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A B S T R A C T

Electrohydrodynamic (EHD) nanodrip printing is a new high res-
olution printing technology enabling maskless, direct-write, 3D,
non-contact, conformal and additive patterning at the nanoscale
with a variety of ink systems and materials. The printing reso-
lution exceeds conventional ink-jetting by two to three orders of
magnitude, paving the way of additive printing into applications
dominated by photolithographic microfabrication, and enabling
completely new devices consisting of nanoscale building blocks.
It is a promising technology to be used in printed flexible elec-
tronics, security printing, optical structures and biotechnology.

The aim of this thesis is to develop an electrohydrodynamic
printing tool, investigate new ink systems, push the resolution of
printing to the single nanoparticle level and apply the technique
to printed electronics and biotechnology. An automated and ro-
bust printing tool is developed, implementing components such
as printhead system with pressurized ink supply, multi-channel
arbitrary waveform high-voltage actuation, combined micro-and
nanopositioning of the substrate and ambient control systems.
Concepts and first implementations of microfabricated multi-
nozzle printheads to parallelize the printing process are briefly
discussed.

To push the printing resolution to it’s limit, a new reactive ink
system is combined with the principle of sessile droplet nanore-
actors to form single nanoparticles in-situ. This is realized by a
finely tuned and stabilized metal-salt ink, accurate control of sub-
strate temperature and ambient humidity and by printing with
alternating current actuation on highly hydrophobic substrates to
prevent liquid spreading. Single gold nanoparticles with diame-
ters in the range of 5 to 35nm and with narrow size distribution,
high yield and alignment accuracy are generated on demand and
patterned into arbitrary arrays. The nanoparticles feature good
catalytic activity as shown by the exemplary growth of silicon
nanowires from the nanoparticles and the etching of nanoholes
by the printed nanoparticles.

The technique of stable electrohydrodynamic nanodrip printing
and it’s 3D printing capability is applied in this work to the field
of printed electronics and biotechnology.
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Transparent conductive electrodes are essential in information
and energy technologies. They are widely used in flat-panel dis-
plays, touch and image sensors, thin-film solar cells and light emit-
ting diodes. The dominant materials today, i.e. indium tin oxide
or similar conductive oxides, have matured to enable highly per-
forming devices, but are brittle, show low transmittance in the in-
frared above 1.5µm and require expensive raw materials, as well
as expensive deposition and patterning methods. Ultrafine metal
grid electrodes have the potential to overcome these problems and
substitute or supplement transparent oxide materials. High aspect
ratio gold- and silver grids are EHD printed on glass substrates.
With line widths below 500nm and line heights up to 1.5µm, the
lines are invisible to the eye and exhibit very high optical and elec-
trical performance. At a relative transmittance above 94%, sheet
resistances below 10Ω�−1 are achieved, a performance exceed-
ing conventional ITO materials and being on par with the best
materials reported. Moreover, the metal grids show broadband
transmittance independent of the wavelength measured from 0.4
to 1µm.

Another application explored in this thesis lies in the field of
biotechnology. In addition to the ability of nanodrip printing to
pattern organic molecules and carry out chemical reactions in ses-
sile droplet nanoreactors, it’s 3D capability is useful to engineer
complex microenvironments for cell mobility studies. Understand-
ing the mechanisms of interstitial cancer migration for example
is of great scientific and medical interest. Creating 3D platforms,
conducive to optical microscopy and mimicking the physical pa-
rameters (in and out of plane) involved in interstitial migration,
is a major step forward in this direction. Layer-by-layer nanodrip-
ping is used in this work to directly print freeform micropores
on basal scaffolds containing microgratings optimized for contact
guidance. The platforms so formed are validated monitoring can-
cer cell migration and micropore penetration with high-resolution
optical microscopy. The shapes, sizes and deformability of the mi-
cropores are controllable, paving the way to decipher their role in
interstitial migration.
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Z U S A M M E N FA S S U N G

Elektrohydrodynamisches (EHD) Drucken ist ein neuartiges und
hochauflösendes Druckverfahren, welches die additive Nanos-
trukturierung ohne Masken ermöglicht. Die Strukturen werden
kontaktlos und in hohem Masse konformal auf das Substrat ge-
bracht und können durch die flexible Wahl der Tintenbestandteile
aus verschiedensten Materialien aufgebaut werden. Die Auflö-
sung dieser Drucktechnologie übertrifft die des konventionellen
Tintenstrahldrucks um zwei bis drei Grössenordnungen, was
deren Anwendung in Applikationen ermöglicht, die bis jetzt der
photolithografischen Mikrofabrikation vorbehalten waren. Neuar-
tige Nanostrukturen die aus nanoskaligen Bestandteilen bestehen
werden durch diese Technologie erst möglich. EHD Drucken ist
eine vielversprechende Technologie für die Herstellung flexibler
Elektronik, im Sicherheitsdruck, für optische Strukturen und in
der Biotechnologie.

Inhalt dieser Arbeit ist die Entwicklung eines EHD Druckers,
die Untersuchung von neuen Tinten Systemen, das Drucken von
Strukturen bis ans Auflösungslimit von einzelnen Nanopartikeln
und die Anwendung der Technologie in Richtung gedruck-
ter Elektronik und Biotechnologie. Ein automatisiertes und
robustes Druckgerät bestehend aus Druckkopf mit Tintenver-
sorgung, mehrkanaligem Hochspannungs-Funktionsgenerator,
kombinierter Mikro- und Nanopositionierung und aktive Kon-
trolle der Umgebungsbedingungen wurde entwickelt und aufge-
baut. Die Konzepte des parallelisierten Druckens mittels Multi-
Düsen-Druckköpfen wird ebenfalls erörtert.

