozzle plate towards the nozzle.?? Also Marangoni flows were
shown to create a transport of fluid towards the nozzle.23 Both flow scenarios
transport ink as well as debris towards the nozzle, which may result in trajectory
deviation of ejected droplets or nozzle failure.

Some commercial printheads employ special non-wetting coatings or physical
barriers to prevent wetting of the nozzle, especially at high ejection frequencies,
where the time intervals between ejections can be short enough to prevent the
retraction of the meniscus into the nozzle. In this case the ink remains constantly
in contact with the nozzle plate and can swiftly result in nozzle plate flooding.
Non-wetting coatings in practice are challenging, as they are strongly dependent
on the ink chemistry and are prone to deterioration through mechanical or chem-
ical interaction.

The challenges to print quality and reliability outlined in this chapter are key to
the implementation of single-pass, high-throughput as well as functional applica-
tions where the presence and exact placement of every droplet need to be ensured.
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An experimental assessment requires to consider both, the time scales and length
scales involved in the process. The time scales relate to that of droplet formation
(<300 ps), the wetting of the nozzle plate (ms to minutes) or the interaction with
contaminants in the printing process (minutes to hours). The length scales in
contrast range from 1 pm for secondary tailing, 20 pm for the main droplet size,
to the nozzle spacing of 100 pm and to the full printhead of 100 mm to meters in
the printer’s writing system.

The following chapter will show our approach on advancing the understanding
of the characteristics at the different scales, to improve the laboratory assessment
of the jetting process.
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Measurement Techniques

The evolving inkjet technology lead to increasingly complex printhead arrays,
comprising thousands of nozzles, typical droplet sizes in the order of 5pL and
repetition rates of 100 kHz, which requires accurate mathematical models as well
as fast and reliable measurement techniques.

Inkjet printheads present a multi-scale problem, which involves high velocities
of 10ms~! as well as the length scale of droplet formation alongside with the di-
mensions of a physical printhead and printing systems, which commonly span five
orders of magnitude. Therefore temporal resolutions of hundreds of nanoseconds
with spatial resolutions in the sub-micrometer range would be required. As this
is challenging, problems typically are separated into either scale of the printhead
operation in both modeling as well as metrology. 39434

The following sections provide an introduction to the two methods investi-
gated in this thesis. Firstly we aim to provide an insight into the ejection of a
single droplet from a nozzle in time. The second section in contrast displays a
method to investigate the full printhead width and all ejected droplets.

3.1 Imaging Methods for Single Droplet Studies

Many studies focus on the predictability of jetting behavior on dimensionless num-
bers such as Ohnesorge Oh, Deborah De and elasto-capillary number Ec.22 How-
ever, correlation of satellite and mist formation is especially challenging, where
the break-up is influenced by perturbation introduced by the printhead or other
noise sources leading to capillary break-up of filaments. In addition physical prop-
erties of complex ink formulations are often unknown in the present stress state.
Observing one single droplet during its formation is therefore of high interest to
understand the flows inside a droplet based on the local surface tension-induced
deformation. This would be a suitable extension of the recently published tracking
of volumetric flow inside a contracting primary tail.20

Two competing techniques are commonly employed to visualize droplets in
flight, namely stroboscopic and high-speed camera imaging. In stroboscopic imag-
ing, pulses of light are synchronized with the ejection of a droplet to project the
shadow of the droplet onto a high resolution CMOS or CCD chip. Depending
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on the shutter times available, single droplets or an average of many droplets
will be recorded, which provides a medium to high quality shadowgraph of the
droplet. Typical systems employ high power LEDs with pulse widths shorter
than 200 ns to minimize motion blur. The techniques will sharply image the re-
producible part of the droplet and tail formation, but will fail to give a concise
image of the time development related to the random nature of the tail disin-
tegration. These techniques strongly increased in fidelity with ultra-short light
pulse sources as in the spark flash approach and illumination by laser-induced
fluorescence (ILIF). Furthermore improvements were proposed to overcome
the limited contrast in multi-flash imaging using multi-wavelength illumination
in conjunction with spectrally separated recording.2%

Another approach uses a constant illumination along with a high-speed cam-
era. To photograph a droplet ten times, when traveling from the nozzle plate to
the substrate, approximately 10° frames per second (FPS) are required. Consider-
ing the available pixel throughput of the cameras, resolution needs to be reduced
in order to facilitate a fast read-out. Available shutter times further limit the
resolution of the recording. The result is the possibility to record a single droplet
on its trajectory away from the nozzle plate, but with limited spatial resolution.

The approach presented in this work attempts to overcome the limitation by
using a high resolution camera in combination with a resonant micro-mirror and
a laser producing a train of short light pulses.

3.1.1 Experimental Setup

Figure [3.1] presents the working principle of the developed method. As in conven-
tional stroboscopic illumination techniques light pulses are synchronized between
the printhead and the camera. A non-circular spot produced from a laser diode
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Fig. 3.1. Schematic beam path and triggering circuit as used in the developed multi-
pulse imaging technique.
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is collimated and produces a sharp projection of the droplet’s shadow on a CCD
sensor. On the projection side of the setup the optical path is being diverted using
a resonant MEMS micro-mirror, which distributes the snapshots of the moving
droplet across the CCD sensor. By considering the angular velocity of the mirror
and droplet velocity, it is possible to image multiple stages of drop formation
along the trajectory.

In order to facilitate a sharp reproduction of a moving object, motion blur
is a key challenge that requires attention. A common approach is to limit the
motion of the object to 10% of its characteristic size during an exposure. For
a feature resolution of 5pm and an object traveling at 10ms~!, a maximum
illumination time tj; of 50ns is required. This illumination time restricts the
choice of illumination sources, as a high photon flux is required to allow for a
good signal-to-noise ratio (SNR) on the sensor. To achieve this, the light source
needs to produce a sufficient number of photons to account for losses in reflection
and absorption in the optical path. A laser emitting at a wavelength A\ and a
power P produces during the illumination time APt (hc)_1 photons. Here h is
Planck’s constant and c¢ the speed of light. To establish an estimate for the SNR,
the number of incident photons is compared to noise sources, i.e. photon, dark
and read-out noise. Assuming the dark noise to be nil for the short exposure
times considered, the number of photons required per image pixel is given on
the left-hand-side of Equation whereas the right-hand-side gives the total
number of photons per pixel provided by the laser.

NR? 462 APt;
SNR <1+ 1+ —— ><< . (3.1)

2Qe SNR2 npixhc

Here (). is the quantum efficiency of the sensor, d, is the read-out noise and npix
is the number of pixels to be illuminated. Using Q. of 0.5, a SNR of 20,190 an
assumed read-out noise of 10 electrons, the number of illuminated pixels to be
128 x960 px?, a wavelength of 630 nm, a power of 600 mW as well as the estimated
illumination time of 50 ns, we find that such a light source produces 800-fold the
amount of photons required to illuminate the strip on the CCD.

Triggering was implemented using a microcontroller (Arduino UNo, IT) with
a clock frequency of 16 MHz. Using the standard libraries simultaneous opening
of the camera shutter and start of the print was realized. The laser was triggered
with an offset until droplets were visible on the screen and then triggered in
intervals of 10 ps within the error of the available delay functions. To convert
the signal from the microcontroller to the short pulses required to drive the
laser diode, a monostable multi-vibrator (DM74123, Fairchild, US) was fitted
with 5 k{2 resistor and a capacitance of 1pF to create a nominal pulse-width of
50ns. This pulse was fed into a dedicated laser trigger circuit (iIC-HG HGI1D,
iC-Haus, DE), which then connected to the laser diode (ML520G72, 600 mW,
Mitsubishi Electric, JP). Measurements of the light pulse confirmed a pulse width
of 32.6+0.5ns.

In order to image the shadow of the droplet at subsequent instances across
the CCD sensor, the half-angle «,, of the required rotation of the micro-mirror
can be computed using
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where w; is the width of the sensor and b, is the distance between the mirror
and the sensor. For the given sensor (ICX445, Sony, JP) and b,, of 100 mm this
results in a tilting angle of 1.37°. Given a typical transit time of the droplet
over the distance of interest of 100 ps, this translates into a resonating frequency
of 5kHz and, hence, a speed of the beam on the CCD of 48ms~!. Recalling
the discussions of motion-blur and considering an illumination time of 50 ns this
decreases the resolution to a minimum spherical feature of 5.4 pL.

The change in path length due to the tilting of the mirror can be estimated
using the Pythagorean theorem. In this fashion using b, of 100 mm results in a
difference of 29 pm, which is insufficient to blur the image as it is smaller than
the depth of field.

3.1.2 Results and Discussion

Figure [3:2] shows the recording of a single droplet ejected from a Xaar 126 print-
head with a nominal volume of 50 pL. The sinusoidal distribution of the mirror
motion was removed from the image for cosmetic reasons.

The image sequence starts with a droplet fully ejected from an inkjet nozzle.
Note the tail-hook close to the main droplet in (1), which moved along the fila-
ment during the course of time as a result of the local tension of the thinning
filament as well as its local rheological properties. 23 The beginning disintegration
of the filament started after approximately 30 ps (4) and progressed all the way
through (6), where the final stage with a connection between the lower and the
upper part of the filament is visible. As the tail disintegrated in this sequence, we

% *

& 2 3 45 6 7 8 9 10

Fig. 3.2. Droplet formation from a Xaar 126 50 pL printhead as recorded with the multi-
exposure system. [Analogue ink, vg 6msfl, At 10 ps, VHDL voltage 3.4V, Viirror,pp
110V]
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could observe the detachment of the tail bead with the formation of a secondary
tail in (5). This was followed by the decomposition of the residual filament into
two parts, one connected to the main droplet and another one associated with the
lower part of the remaining filament by a secondary tail in (6). This secondary
tail, stabilized by its tension and viscosity eventually broke up into multiple small
particles as is visible in instance (7). These merged eventually with the satellite
approximately 20 ps later. The disintegration of such thin filaments is the main
driving force for the generation of mist. From instance (8) onward, surface tension
had minimized the surface energy by creating round droplets, which now travel at
a relatively constant separation, i.e. velocity, onward. Note also the drag-induced
deceleration of the 50 pL main droplet, which could be estimated from leading
edge of the droplet, to reduce from approximately 6 ms~! at the beginning to
4.5ms~! at the end of the sequence.

The quality of the images presented in Figure was sufficient to perform
the qualitative descriptions given above but poses challenges to the quantitative
assessment with image analysis techniques. An obvious challenge was the limita-
tion of the quality by the diffraction fringes created as a result of the coherent
light source. Techniques for overcoming this limitation are presented in the liter-
ature,33 but the limited energy of the used light source in conjunction with the
quantum yield of the fluorescent dyes were prohibitive for the application in this
setup.