Mit einer neuartigen reaktiven Tinte kombiniert mit dem
Konzept sesshafter Nanotropfen-Reaktoren ist es möglich in-situ
Metallsalze zu einzelnen Nanopartikeln zu reduzieren. Dies er-
fordert fein abgestimmte Umgebungsparameter wie Temperatur
und relative Feuchtigkeit und die Verwendung von AC Aktu-
ierung und nichtbenetzenden Oberflächen um die Tropfenausbre-
itung zu verhindern. Mit dieser Technik können einzelne Gold
Nanopartikel mit einem Durchmesser von 5–35nm in grosse Ar-
rays gedruckt werden. Die Gold Nanopartikel zeigen gute kat-
alytische Eigenschaften, was mit dem Wachsen von Silizium-
Nanostäbchen und dem Ätzen von Nanolöchern aufgezeigt wird.
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Die 3D Fähigkeiten des EHD Nanodrip Druckens werden in
dieser Arbeit für gedruckte Elektronik und für die Entwicklung
eines Biochips verwendet.

Transparente Elektroden sind essentielle Bestandteile der heuti-
gen Informations- und Energietechnologie. Sie werden namentlich
in Displays, Touch- und Bildsensoren, Dünnfilm-Solarzellen und
in LEDs verwendet. Das verbreitetste Material, nämlich Indium
Zinn Oxid (ITO), ermöglicht leistungsfähige Komponenten, ist
jedoch spröde, wenig transparent im infraroten Spektralbereich
oberhalb von 1.5µm und erfordert den Einsatz von teueren Ma-
terialien und Strukturierungsmethoden. Ultrafeine Metallgitter
haben das Potential diese Probleme zu lösen und das verbre-
itete ITO zu ersetzen oder zu komplementieren. Schmale sub-
500nm Gold- und Silberlinien mit einer Höhe bis 1.5µm können
mit EHD Drucken strukturiert werden und weisen sehr gute op-
tische und elektrische Eigenschaften auf. Die gedruckten Gitter
haben eine Transmittanz über 94% bei einem Flächenwiderstand
kleiner 10Ω�−1, was die Leistungsfähigkeit von ITO übertrifft
und sich mit den besten veröffentlichen Ergebnissen messen kann.
Ebenfalls zeigen die Elektroden eine breitbandige Transmittanz,
gemessen im Wellenlängenbereich von 0.4–1µm.

Eine weitere Applikation die in dieser Arbeit erörtert wird liegt
im Bereich der Biotechnologie. Zusätzlich zur Möglichkeit mittels
Nanodrip organische Moleküle zu drucken und chemische Reak-
tionen innerhalb sesshafter Tropfen auszuführen, können kom-
plexe 3D Strukturen sequentiell aufgebaut werden. Damit ist die
Untersuchung der interstitiellen Zellbeweglichkeit in einer dreidi-
mensionalen Umgebung möglich, die kompatibel ist mit hochau-
flösender Lichtmikroskopie. Die integrierte 3D Platform in dieser
Arbeit besteht aus Freiform-Mikroporen die lageweise auf ein
vorstrukturiertes Substrat gedruckt werden. Das vorstrukturierte
Mikrogitter ist dabei auf die Konktführung der Zelle optimiert.
Die Biochips werden anhand der Migration von Krebszellen vali-
diert. Der Einfluss von Form, Grösse und Deformierbarkeit von
Mikroporen auf die interstitielle Zellmigration kann damit erst-
mals im Detail untersucht werden.
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1
I N T R O D U C T I O N

Micro- and nanofabrication, that is the process of fabricating
miniature structures of micrometer scales and smaller, has expo-
nentially improved over the last five decades and dramatically
enhanced the impact of digital electronics in our everyday life
and in nearly every sector of the world economy. Through time,
microfabrication processes were used for the fabrication of inte-
grated circuits mostly based on silicon as semiconductor. In the
last two decades microelectromechanical (MEMS) and microflu-
idic devices have been developed by adapting and extending the
microfabrication methods.

At the heart of microfabrication has always been photolithogra-
phy as patterning tool with resolvable critical dimensions above
10µm in the beginning and approaching 10nm with today’s
cutting edge tools using ever shorter wavelengths for exposure,
immersion optics, multiple patterning and computational ap-
proaches. The advances in photolithography have been the ma-
jor driver for decreasing cost and increasing performance of the
single transistors. It enabled integrated devices following a trend
line showing a doubling of components per chip every 1-2 years
over the last 50 years, a trend which has become well known as
Moore’s Law [1]. Even though and end to Moore’s law may be
on the horizon for silicon-based integrated circuits of current de-
sign due to physical and economic limits [2], photolithography
will most probably remain the dominant patterning technique for
cutting edge chips and electronic mass products.

But when it comes to new applications like flexible electronics,
large area optical patterns, organic or biological devices and low-
volume personalized devices, photolithography reveals some ma-
jor limitations. It relies on very expensive tools and facilities with
the most rigorous environmental control and cleanliness imagin-
able. The technique requires completely flat surfaces and the struc-
tures are normally limited to thin films.

In order to reduce material usage, processing time and to enable
large area fabrication, non-lithographic direct printing methods
are required. Reasonable resolution and high fabrication through-
put are for example achieved with contact printing methods like
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2 introduction

gravure, offset and flexography or non-contact ink-jetting. Lat-
ter has the advantage of being maskless and therefore a fully
digital and on-demand process. A large range of materials can
be patterned, like small molecules, polymers, salts and inorganic
nanoparticle colloids. Soft (organic) materials can be directly dis-
solved or nanoparticulates can be dispersed in a solvent suit-
able for printing. Additives like humectants, surfactants, wetting
agents, co-solvents and dispersants are used to tune the ink sta-
bility and rheological properties. Prominent examples of func-
tional inkjet printing are solar cells, displays, solid state light emit-
ters, conductive structures for RFID antennas and printed circuit
boards, sensors and microarrays for bioapplications [3, 4].

A major limitation of inkjet printing towards microfabricating
functional devices is however its limited resolution in the range
of 10 to 100µm. Electrohydrodynamic (EHD) inkjet printing is a
new high resolution printing technology. The principle of electri-
cally charging and actuating liquids has already been theoretically
described by Lord Rayleigh in 1882 [5] and experimentally been in-
vestigated by John Zeleny thirty years later [6]. The framework of
EHD spraying has been extended by Geoffrey Taylor in the 1960s
[7, 8, 9]. Electrospraying has been investigated intensively in the
last decades, and been applied to various applications like thin
film deposition [10], nanoparticle synthesis [11], colloid thrusters
[12], electrospinning of nanofibers [13] and electrospray injection
for mass spectroscopy [14, 15].