A second challenge is the pixel size of the sensor, which also relates to the
number of photons required for good contrast. Increased pulse energies would
enable the usage of higher resolution sensors, but given the motion blur in the
current system only a reduction in illumination time would be beneficial.

An error source introduced by the current setup was the angular velocity
of the mirror sweeping across the CCD array. With a typical transit time of
the droplet of 100 us and the width of the used sensor being 4.8 mm, the image
moved with 48ms~! across the sensor and introduced motion blur, limiting the
reproduction on the sensor to 2 pixels. Limiting the resonant frequency of the
mirror to 3—4 kHz may present a reasonable compromise between resolution and
the transit length that can be imaged.

Lastly, triggering of the illumination in the current implementation was lim-
ited, as the internal accuracy of the microcontroller’s delay-function was bound
to an accuracy of +4pus. Such a deviation can be detected in Figure (5)
indicating the triggering light pulse is delayed.

3.1.3 Summary

We could show that a MEMS micro-mirror can be used to project the shadow
image of one and the same developing inkjet droplet during its travel from the
nozzle plate to the nominal throw distance of 1 mm. The development of multi-
ple satellites alongside with secondary tail formation was visualized between the
developing fractions of the main tail. The formation of mist droplets from the
secondary tails that merged with trailing satellites could be observed.

Despite being limited by the light source and trigger circuit used, the basic
applicability of the technique could be shown and further improvements were
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proposed and would be readily available. With the discussed improvements in the
light source, diffraction patterns could be omitted and would improve background
homogeneity as well as contrast at the droplet contour. This consequently opens

up the analysis using improved image processing algorithms as presented in the
literature 20101

3.2 Qualitative Reliability Assessment by Measuring Every
Droplet

Reliability refers to the presence and full functionality of all jets and is dependent
on many input parameters such as print pattern and duty, temperature fluctua-
tions, meniscus pressure variations, external vibrations as well as the condition of
the nozzle plate. The main driving mechanisms leading to an outage of a nozzle
were discussed in Section

Reliability is commonly measured very late in the development process by
printing onto media and visual inspection. This has strong implications on the
cost and time of process development due to cost of ink, media as well as labor
to estimate the failure statistics qualitatively at best. It is therefore desirable
to include reliability assessment early on in either the printhead or during wave-
form development using droplet-in-flight systems. The developed waveform can
be swiftly screened for any crosstalk related deficiencies by using a set of typical
print patterns. In addition the destabilization of the ink system due to water
hammer or air ingestion can be studied.

In the following sections we analyze different approaches with respect to their
applicability in the waveform design cycle and present an alternative approach
to the evaluation of printhead reliability.

3.2.1 Reliability Measurement Approaches

A conclusive answer as to whether a firing event was successful is given when a
droplet of the desired size, velocity and trajectory is propelled from the nozzle
towards the substrate. Measuring all these characteristics in the gap of typically
one millimeter between the printhead and substrate is very challenging due to
the limited accessibility. Hence, there is a desire to measure the success of a firing
event already inside the printhead on the actuator level, where the feedback can
be directly used to employ various compensation and redundancy schemes or to
trigger a maintenance cycle.

Acoustic Response Measurement

A piezoelectric material can act both as an actuator as well as a sensor by em-
ploying the inverse and direct piezoelectric effect, respectively. In the latter case,
the pressure in the channel results in a net charge in the ceramic, which is pro-
portional to the applied force exerted by the pressure. 102

The generated charge can be measured using a charge amplifier, an impedance
converter or a sensing resistor. The observed charge-time relationship does not
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directly provide information about the traveling waves, as it represents a su-
perposition of the charge currently stored and moved in the capacitance of the
dielectric layer as well as the charge generated by the pressure distribution across
the surface of the piezo.3? Hence, the total current can be represented as

i) = c, W 4 g / dp(z,1) (3.2)

Podt dt

where i is the current, v is the voltage across the piezoelectric element, Cj, is
the capacitance, dy, is the piezoelectric coefficient in the direction of the applied
force, by, is the width of the sensor, p(z) is the pressure at any given point along
the channel and ¢ is time. From Equation [3.2]it is apparent that the dimensions
of the actuating-sensing element with respect to the channel are important in
the interpretation of the results, as the charge is integrated over its length. A
challenge is posed by the difference in amplitudes between the displacement cur-
rent originating from the capacitance and the generally very low signal from the
pressure-induced charge. Several methods have been proposed to eliminate the
influence of the capacitor charging from the signal, which include the application
of a switching circuit, which ensures the complete discharge of the capacitance
before the measurement of the pressure signal. A second approach extends the
measurement circuit with an equivalent electrical capacitance into an electrical
bridge circuit,38 which is then used to remove the capacitive part from the mea-
surement signal.

The resulting signal comprises several key features that may be utilized to
assess the channel’s condition. deJong et al. investigated the signal in depth and
concluded the variance of the acoustic signal between ejections of 50 ps is sufficient
to determine for instance the presence of an air bubble in the ink within the
channel, as the compressible gas absorbs a majority of the acoustic energy.8%

By analyzing the frequency spectrum of the acquired signal, the natural fre-
quency of the resonator can be easily determined. 1% Any disturbance altering
the acoustics in the channel, such as the absorption and reflection of acoustic en-
ergy as a result of an air bubble, clearly changes the intensity and location of the
fundamental tone. This influences the optimal superposition as well as amplitude
of waves and results in insufficient energy available for the ejection of a droplet.

Figure shows the Fourier spectra for air bubbles positioned at different
locations along the channel of a side-shooter printhead. Compared to the undis-
turbed channel, all measurements depict a clear reduction of the peak amplitude
along with changes in the maximum positions as a result of the reflection from the
air inclusion. Other local maxima appear due to the two-way coupling between
the acoustics of the channel and the oscillations of the bubble.20 Placement of
the air bubble close to the center of the channel (1.0 mm) results in two equally
sized resonators with half the length of the channel and consequently twice the
resonating frequency. Here a harmonic of the resonator is excited and the waves
experience a minimum of damping. The fundamental tone remains present with
a strongly reduced magnitude. When moving the bubble along the channel, the
secondary resonator does not gain significantly in amplitude due to the frequency
filtering characteristics of the channel and most likely the low signal-to-noise ra-
tio. Only some minor peaks do appear at intermediate frequencies. When moving
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Fig. 3.3. Fourier spectra of measurement signals from printhead with an air bubble
purposely located 1.0, 1.2 and 1.6 mm away from the entrance of a 1.8 mm long channel
as a function of frequency normalized to the natural frequency of the channel. The
undisturbed channel (dotted line) is shown for comparison [data reprinted from Sackm].

the disturbance to the edge of the channel the fundamental tone is nearly fully
recovered. It can be assumed that in the scenario depicted in Figure[3.3] (1.6 mm)
the channel becomes operational.

The information that can be gained from the acoustic monitoring gives a
representative image of the operational state of the channel and is used in the
high-end segment of printheads due to the implications of the complexity of
the ASIC design. 105108 WWith the additional functionality in place, these metrics
can be successfully used in the optimization of waveforms for the optimal active
damping of the channel for high-speed jetting 2037107108

Capacitive Sensing of the Meniscus

Sensing of the meniscus position offers the possibility to investigate potential
failures closer to the final ejection of the droplet.

Wei et al. presented a method for the inline measurement of the filling of
an inkjet nozzle using a capacitive sensor with a resolution of 10 aF. The sensor
employs a three electrode arrangement for optimal coupling and reliable detection.
The measurement concept is based on the lock-in principle in order to separate the
low sensor signal from other noise sources such as 1/f noise. Using their approach,
the authors could demonstrate the motion of water exiting from the nozzle of a
printhead. The sensor was capable of monitoring the forward movement of the
meniscus until the capacitance was maximized before the fluid retracted back into
the orifice. The measurement signal then followed the damped residual oscillation
of the meniscus inside of the sensor cavity.
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While the overall principle was demonstrated, the integration into a full,
industrial-scale printhead remains challenging. The prospective integration into
a nozzle plate, however, offers a scalable alternative to on-printhead monitoring
of nozzle health.

Ernst et al. presented a similar technique, but aimed at large drop volumes
of nanoliters, which is often used in jetting of biological materials. Their sensor
is positioned away from the printhead and consequently measures a droplet in
flight. The employed half-shell electrodes are surrounded by a grounded guard
ring to shield the sensitive measurement from external influences. The resulting
time signals were used to deduce empirical correlations to droplet velocity and
volume. The major challenges for its application to picoliter-sized droplets are
reported by Wei et al. and relate to improving the robustness for lower droplet
volumes and higher droplet velocities. Challenges remain in the scalability of the
device in conjunction with the accurate positioning in the vicinity of a nozzle
plate, specifically considering trajectory variations.

Superimposed Imaging

An alternative approach was presented by Renner,40 where droplets are imaged
onto a low-cost camera using multiple LED flashes synchronized to the ejection
of the droplets. With the use of a long exposure time, the shadows of multiple
droplets are captured. The result is a linear relationship between the number of
droplets present in a camera frame and the gray-level at the nozzle position, such
that dark areas indicate the superposition of multiple drops.

Local and temporal variations in the illumination require calibration and local
background removal to extract characteristics of the nozzle.

Linear Contact Image Elements

Detecting the errors originating from a non-firing or misbehaving nozzle is
straight-forward in a final print and are implemented in many machine con-
cepts.T0 Tn these scenarios a linear contact image sensor (CIS or Image on Web
Array sensor - IOWA) is used to digitize the printed image during printing. With
typical resolutions of 600 or 1200 DPI in cross-print direction and line rates of
tens of kilohertz this technique can be used both for analyzing missing jets and
initiate compensation. Including the gray-level response of a pre-calibrated sensor
it is possible to detect the location of a firing nozzle with sub-pixel accuracy and
hence allow for digital alignment of printheads. 20

While this technique provides the required statistics this approach still re-
quires jetting onto a media and therefore can only find limited application in
drop-in-flight systems.

3.2.2 Linescan In-Flight Imaging

We attempt to enable a printhead independent analysis by the linescan method
proposed below. We overcome the limitation of high-speed imaging typically used
in high-resolution droplet imaging and the limitation of the field-of-view typically
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Fig. 3.4. Schematic layout of the experimental setup. (a) linescan camera, (b) telecen-
tric projection optics, (c) printhead and catcher, (d) telecentric illuminator.

encountered by high frequency imaging techniques. This is possible because the
information required for determining the presence of a droplet can be condensed
into a single line and a few lateral pixels, which are recorded at high frequency
using a linescan camera. In this fashion a printhead may be imaged over its full
width at frequencies up to 120 kHz.