But only recently, EHD liquid ejection has been applied to
high resolution printing [16, 17, 18]. The printing resolution is
mainly achieved through small nozzle to substrate separations
to prevent liquid jet instabilities, breakup and subsequent spray-
ing. Additionally, the microdripping mode - or, for the length
scales involved more accurately related to as nanodripping mode
- has been employed in our laboratory [19]. In this mode, fine
droplets up to 10-15 times smaller than the orifice detach from
the very apex of the liquid meniscus. Through the separation of
the droplets and the limited charging of the droplets below half of
the Rayleigh-limit, in flight droplet deflection and atomization is
efficiently avoided. The nanodrip printing resolution exceeds con-
ventional inkjet printing by more than two orders of magnitude
and additionally shows patterning accuracy down to about 10nm.
Considering this remarkable increase in patterning resolution and
accuracy of nanodrip printing over conventional ink-jetting, nan-
odripping makes it possible to combine the advantages of additive



introduction 3

and digital printing with the resolution capabilities hitherto only
achieved with lithographic methods.

This thesis centers around the development and application of
electrohydrodynamic printing tools capable of reproducibly print-
ing functional structures at the micro- and nanoscale. The explo-
ration of new ink systems was used as a foundation to push the
printing resolution to single nanoparticles, while the more appli-
cation oriented work of the later chapters was guided towards
biotechnology and printed electronics, two fields with a large po-
tential for this printing technology.

The thesis is organized as follows:
In Chapter 2, the general technological requirements for EHD

printing systems are elaborated and the EHD printers developed
and applied in this thesis are described.

At the very resolution limit of EHD printing, Chapter 3 shows
how this technology can be used to print single small-diameter
gold nanoparticles and patterning them into large arrays. An ad-
ditional aspect illuminated in this chapter is the possibility to per-
form nanofluidic experiments using EHD printing, by depositing
sessile droplets serving as nanoscale chemical reactors.

In Chapter 4, transparent electrodes are realized by printing
high aspect ratio metal grids on glass. Here, not only the form
of the printed structures, but also the electrical and optical perfor-
mance is very important. The overall performance levels reached
put the optically invisible grids on par with the best subtractively
made materials and exceed what has been shown for fully addi-
tive methods.

In Chapter 5, the 3D capability of the technique is applied to en-
gineer complex biocompatible microenvironments. The fabricated
devices are accessible to high resolution microscopy and allowed
the study of cell migration in a 3D environment.





2
E L E C T R O H Y D R O D Y N A M I C P R I N T I N G T O O L S

A vital part of this thesis was the design and implementation of
automated EHD printing tools. In principle, an EHD printer is
quite simple and composed of just a few integral parts. A print-
head realized by e.g. a single glass capillary a high voltage DC
power supply and a microscope are sufficient to study droplet ejec-
tion and impact processes. By adding a scanning platform, simple
structures can already be printed. But, to name a few challenges,
at printing resolutions on the O(100nm), reproducible movement
at the nanoscale has to be achieved, complex pattern generation
requires a versatile scripting language with correction algorithms
and multi-material printing is only possible with accurate align-
ment capabilities.

Generally, the main components of an EHD printer can be di-
vided into the following systems.

1. The printhead is at the core of an EHD printer. While piezo-
or thermal inkjets use flat nozzle plates, EHD printheads
are normally implemented using fine conductive needles to
concentrate the electric field around the orifice. The needle
like geometry can be replicated in chip based printheads to
achieve multinozzle printheads [20]. For the massive paral-
lelization and individual control of the nozzle arrays, electri-
cal field engineering through confined electrode patterns on
flat nozzle plates is the most promising approach for future
development.

2. An ink reservoir and supply system is coupled to the print-
head. The capillary volume itself is sufficient as reservoir,
when printing from small nozzle diameters and the result-
ing low mass flows. Positive or negative back pressure can be
used to increase the flowrate and to stabilize the EHD mode.
To interface a microfabricated printhead, a (pressurized) mi-
crofluidic system has to be connected to the backside of the
nozzle plate.

3. The positioning system, moving the printhead and/or the
substrate, has to match or even exceed the printing res-
olution. For short range movements up to about 1mm,

5



6 electrohydrodynamic printing tools

piezo flexure guided stages provide bidirectional repeatabil-
ity on the nanometer scale and good dynamics. Long range
movements are more difficult. For accuracies in the micron
range, linear optical encoders can be interfaced to mechani-
cal stages, piezo steppers or air bearing stages driven by lin-
ear actuators. If printed patterns have to be stitched together
at accuracies below 1µm optical alignment or interferomet-
ric feedback are the most practical solutions.

4. The electrical actuation system may be implemented in
many different ways, depending on the requirements and
nozzle geometry. High-voltage, high-speed amplifiers pro-
vide arbitrary bipolar signals and overall the highest flexi-
bility, but are inefficient and bulky. Fast switching topolo-
gies are more efficient and compact and better suited for
multi-channel systems. Generally, for high-resolution print-
ing with stand-off heights of 10 to 100µm, peak voltages
between 0.1 to 1 kV are applied. Since the natural ejection
frequency in the nanodripping mode with DC actuation
can reach up to 100 kHz single drop-on-demand printing re-
quires a power source with the same bandwidth.

5. Optical visualization is required to approach the printhead
above the substrate, monitor the printing process, and to
align to patterns already present on the substrate. On R&D
printers, the optical inspection is essential to study the pro-
cesses at the nozzle tip and the printing behavior on the
substrate. Side-optics with backside illumination is ideal to
control the nozzle-substrate distance and assess the 3D print-
ing behavior. On transparent substrates, inverted optics with
high NA objectives provides superior resolution.

6. Ambient control of humidity, temperature and gas atmo-
sphere, while not essential, is still an important system vari-
able. Humidity and atmosphere have a large impact on the
gas ionization, a factor known to influence the charge carrier
density at the meniscus and influence the EHD ejection and
stability [21, 22]. The temperature of the sample strongly in-
fluences evaporation speed of the solvent and therefore the
printing quality. And temperature gradients between print-
head and substrate can be used to reduce clogging at the
nozzle and accelerate vaporization on the printed patterns.
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Figure 2.1: Scheme of the printing setup used in this work. Setup A was
optimized for maximal positioning accuracy and visual in-
spection resolution. It is built around a 3-axis precision nanos-
tage LP300 from MadCityLabs. A confocal laser scanning mi-
croscope delivers maximal contrast and resolution to assess
the ejection process and printing results. Setup B was devel-
oped to allow best possible environmental control.

During this thesis, we have built different printing systems and
subcomponents. Generally, two systems have been developed and
controlled from a single host PC (Figure 2.1). Setup A was op-
timized for maximal positioning accuracy and visual inspection
resolution. It was built around a 3-axis precision nanostage LP300

from MadCityLabs. A confocal laser scanning microscope deliv-
ered maximal resolution to assess the ejection process and print-
ing results. With the effect of interferometric scattering (iSCAT),
high contrast images could be captured of the nozzle and the de-
posits on the substrate, due to its surface sensitivity and low view
of depth [19]. Setup B was developed to allow best possible envi-
ronmental control. Backpressure, humidity and stage temperature
control was implemented and designed around and xyz piezo
stepper stage (Nanomotion FB050). Sideoptics as well as inverted
optics with brightfield illumination offered in-situ inspection of
the printing result with reasonable resolution.



8 electrohydrodynamic printing tools

a) b) c)

d) e) f)

Figure 2.2: Printheads from single capillaries to multi-nozzle designs to
increase printing speed. a) A batch of single glass capillaries
coated with a thin gold layer as actuation electrode. b) Multi-
material printing system composed of multiple syringes, al-
lowing the automated printing of different inks sequentially.
Adapted from [23]. c) Triple nozzle printhead realized by
tilted capillaries. The small distance of 15µm shown in the
image was found to be problematic due to mutual interfer-
ence between the electric fields of the capillaries. Adapted
from [24]. d) Silicon chip based printhead with high aspect
ratio nozzle structure to localize the electric field at the tips.
Due to the electrical conductivity and permittivity of silicon,
Lee et al. could not achieve stable printing from these de-
vices. Adapted from [20]. e) A glass wafer based printhead
fabricated by dry film resist photolithography and sandblast-
ing. The printhead works in a stable conejet mode. Adapted
from [20]. f) Massively parallelized MEMS printhead with in-
tegrated actuation and based on SOI wafer processing. A flat
nozzle design is realized by implementing the droplet ejec-
tion electrodes onto the printhead itself. Sub 1µm structures
can be printed in the nanodripping mode. Courtesy of Scrona
AG.

2.1 printhead

Capillary printing
nozzles The printheads used in the experiments of the following chapters

have exclusively been single glass capillaries, prepared by a stan-
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dard micropipette puller with a platinum filament heater (Sutter
Instruments P-97). The tip opening could be adjusted from several
100nm to a few microns, depending on the capillary pulling pa-
rameters. After pulling, the capillaries were cleaned for 60 s inside
a physical vapor deposition (PVD) tool using a Kaufman type Ar
ion source and coated with a thin Ti/Au layer(10 and 100nm) us-
ing e-beam evaporation (Plassys MEB550S). The evaporation was
carried out under constant rotation at a tilt angle of 70◦ from the
pipette axis, to evenly coat the Au electrode around the capillary
and slightly into the opening nozzle. This ensured a good electri-
cal contact between electrode and ink during printing. Hydrophobic

coatingFor various experiments, the capillaries were coated on the out-
side with a fluorocarbon layer to prevent unwanted wetting and
wicking through the nanogranular gold layer onto the external
wall. This wetting normally led to large pending droplets, espe-
cially if backpressure was applied, and resulted in a large flush at
the beginning of the ejection cycle. The low surface energy coating
was found to be particularly important for reactive inks, which,
once reduced to solid material on the pipette outside, could not
be stripped off anymore by strong electric pulses. The coating was
either applied inside an inductively coupled plasma (ICP) tool by
polymerizing C

4
F

8
gas onto the external wall, or by selective depo-

sition of 1H,1H,2H,2H-Perfluorodecanethiol self-assembled mono-
layers (SAM) from the gas phase using a custom built PVD tool
(see Chapter 3). In general, the stability and lifetime was consider-
ably enhanced with the hydrophobization. Printhead stability

and reproducibilityThe lifetime of the glass capillary printheads was very good,
allowing printing times of 1-2 days or more, depending on ink
stability. But major shortcoming are their reproducibility during
the pulling process and slow printing speeds. Former requires,
that every single capillary is inspected by SEM after fabrication
to assess nozzle quality and exact outer diameter. Latter evidently
has to be addressed by process scaling and using many tightly
packed nozzles at the same time. Parallelized

printheads in the
literature

Several authors have proposed microfabricated printheads for
low to mid resolution EHD printing [25, 24, 20]. A multi-capillary
solution has been presented by Sutanto et al.[24], based on a
tilted nozzle array toolbit. They have shown, that 3 nozzles can be
tightly aligned to each other by approaching two tilted capillaries
to a central one (Figure 2.2c). They found that cross talk between
the nozzles limited their minimal distance to about 80µm. In ad-
dition to the limited integration density, alignment is tedious and
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the concept is limited to maximally 9 capillaries. A more promis-
ing approach has been followed by Lee et al.[20]. They batch fab-
ricated silicon- and glass based printheads with reasonable inte-
gration densities (Figure 2.2d,e). A relatively high (reproducible)
printing resolution around 30µm has been demonstrated by the
authors. Till now, however, no printheads fully harvesting the high
resolution potential of EHD printing have been shown, not to men-
tion any device capable of competing with the throughput of mod-
ern piezo- or bubblejet based ink-jet systems.From R&D

printing to mass
production

There are two main approaches to increase the printing through-
put, i.e. first by improving the speed of the process itself by accel-
erating droplet ejection frequency, and second by increasing the
number of nozzles on a given printhead. While former may offer
an increase in throughput of maybe 10×, massively parallelized
multinozzle printheads are still key to migrate from lab based
R&D tools using single (or multiple) capillaries to useful produc-
tion devices. Assuming a nozzle size of 1µm and a nanodripping
droplet diameter of 100nm being ejected at 10 kHz, the printing
flow rate of a single nozzle is only 5 fL s−1. To achieve a reason-
able droplet overlap, a printing speed of 100µm s−1 would result
in a printing time of 10 s for a 10µm sized square ’pixel’. Extrapo-
lated to a standard very large scale integrated (VLSI) device with
an area of 1 cm2, dense patterning at 100nm resolution by sin-
gle nozzle EHD printing would require about 100 days, clearly a
sisyphus-like operation.