Figure [3.4] shows a schematic representation of the experimental setup. In
order to image the full width of a printhead as well as allowing for multi-row
printheads to be imaged, a telecentric imaging setup is essential and realized using
a custom telecentric lens (Magnification: 0.3x, Opto-Engineering, Italy) with a
complementary illuminator. The linescan camera (Piranha3, Teledyne Dalsa) and
the printhead are synchronized and triggered externally through a CC320 timing
controller (Gardasoft, UK).

By recording the printing process in a line-by-line fashion, the resulting image
comprises the information of all the nozzles horizontally in the image, while the
time is represented in the vertical direction. Here every pixel represents the state
of the nozzle for the exposure time ¢, of the camera. To ensure that the full infor-
mation is being captured it is practical to oversample the ejection event, which
for the given printhead configuration in three-cycle mode, is naturally given by
selecting the camera frequency fecam equal to the cycle frequency of the print-
head. In this fashion three pixels in the vertical direction hold the information of
a droplet and allow reliable detection even with variations in droplet velocity vy
or the position of the nozzle plate zq.

One of the challenges in the implementation of this technique is the require-
ment for a constant background illumination due to the statistical distribution
of droplet velocity jitter and variation of the starting positions across the width
of the printhead. While stroboscopic illumination would be beneficial to optimize
contrast, the limited field of view along the droplet trajectory of approximately
20 pm and the residence time of the droplet of 4 us within the field of view render
this option impractical. The exposure time was chosen to be the inverse of the
camera frequency reduced by a short read-out time of the pixels. Assuming a
droplet velocity of 5ms~!, a field of view of 20um and a camera frequency of
18 kHz, the droplets reside in the field of view for 4 ps out of a 55 jis exposure. This
equates to only a 7% difference in photon influx between fore- and background
pixels.
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Fig. 3.5. Schematic representation of a droplet at a velocity vy moving through the
field of view of the camera of size h at times o to t2 with the corresponding distances
traveled.

To estimate the resulting gray-level distribution a one-dimensional model was
devised. The transition of a droplet through the imaging area as shown in Fig-
ure [3.5| can be modeled as a convolution of three functions. The droplet possesses
a diameter d and travels at a velocity vy. Hence, the cast shadow fy; can be
written using the boxcar function IT as

fa(z,t) =1—Ioa(x —va(t —ta)) (3.3)

where t; is a system-based lag.

The linear imaging array is placed at a distance xg from the printhead and has
a finite length h along the droplet trajectory. The exposure time of the camera t,
can be delayed by ty to aid matching the position of the droplet to the exposure.
The equation for the camera can therefore be written as

fc (iE, t) = HO,h (x — .’Eo) HO,tc (t — t()) (34)

To calculate the normalized intensity reaching the image sensor Equations[3.3]
and are multiplied and integrated in both time and space to represent the
intensity I. To find an equivalent to the gray representation in an image, we
divide the found intensity with the intensity Iy of the camera without the droplet
to define the ratio I/Iy. This has the value of unity when no shadow is recorded
and zero, when the pixel is blocked for the whole exposure.

Figure [3.6] shows a summary of a Monte Carlo-type simulation, where the
input parameters camera frequency f.qm, starting position xy and droplet velocity
vg were varied for a grayscale printhead with 40 pL subdroplet volume. It is
obvious that for a exposure time of 55 s, or 18 kHz cycle frequency, the shadow
cast onto the sensor was weak and showed a difference of 20% in photon flux.
It is noteworthy that this difference equated to twice the amount of the rough
calculation presented above, as now the physical size of the droplet was taken into
account. For significantly smaller droplets did simulations show a 10% difference
in photon flux. The sensitivity to variations in velocity as well as starting position
for the 18 kHz case were minute, as the long exposure time minimized these
effects on the final result. The challenges were much more pronounced for higher
camera frequencies, where the contrast was expected to increase due to the shorter
exposure time. However, the distributions broadened as a combined effect of the
variations in droplet velocity and the resulting residence time and also due to
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Fig. 3.6. Simulated gray-level distributions for one to seven drops-per-dot gray-levels
at different camera frequencies. [stacked histogram, nominal droplet velocity 6 ms™!,
camera position 250 pm from the nozzle plate, sub-droplet size: 40 pL,, As variation in
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a segmentation of a firing event onto subsequent exposures. This resulted in a
reduced contrast but increased numbers of darkened pixels.

3.2.3 Low Contrast Handling

The low contrast complicated the thresholding of the images, as the two nor-
mal distributions N4y and Nj, describing the gray-levels of the droplets and the
background, respectively. With the known locations of the droplet pixels in the
image, the actual distribution of grayvalues for fore- and background can be ex-
tracted. Histogram matching was therefore devised to divide the distributions
with minimized uncertainty in the overlapping region.anI Histogram matching is
based on the two-fold application of a histogram equalization operation, which
uses the inverse of the cumulative distribution function (CDF) to force the his-
togram to linearly grow within the interval [0,255] (cf. Figure. Applying this
operation to the distribution found in the source image and a desired destination
distribution, the matching can be accomplished by a simple nearest-neighbor
allocation. 11U

Figure [3.7] illustrates this transformation. The source distribution N will be
transformed with the scaling factors s for the amplitude, s, for scaling the dis-
tribution mean and s, for standard deviation. These factors are chosen for both
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Fig. 3.7. Cumulative distribution functions for the source and the destination image
with two examples (indicated by the arrows) of how the gray-levels are mapped. The
arrows show the histogram matching operation by selecting a gray-level in the source
image and finding the corresponding gray-level in the destination image via the linear
distribution function of a histogram equalization operation [s4=0.3, $,,4=0.5, $¢,a=1,
5p=0.6, s,,,=1.5, Sa,b:1}~

the droplet (d) as well as the background (b). The sum of the two newly created
distributions will then be used to define a look-up-table (LUT) to transform the
gray-levels of the source image to match the prescribed distributions.

3.2.4 Analysis Results

A combination of preflight techniques was executed sequentially to optimize con-
trast and enable the discrimination between the present or missing droplets. Fig-
ure [3.8|summarizes the steps undertaken to achieve an analyzable image. We first
used a linear grayscale erosion element to reduce the influence of the background
pixels in the vicinity of the droplet. As a next step the dynamic range was max-
imized by stretching the histogram with the exclusion of the outliers at either
side to the full scale between [0,255]. Subsequently the statistics were calculated
and histogram matching applied to yield a clear separation of the background
and the foreground pixels, which facilitates the choice of the threshold value.
Many different parameters, such as average, standard deviation, minimum
and maximum calculations as well as morphological features can be used for
describing the characteristic of an area of interest (AOI) around the dedicated
droplet position. We focus here on an implementation using the minimum gray-
level value. If the minimum gray-level is above the threshold calculated from
the histogram, then the AOI does not contain a droplet. Further information is
provided by the location of the minimum within the region under investigation.
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Fig. 3.8. Histogram development as a result of the application of the selected preflight
techniques: (1) Original, (2) Eroded with a 3x1 element, (3) Stretched histogram within
[104, 167], (4) Histogram matching with s4=0.3, s,,4=0.5, so,q=1, s,=0.6, s,=1.5,
Sop=1 [Xaar 1002GS40, 6 kHz printhead frequency].

In this fashion one can observe lateral variations as well as velocity variations
when choosing a two-dimensional AOI.

Figure (b) shows the composite results image, where the results are coded
using different gray-levels. Figure (c)-(g) show the decoded results. In this ex-
periment the print pattern shown in Figure (a) was printed with a purposely
detuned waveform to promote unstable jetting and thus providing numerous miss-
ing droplets or drops with large velocity variations.

Figure[3.9| (¢) shows the failure of a single nozzle, which exhibited a start-and-
stop failure behavior most likely due to debris in the vicinity of the nozzle, which
moved during the continuous actuation. The potential air ingestion as a result of
a failed nozzle was then removed by the convective flow through the channel and
resulted in the nozzle operating again. The disturbance, however, was not fully
removed as the nozzle repeatedly failed towards the bottom of the image. This
method obviously yields statistics on the length of the outage, recovery times and
influence on the neighboring channels.

Furthermore the technique can give information on the drop velocity varia-
tions. Figure (d) and (e) are velocity indications based on the analysis of a
5x3 AOI The variation of the nozzles surrounding the failing channel seen in (c)
was visible, which resulted from altered crosstalk or the movement of fluid from
local flooding on the nozzleplate. Figure (e) depicts a pronounced wavelike
pattern in the class of slow droplets. Here the start-up of a 100% duty print pat-
tern induced an oscillation most likely due to the insufficient active damping in
the detuned waveform. When changing to a lower gray-level, which maximized
the time available for damping in the channel, this oscillation disappeared and
did not reappear until the next block of the highest gray-level was triggered close
to the bottom of the image.

The graphs in (f) and (g) can be used as control figures, when applying the
linescan methodology to a vast number of images. The ghost droplets refer to
droplets in designated white areas in the print pattern. These can be related to
mist and satellite droplets remaining in the field-of-view or an erroneous image
matching as a result of an image shift or mistriggering. Untrustable AOIs are
used to categorize events where the variance of an AOI is essentially nil and the
mean suggests a black pixel. This is often observed in the case of flooding on
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Fig. 3.9. Print pattern and the characteristics decoded from the results by process-
ing a single recorded image: (a) print pattern, (b) composite result from the linescan
measurement, (¢) missing pixels, (d) fast droplets, (e) slow droplets, () ghost droplets,
(g) untrustable AOIs.

the nozzleplate where the fluid curtain blocks the light permanently. It is also
encountered in the case of very slow droplets, which are exposed multiple times
and render a reliable detection impossible.

Eventually, Figure (¢) can be used to calculate the duration and location
of missing droplets, which provides a useful tool for in-flight analysis during
waveform development and has the potential to shorten development times.

3.2.5 Summary

The developed linescan technique improves the capabilities of droplet-in-flight
systems to perform quantitative assessments of reliability. The technique not
only reports the number of missing pixels per time, but provides further informa-
tion, such as nozzle combinations in the print pattern that are prone to create a
certain misfire, time- or pattern-dependent trajectory variations as well as qual-
itative velocity variations. With the data available from the method, printhead
driving signals and the influences from external variations such as temperature
or vibrations can quickly be assessed with respect to reliability. This enables a
considerable reduction in development time.






4

Inkjet-Printing and Post-Processing of Metallic
Conductors

The additive fabrication of functional deposits from a liquid phase is attractive
from the material cost point of view, where a noticeable reduction of material
waste can be achieved. This benefit is somewhat counterbalanced by the cost
and effort of the formulation of fluids, which will need to accommodate both the
functionality and the processability as well as the jetability of the fluid. As the
functionality is the driving characteristic, the usage of additives to facilitate the
jetability and substrate wetting often needs to be minimized, as any contaminant
will need to be removed from the final deposit in order to prevent interference with
the performance. Yet another challenge originates from the anticipated printing
onto low-cost, non-absorbing polymer substrates. These commonly exhibit infe-
rior surface quality where both substrate wetting as well as the drying behavior
need to be controlled by the process or ink additives, such as solvents and sur-
factants. For thermal processing the low glass transition temperature 7, imposes
limitations and finding suitable post-processing techniques is subject to numerous
research activities.

After an ink is applied to the substrate, its solvent needs to evaporate and
the colloids have to coalesce preferably into a dense solid. A porous network, as
it is often observed, shows an increased electric resistance as a result of the con-
tact resistance in a multitude of point contacts, since the resistance is inversely
proportional to the neck radius between particles (cf. Figure.m A second
contribution to resistance originates from the limited mean free path of electrons,
which are scattered at inclusions and grain boundaries. ™384 While many per-
colation paths are created in the process of annealing or sintering of a printed
structure, the formation of large necks and grains as well as minimum pore sizes
is essential for good electrical properties. The typically reported value of thirty
to sixty percent of bulk conductivity reflects the limited success in forming dense
metallic films from inkjet-printed nanoparticle deposits.

4.1 Ink Concepts

Fluids for the generation of printed conductors can be discriminated based on
the state of the metal atoms into solution or particle-based inks. The first class
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of inks is based on the dissolution of a metal-salt or of metallo-organic complexes
in an appropriate solvent. The release of the metal atom for the generation of
nanoparticles can be accomplished through various stimuli, such as temperature,
radiation as well as chemical reagents. 5118 A guitable complexation is often
required to improve the solubility of the specific metal compound in the solvent
and can also be used to optimize the release of the metal atom at lower temper-
atures. The challenge for this class often is the solubility limit, which results in
relatively low metal loadings in the ink.

Synthesized nanoparticle inks are commercially available with 20 to 60 wt%
of metal. Here the challenges lie often with the strong difference in density of
the constituents, which favors sedimentation and agglomeration of the particles.
Agglomeration is commonly counteracted by electrostatic, steric or electro-steric
stabilization. The type of stabilization is dependent on the dispersing media used
in the ink.™9 In the case of steric stabilization the strength of the attraction
between the stabilizing molecule and the particle surface is critical for the onset
of sintering. It relates to the energy required to dislocate the stabilizer and bring
particles into direct contact. While the desire is to minimize this required energy,
a limitation is the stability of the ink, which could undergo destabilization by
strong shear flows within ink systems, the printhead chamber or nozzle. The
presence of larger polymeric agglomerates can trigger heterocoagulation in the
extensional flow of a nozzle with only a small amount of particles present. 17

With the ink concepts described above, the release of the metal from the
stabilizing, typically polymeric, shell is the key challenge, as their decomposition
temperature lies within or above the range of the glass transition temperature of
anticipated substrate materials. The concepts for enabling neighboring particles
to touch during or after drying include the supply of thermal energy, the use of UV-
radiation to initiate chain scission or the utilization of a built-in chemical sintering
mechanism. 8120 Ty the latter case the binding moiety at the surface of the
nanoparticle is replaced by a halide-ion, which then leads to destabilization of the
ink. Grouchko et al. T8 showed a sharp transition in particle size beyond a specific
critical concentration of halide ions. As an increase in the ion concentration is
naturally given during drying, this mechanism can be used to trigger self-sintering
as a result of the evaporation of the dispersing medium.

4.2 Sintering Mechanisms

Sintering is the reduction of the overall system energy without the need for lig-
uefaction by atomic transport mechanisms, which comprise both interfacial and
volume diffusion processes (cf. Figure. All of which follow an Arrhenius-type
behavior, where the diffusivity of atoms is modulated by the supplied energy
as well as the temperature to influence the amount of vacancies and free atoms.
The overall sintering performance of particulate materials is among other influ-
ences dependent on composition, particle size, sintering time and liquid phase
formation. 12U

In the low temperature regime as well as initial stage sintering, where the
density is lower than 70% of the theoretical density, interfacial transport is dom-
inant. The surface tension, resulting from broken bonds or defects in the parti-
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Nondensifying mechanisms
microstructural change without shrinkage

1. Surface diffusion
1 2. Lattice diffusion (from the surface)

3. Vapor transport

w

Densifying mechanisms

shrinkage though removal of material from the
grain boundary

4. Grain boundary diffusion
5. Lattice diffusion (from the grain boundary)
6. Plastic flow

Fig. 4.1. Sintering mechanisms schematically depicted for the simplified case of two
touching particles (adapted from™2T).

cle surface, in conjunction with the local surface curvature is herein the main
thermodynamic driving force. Surface tension provides the activation energy by
generating a capillary stress on the surface. As a result atoms will flow from
convex (vacancy deficient) to concave (vacancy excess) surfaces to minimize the
overall energy. This process will continue until the neck between two adjoined
particles reaches an equilibrium, which is determined by the surface energy, the
grain boundary energy as well as the dihedral angle. For nanometer-size particles
the Gibbs-Thomson equation predicts an exponential increase in the driving force
for mass transport on the surface with decreasing particle diameter. 220 In this
fashion, surface diffusion can trigger coarsening, i.e. growth of large particles at
the expense of small ones. Higher diffusivity as well as enhanced grain growth
at lower temperatures is furthermore facilitated by surface melting on nanopar-
ticles,22 which promotes processes such as particle rotation, sliding and viscous
flow.

An additional driving force is the grain boundary energy, which originates
from misaligned lattices of neighboring grains. With an activation energy in be-
tween surface and volume diffusion, this process is found in intermediate sintering
(70-90% of the theoretical density) and contributes significantly to densification.

Finally, bulk transport requires high activation energies, which occur at con-
siderably higher temperatures and longer sintering times. Here volume diffusion,
dislocation climb and plastic as well as viscous flow allow for the atomic motion
from the inside toward the surface of the particle or the growing neck region. This
results in a net reduction in the distance of the particle centers and, hence, densi-
fication. Due to the thermal limitations of the involved substrate materials, these
high temperature processes are rarely used in sintering of printed structures.
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4.3 Selective Sintering

The thermal integrity of the substrates used for inkjet-printed conductors con-
stitutes a major obstacle for the application of isothermal heating to trigger
strong surface diffusion or even late stage sintering. Many reports in the litera-
ture therefore focus on the development of alternatives to equilibrium thermal
annealing, where the thermal energy is selectively supplied to the deposit. The
approaches taken include plasma®®3126 chemical 8120 picrowave and electri-
cal PTHIBI UV or UV-assisted, B2[R A3 a5 B3HIIT o5 well as intense pulsed
light processing. T3HISBIE8IAE A 900d overview on most of the techniques and
their performance are presented in recent literature #214GHIAS

Many of the approaches use electromagnetic radiation to selectively couple
energy into the printed structures. We therefore summarize the interaction and
limitations shortly below.

The wave interaction with matter is characterized by both, the frequency-
dependent dielectric permittivity € and magnetic permeability p as described by
Maxwell’s equations.™ The energy density w released in a material is then pro-

portional to the squared magnitudes of the field components and can be described
by

w = % (203 {e,} B? + oS {1, } H?) (4.1)

where w is the angular frequency, § the imaginary part, E the electric field and
H the magnetic field vector. The subscripts 0 and r denote the free space and
the frequency-dependent relative material properties, respectively. The heating
efficiency is dependent on the position of the sample with respect to its main loss
mechanism and the magnitude of the respective field component. The equation
furthermore allows for the description of the phenomena in DC current situations,
where & {e,} reduces to o and describes the effects of Joule heating,.

The interaction with the particulate or multi-phase materials is highly com-
plex, as material properties as well as length scales change due to diffusion pro-
cesses as well as evaporation of volatile components. Significant interaction with
a material is only given when the size of the materials exceeds the order of the
skin-depth 4 given by /2/(wo ). Hence considerable interaction with microwaves
can be expected for particles of 1 pum in size, while for the visible spectrum this
reduces to 2-3nm. For nanoparticles the main effect is found to be the excitation
of a surface plasmon resonance, which is dependent on shape, dimension as well
as optical properties of the particle. The size-dependent change of the absorp-
tion spectra can then result in an overlap with the absorption spectra of other
materials in the stack and trigger thermal runaway. ™1 In the case of a process
tailored to a specific spectral band the energy coupling may reduce significantly
and result in insufficient sintering.52

4.4 Influence of Drying

In inkjet printing the amount of functional material typically must be kept lower
than 10 vol%. Reasons are to prevent an increase in viscosity and to omit strong
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damping inside the printhead or jamming inside the nozzle. Hence, more than
90 vol% of solvent has to be vaporized from the substrate before final sintering
can be initiated. This drying step can be time limiting as evaporation from the
non-porous substrate may be constrained by the glass transition temperature of
the substrate before permanent deformation occurs. Another reason for working
at reduced temperatures is to prevent explosive evaporation of the solvent.

The presence of the surrounding liquid often impedes the formation of well-
defined structures as a result of instabilities originating from the surface tension
of the liquid in combination with the constricted pattern of the deposited droplets.
Soltman et al. studied the influence of surface tension and droplet spacing and
provided a model for the pre-flight examination of print patterns to omit insta-
bilities based on the bulk physical properties of an ink Z8153154

The evaporation dynamics strongly influence the deposition of the solute and
complicate the realization of the final functionality on non-absorbing substrates.
As an example the differential evaporation rate due to the varying radius of
curvature of the liquid surface can trigger a preferential deposition of material
either on a pinned contact line (coffee stain) or in the center. 55157 Counteracting
measures can be taken in ink formulation using binary mixtures of solvents™8 or
the addition of fluorosurfactants.®8 Marangoni flow due to the developing tension
gradient at the surface is initiated to counteract the concentration gradient-driven
outward flow of the solute. Different results may be generated by an unpinned
contact line, where the sequential evaporation of ink constituents can result in
the contraction of a printed line and the generation of high aspect ratio functional
deposits with a minimal footprint. 159

The drying step is also critical with respect to sintering, as the formation of
agglomerates dictates achievable densities. The coordination number of a pore,
defined by the number of particles it is surrounded by, alongside with the dihedral
angle defines whether a pore will shrink or grow during the process of sintering. 160
In nanoparticle systems typical coordination numbers are larger than the critical
value and densification is prevented. To progress grain growth the system needs
to overcome the established equilibrium through additional energy, which may
limit the pace of the process.121

4.5 Technologies for Continuous Post-Processing of Metal
Inks

The limited time available for drying and sintering poses considerable limitations
to the speed of a R2R process. Many techniques have been proposed and op-
timized for drying in the graphic arts industry. The products in this industry
vary greatly from the generation of conductive or functional features, but employ
similar techniques for the reduction in viscosity to enable penetration into the
substrate, surface oxidation or solvent evaporation. This is facilitated by different
technologies such as vertical blast, suspension, IR or excimer dryers. !