The massive parallelization of printing nozzles is therefore in-
dispensable for tolerable patterning speeds on a larger scale. For
piezoelectric inkjet printing, this parallelization is no trivial task,
as the MEMS structure is complex and the piezo actuators in com-
bination with the pressure chambers consume considerable space,
limiting the orifice density on the nozzle plate to about 100 per
square millimeter [26]. About the same areal density has been
claimed for thermal inkjet devices [27].Massively

parallelized
printheads

In EHD nanodrip printing, however, much higher integration
densities can be obtained, due to the electrostatic actuation prin-
ciple, as long as crosstalk between the nozzles is minimized by
shielding. This is realized in the microfabricated printhead shown
in Figure 2.2f. After droplet extraction, the electrically charged
droplets can be uniformly guided by a homogeneous electric field
between printhead and substrate or counter electrode. From elec-
trostatic simulations we found, that the ejection electrodes can be
designed closely around the nozzle, consuming less than 10 times
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the width of the orifice opening itself. With an orifice diameter
of1µm, more than 10 000 nozzles can be packed per square mil-
limeter, a hundred fold increase over conventional inkjet print-
heads. Combined with the 100× higher resolution of EHD nan-
odripping and similar droplet ejection frequencies, areal printing
speeds about one tenth of inkjet printing are principally possible.
The challenge here arises in the digital actuation of every single
nozzle due to the massive channel count. This is discussed further
in the next section (2.2). While the complete development and op-
timization of a SOI-wafer based printhead was beyond the scope
of this thesis, it remains a core task for the future work.

2.2 electrical actuation

The high electric fields needed to induce the electrohydrodynamic
ejection of droplets from low conductivity fluids ask for high volt-
ages and small distances between capillary and counter electrode.
The required voltages depend on the geometry of the nozzle and
counter electrodes and on the stand-off distance. For printing dis-
tances well below 1mm, voltage levels up to 1 kV are sufficient. In
the ’near-field’ case with stand-off heights of a few microns, 150
to 350V were normally used in this work to actuate liquid from
fine capillary nozzles. Unipolar actuation

DC and unipolar pulsed actuation is easily implemented by a
high voltage supply and a fast switch. Unipolar printing how-
ever has the drawback of equally charged droplets ejection and
charge accumulation on the substrate, leading to droplet deflec-
tion on non-conductive samples. This could be generally observed
by curved lines or double lines on the frequently-used glass slides.
A Keithley 2410 high voltage source meter unit (SMU) was initially
used for DC actuation. The device also offered bipolar outputs,
but the switching frequency was limited to about 10ms. At stan-
dard droplet ejection frequencies of 1 to 10 kHz, 10–100 droplets
were hence ejected with same polarity, cumulatively influencing
each other. By numerical simulations, Galliker et al. have shown
[19] that already 1–2 droplet charges are sufficient to counteract
the normally attractive electrostatic autofocusing effect (ENA) on
already printed structures. The adverse effect of droplet deflection Strategies against

charging effectscan either be reduced by separating the droplets on the substrate
by high printing velocities, applying conductive coatings on the
substrate or evidently by AC printing at frequencies close to the
droplet ejection frequency.
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A very flexible solution towards AC printing is to generate low
voltage arbitrary waveforms with high-speed digital to analog
converters (DAC) or direct digital synthesis (DDS) for continu-
ous waves (CW), and the subsequent amplification with a high
voltage power amplifier . A triple-channel high voltage amplifierAC actuation
based on 3 Apex PA94 power operational amplifiers with a power
bandwidth of 300 kHz and maximal slew rates of 500V µs−1 en-
abled the generation of arbitrary waveforms up to ±800Vpp (Fig-
ure 2.3a). Using a 50× inverted feedback loop, 500Vpp square
waves at a frequency of 10 kHz could be generated with no evi-
dence of overshoot or ringing and with very low noise levels.AC frequency

By tuning the actuation frequency to half the droplet ejection
frequency, only one droplet per pulse polarity is ejected, efficiently
avoiding any charging effects on the substrate. What has to be con-
sidered is a possible asymmetry in ejection behavior for positive
and negative ejection voltages. Droplet footprint experiments can
be carried out to determine average droplet size and ejection pe-
riod to tune the duty cycle of both polarities. Changing the overall
duty cycle of low frequency AC actuation was also found to be an
efficient tool to adjust the flowrate without changing the average
droplet size.Inter-pulse delay

We found throughout our experiments, that the initial droplets
ejected after an inter-pulse delay of several tens of milliseconds
or longer, resulted in considerably larger initial droplets. Two ef-
fects may be considered to explain this behavior. First, solvent
evaporation at the very nozzle tip during the off-state must re-
sult in an increase in solute concentration and, through changed
thermophysical properties of the ink (electrical conductivity, den-
sity, viscosity), may lead to larger initial droplets. Second, the dy-
namic build-up of the meniscus could lead to substantially larger
droplets at the onset of ejection. To potentially reduce the latter,
a staggered turn-on was investigated to first form the meniscus
at voltage levels just below ejection onset, followed by the actual
ejection pulse. It was found, however, that initial droplet effects in-
creased with this approach, which can be explained by enhanced
evaporation from the already formed meniscus with its larger sur-
face area. Therefore, the evaporation of solvent at the nozzle tip, at
least for nanoparticle based inks with alkanes as solvent, seems to
be the dominating effect. Consequently, inter-pulse delays should
be minimized to reduce initial droplet effects, requiring highly
dynamic positioning solutions (see Section 2.3).
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a) b)

c)
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Figure 2.3: High voltage actuation. a) A triple-channel high voltage
amplifier based on 3 Apex PA94 power operational ampli-
fiers enables the generation of arbitrary waveforms up to
±800Vpp with a bandwidth of 300 kHz and generally very
low noise levels. The low efficiency and high quiescent power
consumption of about 10W, however, require powerful exter-
nal cooling (water cooling). b) A neutral-point-clamped in-
verter (NPCC) implemented with 4 MOSFETs is capable of
efficiently delivering 3-level actuation (positive, ground, neg-
ative) up to ±1.6 kVpp with a similar bandwidth at a fraction
of cost and space. c) Simplified circuit of NPCC.