Typical IR drying systems employ the near infra-red (NIR) part of the spec-
trum (800 nm to 2 m), as these interact greatly with the inks found in the graph-
ics arts and possess a high efficiency.®' The molecular vibrations excited in the
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often polymeric substrates can mainly be found beyond 2 pm, while inks exhibit
a much broader absorption spectrum with a maximum in the visible part and
significant absorption in the NIR band.133

Photonic curing or intense pulsed light (IPL) processing is a method origi-
nating from rapid thermal annealing, where high-intensity lamps are utilized to
rapidly increase the temperature on a substrate. The plasma arc lamps used
produce radiation across the UV, visible and NIR part of the spectrum. This
broadband characteristic makes them applicable to a wide range of materials,
while it is limiting in terms of selectivity, which leads to partial absorption of
the radiation by the polymeric substrate. The thermal flux from the highly ab-
sorbing ink must be controlled by short pulse durations to steer the temperature
development. With the increase in repetition frequency and reliability, scalable
radiation sources are now available with approximately 50% quantum efficiency
and a wall-plug efficiency of 30%.161

It was attempted to benchmark IR drying and photonic curing against con-
vective oven sintering for their applicability to R2R sintering. Figure gives
an overview of the achievable resistances with a commercial silver nanoparticle
ink (EMD5603, Sunjet, UK) on polycarbonate substrates with a glass transition
temperature of 145 °C as a representative specimen of the polymeric materials.

Convective oven sintering showed deviant results, which could be mainly at-
tributed to difficult line formation on the chosen substrate and the dynamics of
the ink on the substrate during slow heating and the resulting instabilities. The
two layer—four pixel combination was selected as the reference value with a mean

resistance of 9.3 2cm ™! and a standard deviation of 0.7 f2cm™!.
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Fig. 4.2. Resulting resistance as function of line width and layer count for three dif-
ferent sintering methods: (1) convective oven sintering [Binder US, 130 °C, 30 minutes],
(2) R2R IR sintering [HQE 500, Ceramicx, IRE, working distance 15mm, 5m min~']
and (3) IPL processing [Pulseforge 3100, Novacentrix, US, 10mmin~*] — all specimen
printed with Xaar126-50 pL with 70.5 pm resolution on Makrofol (Bayer, DE).
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IR irradiation of the printed samples showed strong scatter in the data com-
pared to oven sintering. Clear evidence of substrate deformation around the ink
deposits was visible, which related to the stronger absorption by the ink and the
heat conduction into the substrate. The deformation and mismatch of the coeffi-
cients of thermal expansion (CTE) furthermore favored partial delamination and
cracking of the deposits. The lowest achievable resistance was found for a combi-
nation of three layers and four pixel wide lines with 12.8 2 cm ™! and a standard
deviation of 3.8 £2cm~!. The reliability of the process, however, does not support
this as a viable option for a R2R process. Other authors have shown positive
results using IR on paper or heat-stabilized PEN 43133

IPL processing was carried out with an empirically optimized pulse on
predried deposits. It was found that the process gave consistent results with the
expected reduction in resistance values with increasing layer count. The number
of discontinuous tracks was comparable to the values seen with thermal sintering
and can be attributed to the pattern formation on the substrate rather than the
sintering process. The optimal value was found with four pixel wide lines and three
deposited layers to yield 9.2 2cm ™! with a standard deviation of 1.6 £2cm™".

The results indicated that IPL processing offered a viable alternative to oven
sintering with resistances in the order of 10 £2cm ™! with a minimal susceptibility
to the deposited volume. An increased variability of resistance was found, which
related to the change of conformation of the conductor during rapid heating and
requires further investigation. With respect to process speeds photonic curing
does offer the potential to reduce the required timescale from 30 minutes to a few
seconds, which enables realistic and compact machine designs for R2R printing
of conductors.

In the following sections only IPL processing will be considered as one of the
most promising high-speed annealing approaches for metal nanoparticles.

4.5.1 Influence of the Spectral Characteristics of the Underlying
Layer

The characteristics of the material stack underneath the deposit has a signifi-
cant effect. It affects the thermal boundary to the freshly printed layer, while
its reflection and absorption characteristics influence the amount and spectral
composition of the reflected light 162164

The dynamics of the sintering process were recorded with a two-point probe
measurement setup during processing, where gold electrodes were sputtered onto
polyimide substrates with a defined spacing of 20 mm. Silver ink traces were
added subsequently as a triple-pass print with a nominal width of four pixels
to ensure consistency. The resistance values were recorded concurrently with the
current metric of the IPL equipment (Sinteron2000, Xenon Corp., US) to allow
for synchronization of the measurement data.

The graphs in Figure depict the results of the conducted experiments
with varying absorption characteristics of the substrate holder surface to study
the influence of the composition of the reflected light. To exclude any thermal
runaway effects, the experiments were conducted at low pulsing frequencies of
1.9Hz. Conductive features were observed with all spectral compositions but
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Fig. 4.3. Influence of spectral characteristics of the substrate holder on the resistance
evolution during wet sintering [circular reflector, distance to housing 20 mm, flash energy
350 J, pulse width 580 ns, repetition rate 1.9 Hz, acquisition frequency 3.2 Hz, 5 samples
per spectrum, local polynomial regression fit (blue)]

values were found to vary significantly depending on the absorption spectra. The
temporal development started with an open circuitf] which developed into a
conductor in the course of the first five seconds. The observed rate of the reduction
was found to be highly dependent on the absorber used in the experiment. During
continued illumination of the sample strong variations in resistance could be seen,
where an abrupt change from closed to open circuits was observed.

The behavior is strongly linked to the absorption spectra of the silver nanopar-
ticles, which for a diameter below 50 nm typically exhibit a plasmonic absorption
peak in the wavelength range below 450 nm. The particles interact with the in-
cident electromagnetic wave and convert the energy into heat. Consequently, sol-
vent is evaporated and the stabilizing agents start to detach from the nanoparticle
surface. When the surfaces of two neighboring particles meet, surface diffusion
and necking is triggered by the point pressure of the contact and the surface
energy. 189 This surface diffusion can also trigger coarsening, where the growth of
larger particles is promoted at the expense of smaller particulates. This growth
increases the heat generation as a result of the redshift of the absorption spectrum
and the increase in the absorption cross-section of larger particles. 166

The well-matched absorption of the particles to the spectrum of the blue
reflector in Figure resulted in the optimal conversion of particles into a con-
ductive layer in less than two seconds or approximately four pulses. The particle
growth and the rapid coarsening as a result of neck growth in conjunction with
the removal of the green and red portion of the spectrum at the blue reflector

* The open circuit is defined as the maximum resistance value resolved by the multi-
meter, which is 10% 2 over 20 mm in the presented case.
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(a) White Reflector (b) Blue Reflector

(c) Green Reflector (d) Red Reflector

Fig. 4.4. Resulting micro structure after processing deposits on substrate holders with
different spectral characteristics [circular lamp reflector, distance to housing 20 mm,
pulse width 580 ps, repetition rate 1.9 Hz].

resulted in a self-damping of the sintering process and hence kept the sintered
layer intact.

When using a red reflector the initial drop-off was delayed by approximately
five seconds, as the strong absorption from the blue spectral band was absent.
The heating effect most likely resulted from the absorption of the incident light
at the substrate until metal particle clusters grew large enough to absorb the
energy in the red part of the spectrum, which resulted in thermal runaway.

An intermediate spectral irradiation was achieved by a green reflector and
exhibited fast initial reduction in resistance but showed unsteady results at a
later stage in the process. The initial drop in resistance resulted from the strong
absorption close to the absorption peak of the particles. With increasing size
of the particles thermal runaway occurred as layers became more susceptible at
longer wavelengths.

Reflecting all the incident electromagnetic energy using a white reflector re-
vealed a combination of the blue and the red reflector characteristics. The fast
initial drop in resistance resulted from the strong absorption of the blue part of
the spectrum. At later stages in the process thermal runaway and unsteady resis-
tance could be observed. The excessive heating due to the particle growth may
hence have damaged the substrate or disintegrated the conductor by cracking
due to the unmatched coefficients of thermal expansion. 167168

Figure depicts the resulting microstructures, which were exposed by de-
positing a platinum layer on top of the specimen and cut with a focused ion
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Fig. 4.5. Four pixel wide silver lines on different substrate materials processed with vari-
ous combinations of pulse energies and repetition frequencies [circular reflector, distance
to housing 20 mm].

beam. The clear difference between the formed structures with the differently
colored reflectors corroborated the observed differences in electrical conductivity.
An interesting effect, which is highlighted in these images, was the role of the
green part of the spectrum, which appeared to have a significant influence on the
microstructure of the sintered deposits. With the inclusion of the green portion
of the spectrum, coarsening appeared to be inhibited as seen in (a) and (c¢) by
the fine granular structure. Using mainly the blue or red part of the spectrum
exhibited an efficient densification of the deposit resulting in a denser structure.
Hence, a competing effect, which is triggered by the green spectral band, prevents
the strong diffusion of atoms into a dense structure.

4.5.2 Substrate-Dependent Line Formation

Not only the microstructure of the sintered material was found to be dependent
on the spectral composition of the effective radiation but also the macroscopic
structure of the traces. The difference in heating rates altered both the lateral
contraction of the line as well as evaporation of the solvent. Figure depicts
the resulting line conformation for substrate materials with different absorption
characteristics and for different processing conditions. Line conformation wors-
ened with increasing pulse power and repetition frequency for poly(ethylene-2,6-
naphthalate) (PEN), poly(ethylene terephthalate) (PET), as well as polypropy-
lene (PP), showing disrupted tracks and strong coffee-ring effects at the maximum
settings. Stable results were observed for polyimide (PI) and polycarbonate ma-
terials (PC1&2), where polycarbonate showed the strongest line confinement of
all materials.
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Fig. 4.6. Schematic representation of the passive optimzation of the sintering process
by placing an absorber layer underneath the printed substrate.

Apparent was also the clear presence of a sweating effect on all materials
except polyimide. It was concluded that the fluid surrounding the traces orig-
inated from evaporated and recondensed solvent. Polyimide appeared to have
been heated considerably by the incident radiation to prevent recondensation of
the solvent.

4.5.3 Passive Optimization

From the findings described in the previous sections we deduced that placing a
suitable absorber/reflector material underneath the substrate (¢f. Figure
would enable consistent sintering. This could be applied to substrates such as
PET, where the printed material was expected not to sinter at high repetition
rates with good line conformation. Polyimide was chosen as an absorber of the
blue part of the spectrum, thus being a red reflector, while its indirect heating
would prevent line distortion and sweating.

Figure summarizes the results. (a) shows freshly printed ink and the result
of sintering with a white reflector, (b) largely reflects the characteristics discussed
in Sectionwith no or absent electrical conductivity. (¢)-(f) show the impact
of adding layers of 25num thick polyimide sheets underneath the PET foil. As
layers of absorber were added, line conformation improved drastically, sweating
was suppressed and steady conduction paths were found by adding a total of
100 pm of polyimide in Figure (f).

Highly conductive deposits were further generated on arbitrary substrates,
while maintaining the highest possible repetition rate and energy. This simple
passive adaptation with suitable reflectors underneath the substrate enabled a
significant speed-up accompanied by an improvement in quality.

4.5.4 Active Optimization

In the previous section, the passive control of the energy flow into the deposited
ink as well as the substrate stack was described. This approach is favorable as
to generically optimize the performance for a given material-sinter system com-
bination. On the other hand the build of IPL curing systems advanced to ac-
commodate the variation of pulse length and intensity with a temporal resolu-
tion of 30 ps. T80 This was necessary for the optimization with respect to process
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(f) 4xPI

Fig. 4.7. Optimization of the overall sintering process for a thermally sensitive PET
substrate with added layers of polyimide as absorber [4 px wide silver lines, flash energy
350 J, pulse width 0.58 ms, repetition rate 4 Hz, sintering duration 6 s].

speeds as well as temperature limitations of the thermally sensitive polymeric
substrates used. Intermediate drying or the application of porous or particle-
coated substrates to quickly remove the liquid from the printed depositT620
remained necessary to suppress superheating of the solvent at heating rates of
30-40 K ms~ 1171

By tailoring the pulse energy for the selective heating of the ink deposit, one
can also adapt the pulse train to facilitate the slow evaporation of the solvent
before sintering the remaining solid contents. The challenge here lies in the trade-
off between optimal sintering and the movement of the substrate during the
process, which may illuminate undried ink. An example of such a pulse train is
presented in Figure [I.§ The intensity of the pulses is modulated to create two
different sections in the temperature ramp. First a low energy drying segment,
where the simulated surface temperature rises to approximately 300 °C to drive off
the solvent and dry the deposit. In a second high energy section the used copper
oxide is converted to elemental copper. The substrate temperature remains below
100 °C. The presented temperatures serve as an indication of the actual values, as
only indicative material properties were available and the transient changes due
to phase transition as well as densification are not considered in the simulation.

To study and optimize the applicability of the pulse modulation depicted in
Figure a commercial copper oxide ink (Meta10n® ICI-002HV, Novacentrix,
US), loaded with 16 wt% of 130-140 nm sized nanoparticles was printed with a
Xaar 1001GS6 printhead (Xaar, UK). Processing was performed on a proprietary
print rig (Propheteer, US), where optional pre-drying could be performed using
an IR dryer (6kW, DRI, US) with a length of 50 cm. IPL curing and drying
was performed using a PulseForge® 3200X2 (Novacentrix, US) on a coated PET
(Novele”, Novacentrix, US).
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Fig. 4.8. Comparison of the temperature evolution on the top surface of the deposit
(red, dashed) and the backside of the substrate (blue, dotted) with a train of pulses
(black, solid) created by an arc lamp [simulated with SimPulse v3.40, Novacentrix, US,
material stack: CuO, Novele™ top coat, Novele™ substrate].

Figure [4.9 shows the resulting resistance as function of subtrate velocity for
four pixel wide lines. At low velocities the minimum possible IR drying setting
appeared sufficient to evaporate an adequate amount of solvent and the produced
lines showed no signs of local disintegration or blow-off, which would be charac-
teristic for the exposure of wet deposits to the high-power Xenon illumination. As
line speeds increased higher IR power levels were required to drive off the solvent
and produce consistent results with the uniform light pulses. At the maximum
substrate velocity 100% of the drying power proved insufficient, leading to strong
scatter in the data with an increased mean resistance. The arbitrary pulse as pre-
sented in Figure [L.§ produced lines of nearly constant and consistent resistance
of approximately 12 £2cm™! at speeds higher than 0.09ms~! without the need
for pre-drying. A noteworthy anomaly is the higher resistance at low velocities,
which could relate to reduced heating of the chuck supporting the substrate un-
derneath the sintering lamp. With increasing substrate speeds the nominal flux of
thermal energy into the water-cooled chuck increased and might have enhanced
the sintering performance due to the altered thermal boundary condition for the
heat transport at the bottom side of the substrate.T61164

4.6 Residues and Entrapped Gases
Depending on the utilized temperatures and microstructure generated during

the sintering step, additives or solvents can be trapped by the capillary pressure
inside the network of pores. These residues may over time alter the performance
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Fig. 4.9. Average resistance of the inline printed, dried and sintered structures as a
function of IR drying power, pulse shape and set line speed for a four pixel wide copper
oxide line. The dashed line represents a linear fit of the results with the arbitrary pulse
depicted in Figure [360x 540 DP1, ICI-002HV on Novele™ substrate)].

of the sintered structure due to aging effects or outgas during operation and
contaminate the application environment.

To investigate the influence of the sintering temperature on the amount of
trapped residues, thermally sintered samples of silver nanoparticle ink were an-
alyzed with respect to their outgassing characteristics. Polyimide samples of
2x2cm? in size were coated with a printed triple layer of silver ink and sin-
tered at 100°C and 200 °C for thirty minutes. The samples were subsequently
heated again to temperatures between 100 °C and 200 °C, this time in a vacuum
environment of 2x10°® Torr. The escaping constituents were then analyzed using
a high sensitivity quadrupole mass spectrometer. Figure [£.10]shows the difference
between the coated and the blank polyimide sample.

The comparative study of coated and uncoated polyimide samples showed
that mainly nitrogen was released from both types of samples, suggesting that
this was trapped in the polymer film rather that the deposit. This was further
corroborated by the reduced value, when part of the polyimide surface was coated
with sintered silver ink, which prevented part of the outgassing from the substrate.
The source of the contamination was most likely air, as could be deduced from
the ratio of argon to nitrogen.

Outgassing of carbon compounds was found to be influenced by the tem-
perature applied during sintering. Specifically for the sample treated at 100 °C
strong outflow of carbon dioxide and methane was observed, which originated
from trapped organic solvents or additives in the ink that was obviously not fully
cured. By monitoring the resistance of the conductive layer it was found that
the sample underwent sintering in the analysis step, which relates those measure-
ments to the evaporative drive-off of the solvents and capping molecules. The
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Fig. 4.10. Amounts of extracted gases compared between silver-coated and uncoated
polyimide samples subjected to different sintering temperatures.

samples sintered at 200 °C, showed no noticeable difference to the gas flow from
the substrate. The resistance value of these samples remained unchanged.

4.7 Summary

The conducted investigations showed that the combined drying and sintering
process of metallic inks from freshly inkjet-printed, wet deposits was possible
when the dynamics of the process were well controlled. Two different approaches
were developed to demonstrate such a control.

A passive mechanism for the control of the energy reflected from the backside
of the substrate was implemented using a tailored absorber, which provided good
attenuation of the resonating radiation between the reflector of the sintering lamp
and the substrate holder. In this fashion the blue spectrum was attenuated in the
reflected radiation in order to prevent thermal runaway. A portion of the red
spectrum was retained to provide additional heating of the substrate to ensure
consistent contraction of the lines and prevent recondensation of solvent in the
vicinity of the track.

In a second step an active time control of the pulse energy was attempted using
arbitrary pulse shaping of high-energy pulses from an arc lamp. It was shown that
wet deposits could be dried and sintered at a substrate velocity of 0.18 ms~! using
a segmented pulse train to ensure consecutive drying and reduction of copper
oxide nanoparticles to elemental copper. Attempts to reproduce these results with
a combination of IR drying followed by the application of uniform pulses showed
inferior electrical performance and inconsistent sintering. The combination of IR
and photonic sintering was unable to provide a solution for the highest substrate
velocities of 0.18 ms™!.
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The residual organics and trapped gasses were analyzed to give an indication
of both long term reliability as well as the potential for the application in low-
pressure environments. Sufficient sintering, with a minimal amount of residues
that contain carbon were found when conducting sintering at a temperature of
200 °C for 30 minutes. Treatment at only 100 °C revealed incomplete sintering
and a strong increase in the release of carbon-based compounds such as COs.
Air-borne argon and nitrogen remnants were found to be trapped in the substrate
rather than in the printed structure. Some of the remnants such as argon and
methane are challenging for certain vacuum systems, such as getter pumps, and
would need to be removed with a separate system. The analysis did not indicate
any technical issue that would prevent the combination of this particular ink and
process being applied in low-pressure environments.



5

Applications

In applications such as graphical or industrial printing, inkjet is the key compo-
nent. In other applications inkjet plays an ancillary role, where the dosing capa-
bility and positioning accuracy are utilized to optimize the overall performance
of a process or add functionality.

In the following sections we explore three different applications, where inkjet
and the post-processing techniques developed in this thesis are used in hybrid
processes to reliably achieve high resolution and high-throughput as well as func-
tionalities on non-flat surfaces.

5.1 Hybrid Approaches to High-Resolution Structure
Generation

Nanoimprint lithography (NIL) is a 1x lithography technique, where a nano-
structured silica-glass stamp is pressed into a resist film to form a resist pattern.
Depending on the process used for the fixation of the pattern in the resist, thermal
and UV imprint lithography are discriminated. As a result of the high resolution
of a few nano- to micrometers the applications range from memory and logic to
optical as well as biomedical devices. 172173

A simplified process diagram for the UV-based imprint process discussed here
is shown in Figure After initial alignment and the application of a hard mask
layer onto a silicon wafer, a droplet pattern of low viscosity resist is dispensed in
the desired area on the wafer. This fluid layer is matched to the feature density
in the imprint stamp to enable swift and defect-free filling of the relief channels
in the stamp. After the stamp is forced into the resist layer the fluid will flow
out from underneath the elevated surfaces and fill the channels in the stamp.
The capillary force is counterbalanced by the viscous forces resulting from the
decreasing fluid film thickness, which results in a residual layer of finite thickness
(¢f. Figure . The imprinted resist layer is subsequently cross-linked using UV
radiation and the stamp separated from the wafer. Thereafter the residual layer
is removed in an ashing process and the hard mask layer is patterned using a
CF4/02 plasma.