Constant droplet size is normally desired for pattern printing
and only initially tuned by adjusting ejection voltage [19], nozzle
size or backpressure. In conjunction with the disadvantageous ef-
fect of stair-like turn-on as explained in the previous paragraph,
it follows that bipolar square pulses are absolutely sufficient for
EHD printing. Three-level actuation (positive, ground, negative) Compact electrical

driver for
multi-channel
actuation

can be implemented with a fast switching topology such as a neu-
tral point clamped converter (NPCC). This is much more efficient
than what is achieved with linear amplifiers, and at the same time
cost and space savings are substantial. A fast switching NPCC
was implemented with 4 MOSFETs, capable of delivering 3-level
actuation at up to ±1.6 kVpp with rise times well below 1µs for a
load of 1nF (Figure 2.3b,c). Digital isolation between control sig-
nals and outputs up to 3.75 kV, short circuit protection and shoot-
through protection were implemented to create a robust solution,
potentially applied in systems with up to several hundred print-
ing channels.
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2.3 positioning

Resolution and
accuracy As mentioned at the beginning of this chapter, the positioning sys-

tem moving the printhead relative to the substrate has to match or
ideally even exceed the printing resolution or accuracy. The mini-
mal line-widths and pillar diameters fabricated by nanodripping
from colloidal nanoparticle inks in our work lied below 100nm.
Even more impressive is the positional accuracy of the droplet im-
pact with the electrostatic autofocusing effect (ENA), and pattern
edge roughness of around 5 to 10nm, allowing structural gaps
well beyond the actual structure size [19]. At this resolution and
accuracy, repeatable movement on the O(10nm) is evidently re-
quired.Long term stability

An additional complication in our printing system is the long
printing time of several hours to days for larger patterns, due to
the low printing speed of the single nozzle approach. Prevent-
ing drift in the nanometer range over these timescales is a chal-
lenge and requires stringent temperature control. Our systems
were therefore built inside a temperature controlled laminar flow-
box with HEPA air filtering. The temperature was found to be
stable within ±0.1 ◦C of the setpoint. Additionally, good vibration
isolation was ensured by a passively and actively damped optical
table (Newport SmartTable).

During development and setup of our printing tools, optical ac-
cess, flexibility and short range accuracy was given more attention
than long term stability and long range accuracy and repeatabil-
ity. For best short range accuracy, Setup A was therefore equippedPiezo nanostage
with a XYZ piezo nanostage from MadCityLabs (LP300), offering
nanometer precision but only a very limited range of 300µm on
all axis. With the stiff piezo drive, the flexure guiding principle
and minimal load on the stage, good settling times around 20 to
30ms were possible, which is important for step-and-hold array
printing. The system was later updated with a MadCityLabs mi-
crostage (MicroStage) for stitching purposes and to align the sub-
strate to the printhead. The limited stability and repeatability of
about ±0.5µm frustrated e.g. the accurate stitching of long unin-
terrupted nanolines. With the high resolution iSCAT microscope,
meticulous manual alignment to existing patterns was however
possible with accuracies below 100nm [28]. Setup B was more op-Ceramic stepper

stage timized for flexibility and envionmental control. Three linear ce-
ramic motor stages from Nanomotion (FB050) with 50mm travel
were coupled to a 3D solution. With a 50nm encoder, a repeata-
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bility of ±0.2µm was achieved, excluding this setup to be used in
nanoscale resolution printing experiments. Temperature drift

Although the ambient temperature was tightly controlled, tem-
perature drift was still an issue in both setups. Due to the strong
self-heating of the Nanomotion stages initial drifts of more than
2µm were measured and required heat up times beyond 1 hour.
The analog controller of the piezo nanostage used in Setup A (situ-
ated outside the temperature controlled flowbox), was also found
to drift with temperature, limiting the accuracy of the system. Design rules

In summary, to reduce thermal and humidity drift problems,
the printhead-substrate coupling must be compact, stiff and equi-
librated to a stable ambient temperature, the printhead-holder
should be composed of materials with low CTE and low water up-
take, and heat sources (stage self-heating, microscope light, power
electronics) should be minimized or if possible be well isolated
from the mechanical system. To enable fast settling times, the
moved mass has to be minimized and stiff actuators offering high
accelerations are essential. Future printing

platformIdeally, a future system may be implemented by a stiff gran-
ite based gantry for long-range (> 5 cm) flatness and straightness,
linear direct drive motors for highly dynamic movements and pre-
cision crossed-roller or air bearing. To fully exploit the capabilities
of nanodrip printing, the positioning system should deliver an ac-
curacy of ±0.2µm, unidirectional 2D repeatability of ±25nm, ve-
locities from 0.001 to 100mm s−1, in-position jitter < 10nm and a
step-and-settle time of < 10ms for 1 to 100µm steps.

2.4 environmental control

2.4.1 Ambient Humidity

We found in our experiments with colloidal nanoparticle inks, that
the relative humidity (RH) of the environment strongly influences
the printing process and quality. At levels below 15-20 %RH of-
ten found in the laboratory in the winter, ejection stability at the
capillary as well as structural quality on the substrate was inferior
to the results achieved at higher RH. We attribute these observa-
tions to the effect of water adsorbed at the nozzle tip and on the
substrate and absorbed into the ink at the nozzle. Ideal printing Ideal ambient

humidityconditions for alkane based nanoparticle inks were found at about
25-50%RH.
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It is well established in the literature, that high relative humidi-
ties lead to a faster decay of the surface potential on glass [29] and
polymer film electrets [30] due to increased surface conductivity.
On the glass slides used in our experiments, the adsorbed water
reduced the local charging at the site of droplet impact, result-
ing in finer structures when printing with direct current actuation
and less droplet deflection on overprints. The charging could be
largely mitigated using conductive substrates (e.g. silicon chips or
metal film coated glass) and alternating current actuation.