52 5 Applications

i T t Mask

1. Orient substrate and <—— Transparent Mas|
imprint mask S L lf ¢ Release Layer

mer Hard Mask Layer

Substrate

GDS-targeted
2. Drop-on-Demand™ Resist Dispenser
dispense of UV

curable resist

Imprint Resist

3. Close gap and UV Blanket Exposure

illuminate with UV
(Room Temperature,
Low Pressure)

4. Separate the mask

from the substrate Ll m 31 3 1 !4— High Resolution Pattern

Residual Layer

| I I | [ I | 1 B <—— High Resolution, High

5. Descum followed Aspect-ratio Feature

by hard mask stch I

Fig. 5.1. Simplified process flow for resist patterning using Jet and Flash™ Imprint
Lithography (JFIL) (Reprinted with permission of IS&T: The Society for Imaging Sci-
ence and Technology sole copyright owners of NIP30: International Conference on Dig-
ital Printing Technologies and Digital Fabrication 2014 Technical Program, Abstracts,
and USB Proceedings).

From the given overview it is evident that the residual layer is one of the
key challenges, as its thickness variations have a strong impact on underetch in
the isotropic CF4/O4 ashing process and therefore the critical dimension of the
process. The spread time tgpread to reach a certain residual layer thickness (RLT)

can be related to the viscosity 7, surface tension v and the droplet spacing A
byIIEI

nA?
YRLT

From Equation |5.1] one can deduce that minimizing the viscosity and droplet
spacing results in an appreciable reduction of the squeeze time, while the residual
layer thickness cannot become zero. As the RLT is dictated by the required crit-
ical dimension of the process and viscosity as well as surface tension are linked
to the performance of the resist material, only droplet spacing is left as a free
parameter. Evaporation-induced viscosity changes within the deposited drop pat-
terns are of concern as this can result in varying RLTs. Evaporation will be most
pronounced at the circumference of the droplet pattern due to unsaturated gas
mixture but viscosity gradients may be appreciable within the pattern at reduced
jetting frequencies and low substrate velocities.

A secondary process is the diffusion of the entrapped air. Air can diffuse
into the resist, the template or the hard mask layer. The presence of air in the
resist is disadvantageous due to oxygen inhibition of the cross-linking reaction
and changes in etching performance. Hence, diffusion through the template or
the transfer layer is preferred and exhibits a dependency on (RLTQ) o4

(5.1)

tspread X
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Fig. 5.2. Estimated total squeeze time tiota1 as function of the residual layer thickness
(RLT) for different drop spacing A, with a blank template. The total time is estimated
using the summation of the visco-capillary spreading time and the diffusion time as
computed from the diffusion into the template. The line (— - —, blue) highlights the
development of the minimum time to fill with increasing drop spacing [viscous, capillary
and diffusion contributions fitted from Wuister et al., 7™ Figure 2].

The combination of the viscous-capillary spreading and dissolution times re-
sults in an optimal total squeeze time tya1, which depends on the chosen droplet
spacing and residual layer thickness as depicted in Figure The overall time
comprising spreading and diffusion of the entrapped air reduces with decreasing
droplet spacing due to the reduction of area available for trapping gas. The in-
crease of the droplet density on the wafer, however, requires a decrease in droplet
volume. This aids to reduce the initial layer thickness as well as lateral outflow of
fluid from underneath the stamp, which is critical in step-and-repeat lithography
used for larger wafer sizes.

The complexity of the actual process relies on many more factors, which relate
to both throughput as well as defectivity. These factors include the imprint time
and pressure, the velocity of the stamp as well as the influence of meniscus pinning
at the edge of features on the fill time.

To obtain a reduced droplet volume from a given printhead geometry, the trav-
eling wave principle can be employed to tailor the time-dependent pressure behind
the nozzle inlet. The dissipated heat from an increased number of pulses increases
the ink temperature locally but is counterbalanced by a strong convective flow of
ink through the Xaar-type actuator. Even slight temperature variations narrow
the operational window of the process as can be seen in Figure (a) for a spe-
cialized waveform on a Xaar 1001 printhead. When increasing the temperature
above the nominal value of 20 °C a strong increase in volume was observed. Here
a reduction in the viscous dissipation changes the pressure amplitude and unbal-
ances the forces during droplet formation. Thermal control of the printhead and
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Fig. 5.3. Influence of (a) the fluid temperature 7" and (b) the applied meniscus pressure
Pm on the resulting droplet volume V; [Xaar 1001, 11.6 kHz jetting frequency, gravimet-
ric analysis].

resist have a two-fold function in the process, as convective removal of heat from
the printhead ensures minimal thermal drift as well as consistent RLT values.

The meniscus pressure and consequently the filling of the nozzle are crucial for
the acceleration of the fluid from the orifice. The mean meniscus position located
further inside the nozzle allows for the reduced mass of ink to be accelerated
much quicker and results in higher droplet velocities.8 The ejected droplet can
therefore be expelled at a high velocity and lower volume, if the mean meniscus
position is further retracted as shown in Figure (b). For the used printhead
design -25 mbar was the lower limit of the meniscus pressure before air ingestion
was observed.

To enable a further volume reduction, limitations originating from the cho-
sen printhead design needed to be overcome. Xaar 1002 AMp exhibits stronger
damping and allows for a simplification of the waveform shape. With the im-
proved design the thermal impact on the system at high ejection frequencies was
reduced and higher meniscus pressures could be facilitated.

Figure [5.4] shows the droplet volume as a function of jetting frequency. The
simplified waveform approach yielded a consistent characteristic with only a slight
upwards trend of 10fLkHz ™!, which hints at some residual oscillation in the
channel. The average is found to be 2.1 pL with a 30 of 0.3 pL.. The volume could
be adjusted to the required volume for a specific pattern by altering the voltage
applied to the printhead actuator. The approaches to volume reduction described
above can further be applied to the optimized printhead design.

Applying the reduced droplet volumes in the JFIL process yielded results as
depicted in Figure 5.5 Here two different droplet volumes, 0.9 pL and 1.5 pL, were
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Fig. 5.4. Frequency response of the droplet volume V; with simplified waveform ap-
proach a Xaar 1002 AMp printhead. [Resist temperature 23°C, 100% duty pattern,
gravimetric analysis].

compared with respect to non-fill defectivity and squeeze time for 28 nm Flash-
like device gate patterns. The drop pattern density was adjusted to the target
RLT of 15nm for the specific stamp in use. The improvement of spread time by
500 ms with decreasing droplet volume at a constant non-fill defectivity level was
apparent. Other experimental conditions (depicted in light-gray) converged to
the desired low defectivity values at a holding time of 2.5s, which is prohibitive
for the throughput target of the process. Further optimization related to wetting
performance of the droplet on the hard mask layer could reduce the spreading
time to 1s at a defectivity level as low as 0.1cm™ 225 The use of the lower
drop volumes furthermore enhances the versatility of droplet patterns, where
small volume variations can be created in a small spatial envelope. This can be
beneficial in partial fields close to the edge of the wafer.

Summary

The combination of the optimized printhead design for high-frequency genera-
tion of small droplets and suitable driving waveforms allowed the generation of
sub-2 pL droplets at frequencies up to 30 kHz. This translates into achievable sub-
strate velocities of 2.1 ms~! and 1.05m s~ for 360 DPI and 720 DPI, respectively.
The application of the small droplets in a JFIL process proved the assumption
of faster and more optimal filling of nanometer sized structures. Here the RLT
target was 15nm with the previously reported variations of 30 of 1.4nm on a
22x33mm? imprint field. T8 An improvement in the required squeeze time of
20% at a constant non-fill defectivity level for 28nm Flash-like device gate pat-
terns was achieved using lower droplet volumes. Wafer sizes up to 300 mm were
successfully patterned in full and partial areas with low defectivity levels.
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Fig. 5.5. Defectivity as a function of total squeeze time for a fixed test stamp
with droplet patterns dispensed with a Xaar1002 AMp [data reproduced from
Khusnatdinov et al.,»™ light-gray data points relate to other experimental conditions
that are not of primary interest here].

5.2 Digital Conductor Printing onto 2.5D Substrates

Inkjet printing of conductors onto non-flat substrates was investigated using the
findings presented in Chapter [l The following sections present the filling of blind
via connections for powering buried LED dies as well as the generation of the
electrode surfaces used in mass spectrometry applications.

5.2.1 Blind Via Connections

In the investigated application, bare LED dies were incorporated into a matrix
of polymeric materials from a RMPD® process, which produces patterned films
using photosensitive materials. 17 Blind via connections to the contact pads of the
LEDs were provided in the top film covering the LED dies, having a diameter of
90 pm and a varying depth of 25 to 45 um. The process produced steep, 90° walls
and sharp, convex corners. The combination of these features poses a challenge
to the inkjet printing of the conductors. The locally increased capillary pressure
around the rim enhances the thinning of the film close to the convex corner
and may result in dewetting. Therefore the resistance of the electrical conduction
path will strongly increase, or the path might even be fully disconnected. Current
crowding and strong local Joule heating were therefore expected to be the main
challenges.

To investigate the performance of the printed blind via connection, specimen
were prepared by producing the top layer including the vias on a sputtered gold
film. To minimize the influence of the resistance of the conduction path on the
top of the RMPD® 420 um wide lines were printed, which ensured consistent
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Fig. 5.6. Microscopic images of the inlet of the investigated via connection from the
top of a patterned RMPD® substrate onto a gold bottom electrode.

conduction to the rim of the via. Thermal sintering for 30 minutes at 150 °C was
performed as a benchmark for the achievable performance of the connection.

Printed single layers showed an average resistance of 4.6 {2 with a standard
deviation 2.7 £2. The strong variation can hereby be attributed to the 30% vari-
ability in the length of the via connection, differences in wetting on the top surface
as well as the changing thickness of the metal around the rim and the sidewalls of
the via. Increasing the deposited volume by a factor of three reduced the average
resistance to 1.9 £2. The standard deviation of 1 {2 still reflects strong variations,
which may be counteracted by appropriate circuit layouts.

To assess the durability of the connection a constant current was applied to
the samples for a given time and the resistivity was monitored. Negligible change
was found in the resistance value for currents up to 80 mA applied for 60s. For
values higher than 100 mA the resistance did rise appreciably until detachment
of the silver layer from the polymer was observed at 400 mA. Figure presents
micrographs of the tested via connections. The shape and location of the lift-off
for 400 and 800 mA corroborated our assumption of current crowding and Joule
heating being key failure modes. It is noteworthy that at currents of 400 and
500mA a tendency to lower overall resistance of the connection was found, indi-
cating a sufficient temperature development for continued sintering as observed
in rapid electrical sintering.™8 Exposing the structures to 20mA and 40 mA for
600 s showed no change in the electrical properties, which proved the basic appli-
cability of the process to inkjet printing of blind vias.