While the alkanes used as solvent of the commercial nanoparti-
cle inks (NanoMas, ULVAC) are not hygroscopic and, to the best
of our knowledge, do not contain a humectant, high ambient RH
values still delayed clogging and generally improved printing be-
havior. The former can be explained by the adsorption of a molec-
ular water film at the nozzle tip and marginal absorption into the
ink at the liquid-gas interface. The latter may result from reduced
charging effects as mentioned above.Hygroscopic inks

The effect of RH was very pronounced for hygroscopic inks us-
ing e.g. glycols as solvent (see Chapter 3). When printing these
inks on non-wetting substrates, the relative humidity could be
used to influence the size of the sessile droplet in-situ during
the printing process, opening new possibilities towards controlled
sessile droplet nanoreactors. On the same non-wetting substrates,
printed nanodots consisting of hydrophilic nanomaterials (e.g. sil-
ica nanoparticles) acted as selective nucleation sites at humidities
around the dew point. Resolvation and mixing of closely printed
dots was possible, exemplifying the large potential of the nan-
odrip technique in the field of microscale chemistry.

Following the explanations above, environmental humidity con-
trol is crucial for reliable and reproducible printing and makes it
possible to manipulate sessile droplets in-situ. Laboratory scaleHumidity control
humidity control is adequate for standardized printing but lacks
the flexibility needed for the investigation of humidity related ef-
fects on EHD printing. For a fast change and active control of
ambient humidity, a small volume is beneficial. For this purpose,
a small PDMS cap with openings for the side optics microscope
and the printing capillary was prepared from a custom mold.
The cap was fixed to the microscope objective and conformed
to the movable substrate platform to build a sealed internal vol-
ume of around 20 cm3 (Figure 2.4a). Two mass flow controllers
(MFC) were fed with dry nitrogen gas. One of the N

2
streams was

passed through a humidifier and mixed downstream with the dry
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line. The humidity and temperature of the enclosed atmosphere
was measured with a digital precision humidity sensor (IST AG,
HYT271) and accurate control was achieved by a simple PID con-
troller, mixing the dry and humidified streams at appropriate por-
tions at an overall flow rate of 200 sccm. This system offered stable
humidity control between 5-95% RH with fast transient capability
on the O(10 s).

2.4.2 Temperature Control

Printhead and substrate temperature control are important to en-
hance the reliability of the printing system at the nozzle and im-
prove the printing quality by fine-tuning vaporization behavior. It
is also essential for microscale chemistry experiments carried out
in sessile droplets (see Chapter 3). Most favorable in many exper- Cold printhead, hot

substrate?iments would be a low temperature at the printhead to reduce
initial droplet effects (see Section 2.2) and prevent clogging, and a
higher temperature on the substrate for faster vaporization, faster
3D growth and reduced liquid spreading. Unfortunately, this is
not possible with the capillary based printheads used in this the-
sis, due to the low thermal conductivity of said capillaries and
their small stand-off height above the substrate. Here, the nozzle
opening always equilibrated to about the substrate temperature.
Therefore, an overall system temperature had to be chosen to fa-
cilitate the effect under study, like near field spinning of polymers
at raised temperatures or sessile droplet nanoreactor studies close
to solvent freezing. Heater/cooler

designThe design challenge lied in the seemingly conflictive require-
ments of the temperature controlled stage which are: optical trans-
parency, electrical conductivity, high thermal conductivity and
compact size1 all at the same time. A heating stage was real- ITO film heater
ized with a transparent ITO film heater, with ITO serving as
heating element as well as ground electrode. Metal bus bars on
2 edges of the ITO coated glass plate ensured constant current
density throughout the film and therefore constant heating over
the whole heater plate. A low electrical resistance of 100Ω and
an isolated power supply were used to minimize lateral volt-
age drops, potentially influencing droplet trajectories. The optical
transparency was excellent, enabling high-resolution inspection

1 Small weight was important to keep stage loading low. This results in higher
positioning dynamics and shorter settling times
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a)

c)

b)

d)

Figure 2.4: The components of the environmental control system are:
capillary back pressure control, ambient humidity control,
thermoelectric or ITO based transparent microscope stage for
substrate heating/cooling. a) A small transparent PDMS cap
encloses substrate and printhead, offering humidity control
between 5-95% RH with very fast transients capability on the
O(10 s). b) Thermoelectric microscope stage with integrated
water cooling. Temperatures in the range of −5 to 80 ◦C can
be controlled within 0.01 ◦C and ramped at up to 3 ◦C s−1

with minimal overshoot. A transparent SiC wafer is used to
distribute the heat on the stage (not shown), while preserv-
ing optical access of the sample with the inverted microscope.
c) The pressure controller adjusts capillary backpressure be-
tween −1 to 3 bar. A leakage valve is used to allow for fast
pressure transients in both directions. Two mass flow con-
trollers fed with dry nitrogen are used for humidity con-
trol inside the PDMS cap. One of the N

2
streams is passed

through a humidifier and mi ed downstream with the dry
line. d) Control electronics with outputs for the TEC heater/-
cooler and the ITO film heater. Precision humidity sensor and
RTD/PTC temperature sensors values were used as input for
simple PID controllers.
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with the inverted confocal laser scanning microscope. A heating/- Thermoelectric
coolingcooling stage was implemented using thermoelectric elements.

Due to the low efficiency of TECs for cooling, the hot side had
to be cooled with an integrated water-based heat exchanger (Fig-
ure 2.4b). A silicon carbide wafer attached to the Peltier elements
was simultaneously used as heat spreader and counter electrode
of the printing process. The transparency of the SiC wafer was
sufficient for the inverted brightfield microscope. Temperatures in
the range of −5 to 80 ◦C could be set within 0.01 ◦C and ramped
at up to 3 ◦C s−1.