To improve reliability of the overall process, printing was modified to have a
triple layer of silver applied to the RMPD® surface, while additional volume was
deposited in the area of the via connection to compensate for the volume variation
induced by the varying thicknesses of 160 to 290 pL. The track formation on the
top surface was further improved by printing at a substrate temperature of 70 °C,
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Fig. 5.7. (a) Series connection of three LED produced by inkjet printing with sub-
sequent wet sintering driven at a voltage of 8.5V at a current of <10mA, (b) nor-
malized intensity as a function of the applied current for an LED by the described
process [70°C substrate temperature, 100 pm polyimide absorber, flash energy 350 J,
pulse width 0.58 ms, repetition rate 4 Hz, sintering duration 6 s]

which assisted pinning of the contact line and reduced the influence of varying
wetting properties on the RMPD® substrate.

Based on the findings presented in Section passively optimized wet
IPL curing was employed to sinter the structures. Freshly printed specimen were
subjected to flashes with an energy of 350 J at a repetition frequency of 4 Hz. An
optimal sintering result was found with a 100 pm thick polyimide absorber after
a minimum exposure of six seconds, totalling 24 flashes. Sintering attempts with
a white background had failed to provide consistent results, as conduction paths
were disrupted on the top layer or close to the rim of the via, where the strongest
temperature gradient was expected during the course of sintering.

Figure [5.7] (a) shows a produced series connection of three LEDs. The LEDs
were driven just above the threshold of 8.5V with approximately 10 mA of cur-
rent delivered from the internal resistance of the setup. The arrangement was
furthermore operated at 9.5V and 20 mA with a series resistor of 120 {2 to pro-
vide sufficient current. The response of a single LED driven by the internal series
resistance of the conductors is shown in Figure (b), where intensity was mea-
sured as the graylevel recorded by a CCD chip. A linear relationship could be
observed up to 25 mA where the CCD started to saturate.
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5.2.2 Printing Conductors on 3D Printed Parts

Creating arbitrarily shaped electrodes is of interest for many applications, but
is often hindered by manufacturing complexity and cost. One example is the
quadrupole antenna used in linear ion traps for mass spectrometry, which is
typically produced by a combination of wire erosion and CNC machining. The
choice of materials and manufacturing steps results in a relatively expensive and
heavy device.

We attempted to produce a linear ion trap by the combination of low-cost
3D printing with the capability to print metallic nanoparticles using inkjet. For
the 3D printing of the hyperbolic electrodes a DLP-SLA system (Perfactory 3
Mini, EnvisionTEC, Germany) was chosen. 3D shapes were generated by selec-
tively cross-linking a photopolymer on a build-substrate by means of a projector.
The produced layer was then separated from the build plate and retracted in
the normal direction by a defined distance, so that liquid from the surrounding
reservoir could fill the gap with fresh resin.’7% The pixelation of the different lay-
ers by the projector and the discrete movement typically resulted in clear voxel
contours. Techniques such anti-aliasing and pixel shifting?™® were available to
mitigate some of the effects and produce smoother prints.

Initial experiments with inkjet printing onto 3D printed specimen produced
with a wet layer thickness of 25 pm revealed regular patterns in the glossy finish
of sintered silver layers, which could impede application due to local changes in
the electric field. In addition local dewetting was observed, which appeared to
correlate with the surface roughness.

To optimize the resulting finish a smaller layer thickness was attempted in
the 3D production of the electrodes. Figure 5.8 depicts the resulting finish, where
the direction of print is from left-to-right. The micrographs revealed a pattern
parallel to the build direction, which was independent of the layer thickness.
It was assumed that this resulted from variations in the projection of the image
into the photopolymer bath or the limited resolution of the digital light processor
(DLP) and the accompanying voxel profiles. No clear or repetitive patterns could
be recognized in the horizontal direction of the FFT representations (d)-(e). The
influence of the layer thickness could be detected perpendicular to the printing
direction. For the standard setting of 25 pm repetitive ripples were visible, which
correlate the printer’s layer thickness to the FFT. These variations inhibited a
thin coating, as the rim of the underlying structure increases the capillary pressure
and the thin film disrupted. With decreasing layer thickness the patterns in the
vertical direction were indiscernible.

The shape of the 3D printed electrodes did not require the active control in
height of the printhead. Printing was therefore performed along the long axis of
the electrode, with a nominal droplet volume of 50 pL. and a substrate velocity
of 50mms~! at a frequency of 1kHz. The misplacement due to the flight time
difference was thereby restricted to about 20 pm between the highest and lowest
surface. In view of the surface variations discussed above, multi-layer printing
was required to allow for a sufficient coverage and homogenization of the surface.

Sintering was limited due to the thermal sensitivity of the 3D-printed parts,
which were found to delaminate and warp at temperatures above 200 °C. Oven
sintering with extended sintering times of 30 minutes was chosen for these ex-
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Fig. 5.8. Micrographs of the top surface of 3D printed electrode substrates with layer
thicknesses of 10, 15 and 25 pm (a—c, build direction left-to-right) and the corresponding
2D Fourier transforms of the images (d—f).

periments to ensure that trapped gasses and humidity were removed from the
samples to comply with the results presented in Section

It was found that curing of the multi-layer prints at 100 °C was insufficient
to drive off the solvent of the ink, which left the deposits in wet state. The other
settings of 125, 150 and 175 °C produced dry and consistent sintering results with
the expected decrease in resistance with increasing cross-sectional area of the
deposit. With the application of 4-5 layers of ink, all sintering settings produced
resistances lower than 500m{2 cm~'. The deposition of 5 layers cured at 175°C
yielded the lowest resistance of 200m{2cm~!. However, a curing temperature
of 150°C was chosen as compromise between thermal impact on the polymeric
material and the achievable electrical performance. This yielded a total resistance
of 2 2 per electrode. Compared to specimen that were electroplated with a 130 pm
thick copper-nickel film this value was still a factor of two higher, but sufficient
to drive the ion trap.

5.2.3 Summary

The usage of inkjet printed conductors in two different applications was success-
fully demonstrated.

Blind via connections were filled with silver ink and subsequently dried and
sintered using the passively damped photonic sintering approach. Coatings were
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shown to withstand currents of 40 mA for extended periods of time without dam-
age induced by Joule heating. A series connection of LEDs was produced and
showed the applicability of the process in a R2R application.

Further a hybrid approach was demonstrated, consisting of a DLP 3D printing
process and the conductive coating of the specimen with inkjet printing. The
observed surface structure was found to originate from the layer thickness used
in the DLP process. Optimization of the DLP process showed major improvement
of the roughness in the build direction, while a lateral variation remained. Inkjet
printing of a conductive coating onto 3D printed electrode bodies of the ion
trap was performed and produced acceptable results of 2 {2 per electrode when
performing thermal sintering at 150 °C for 30 minutes.
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Conclusion

The goal of this thesis was to explore two critical areas in the Lab2Fab transition
for inkjet printed functionalities: (a) the experimental methods for the study
of droplet formation and reliability from industrial inkjet printheads and (b)
the post-processing techniques enabling the conversion of solution-based metallic
nanoparticle inks into conductive structures.

A stroboscopic technique was developed to produce images with high temporal
and high spatial resolution. The fast and slow axes of a laser diode were used to
produce an illumination confined to the vicinity of the droplet trajectory with
pulse widths shorter than 50 ns. The projected shadow of a droplet was then swept
across a CCD sensor using a MEMS micro-mirror to produce sharp images of
droplet formation at ten instances during the travel from the nozzleplate towards
the substrate. This technique enabled the study of the droplet formation process,
the creation of satellites as well as secondary tailing.

Reliability was studied using a linescan camera-based approach, where each
droplet ejected from the printhead width was captured. Continuous background
illumination was found crucial to accommodate variations in droplet velocity and
starting position. Statistical data analysis was then used to extract the Gaussian
distributions of the droplet and background pixels from the the resulting low con-
trast images. The statistics were used in a histogram matching transformation
to enable fault-tolerant binarization of the recorded images and identification
of missing droplets with respect to the printed image. Using temporal oversam-
pling the technique was shown to provide qualitative data on droplet velocity
variations.

Ways of improving post-processing using intense pulsed light (IPL) process-
ing were also assessed. IPL was found to produce comparable sintering results to
convective oven sintering in less than 0.5% of the typical time required. Wet IPL
processing was assessed for the inline sintering of nanoparticle deposits without
the need for intermediate drying. The spectral composition of the light resonating
in the chamber was altered by employing various absorber materials in combina-
tion with a broadband Xenon light. It was shown that damping the blue part
of the spectrum was beneficial as it prevented thermal runaway. Furthermore,
a portion of the red part of the spectrum was retained for it provides indirect
heating and to avoid redeposition of evaporated solvent in the vicinity of the
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sintered tracks. This passive filtering concept was found to optimize both line
conformation and electrical performance and produced resistance values lower
than 5 2cm™! in less than ten seconds on polyimide. The approach was success-
fully applied to other low-cost substrates, yielding for example resistance values
of 3-4 2cm™! on bare PET. Alternatively, shaping the energy delivered by the
arc lamp was investigated using a copper oxide ink. It was shown that the ampli-
tude could be tailored so that drying, reduction and sintering are accomplished
in a single sintering step.

The developed methods were further applied to use cases in the field of digital
fabrication. The ejection of 2.8 pL droplets at 11.6 kHz for the use in nanoim-
print lithography was achieved by a suitable drive of a commercial printhead.
The meniscus pressure was found to further reduce volumes to 2.4 pLL at constant
droplet velocities within a stable meniscus pressure window. By altering the ge-
ometry of the printhead, the volume was reduced to as a low as 0.9 pL, which
enabled a reduction in squeeze time by 500ms, or 20%, at a constant defect
density.

The optimization of the post-process for solution-processable metal inks was
applied to blind via-interconnects to buried LED dies. Cracking at the rim of the
vias was observed at currents above 400 mA. Currents of 20 to 40 mA, which were
required to drive the LEDs, did not show degradation and a series connection of
three LEDs was produced on structured polymer substrates.

Nanoparticle deposits sintered thermally at 200 °C did not exhibit measurable
outgassing from incomplete sintering when exposed to low-pressure. Inkjet print-
ing of a conductive coating onto the 3D-printed electrode bodies for quadrupole
ion traps used in mass spectrometry was performed and produced acceptable
results of 2 (2 per electrode when performing thermal sintering at 150°C for
30 minutes.
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