2.4.3 Capillary Backpressure

In electrospray experiments operating in the cone-jet mode, the
flow rate is always imposed by either a syringe pump or a pres-
surized reservoir to obtain stable ejection. In our work, nanodrip- Ink conductivities
ping of liquids with conductivities of 10−12 to 10−6 S cm−1 at the
characteristic length scales of single micrometers was found to be
inherently stable without additional backpressure. Applying posi-
tive backpressure increased the droplet size at the same actuation
voltage and was therefore hardly used for the nanoscale printing
resolutions we were generally aiming at. Yet, backpressure control
was found to be an important tool to initially fill the glass capillary,
increase printing flowrate when resolution was not pivotal and to
control the ejection mode for water or glycol based ionic inks with
high electrical conductivity. These liquids could be stabilized to a Ejection mode

stabilizationnanodripping mode by applying a negative backpressure of 0.1 to
0.5 bar [31].

Consequently, the backpressure control had to be designed for
absolute pressures of 2 to 3 bar for capillary filling and at the same
time for small pressure differentials around ambient pressure. A
fast response in both directions was also important, since the large
pressures needed to fill the capillary could accidentally flush a
large area on the sample, or lead to unwanted wetting on the cap-
illary outer wall (see Section 2.1). For that purpose, an absolute
pressure controller (MKS 640A) was fed with pressurized nitro-
gen and connected downstream to the printhead and, through a
variable bleed valve, to a vacuum pump (Figure 2.4c). The vari-
able bleed valve could be opened to increase stability around am-
bient pressure and closed to save nitrogen gas. At equilibrium,
a choked flow condition guaranteed very stable backpressure at
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Meerstetter TEC-1089 temp. controller

Nanomotion FB050 piezostepper

Keithley 2410 high voltage source 

MadCityLabs microstage
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Figure 2.5: Printer modules and communication protocols. Where possi-
ble, module control was integrated into the Beckhoff system.

the printing capillary even for very small pressure differentials of
±50mbar around ambient.

2.5 printer automation and software

Flexibility is one of the key aspects for a laboratory scale printer,
where upgrades and changes to the system have to be made con-
stantly. Yet, with increasing complexity, the system should still
remain reliable and manageable. A modular automation solutionFlexible and

modular based on the TwinCat-PLC from Beckhoff was therefore imple-
mented (Figure 2.5). Modular box terminals supporting all impor-
tant signal types could be added to the system depending on the
requirements (Figure 2.6).

The printer software was designed to achieve high reliability,
fast response time and a good fault tolerance. Even though the
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b)

Beckhoff

a)

Figure 2.6: Integrated printer controller. a) Top view of integrated con-
troller with Beckhoff EtherCAT real-time automation solu-
tion. The ethernet-based fieldbus system is modular for a
simple bus extension. High speed analog output modules
offer 100 ksamples/s with 16 bit resolution and a clock accu-
racy in the microsecond range, which is sufficient to generate
10 kHz arbitrary waveforms for the input on the high voltage
amplifier. The integrated water cooling with fan coupled heat
exchanger is used for the cooling of the thermoelectric print-
ing stage and the high voltage amplifier. b) Front view of the
integrated controller with 3-channel high voltage (±400V) ar-
bitrary function generator, high voltage power supply and
environmental control module.
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Beckhoff system was used to integrate most printer components,
several modules had to be connected directly to the controlling
computer over their specific communication interfaces (Figure 2.5).
C++ was chosen as sole programming language to combine all thePrinter software

language components of the system on the controlling computer, avoiding
any wrappers or inter-process communication. For the graphical
user interface, keyboard controls and other high-level functions,
the Qt framework was used to ensure potential platform indepen-
dence.Communcation

interfaces All devices in the setup were connected to the controlling PC ei-
ther via RS232, USB or the Beckhoff system. The communication
via RS232 is straight forward and not elaborated here. USB com-
munication was implemented through the vendor specific DLLs.
The Beckhoff system was more involved. For a slow controller,
Beckhoff’s ADS protocol could be implemented directly via DLL.
To make use of the real-time capabilities of the system, the DLLReal-time system
must be used in conjunction with Beckhoff’s RTOS, running on
a reserved core of the host PC. This was the only viable way to
make use of the high-speed analog output terminals with over-
sampling functionality on the inherently non-real-time operating
system of the host (Windows 7). These terminals provided the
high-speed analog output for the high voltage amplifier. With an
effective sampling rate of 100 kHz through 10 times oversampling,
arbitrary waveforms with frequencies up to 10 kHz were possible
with a signal jitter in the microsecond range. To guarantee this
performance, the Beckhoff RTOS was programmed with a loop
buffer, which was pre-emptively filled by the printer software.Software

implementation The printer software was implemented to allow manual as well
as scripted access to the individual subsystems like stage, high
voltage actuation and ambient control. This was realized by im-
plementing a subset of shared functionality into each module,
namely connecting, disconnecting, error handling and emergency
handling. The module specific functions were then added individ-
ually on top of that. As multiple devices should be connected
to the host computer at the same time, and as multiple inter-
faces, like RS232, are not thread safe, it was selected to have a
thread for each module. The inter-thread communication was im-
plemented in the base module, to simplify data exchange between
the modules and simplify the addition of new components. The
modularity of the software is also reflected in the user interface,
which could be customized to the individual users corresponding
to their requirement (Figure 2.7).
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a)

b)

Figure 2.7: a) Printing software GUI with different modules, customiz-
able to the individual users requirement. b) Scripting and
logging functionality was implemented in the base module.
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S I N G L E N A N O PA RT I C L E P R I N T I N G

Gold nanoparticles with unique electronic, optical and catalytic
properties can be efficiently synthesized in colloidal suspensions
and are of broad scientific and technical interest and utility. Yet,
their orderly integration on functional surfaces and devices re-
mains a challenge. Here we show that single gold nanoparticles
can be directly grown in individually printed, stabilized metal-
salt ink attoliter droplets, using a nanoscale electrohydrodynamic
printing method with a stable high-frequency dripping mode.
This enables controllable sessile droplet nanoreactor formation
and sustenance on non-wetting substrates, despite simultaneous
rapid evaporation. The single gold nanoparticles can be formed
inside such reactors in-situ, or by subsequent thermal annealing
and plasma ashing. With this non-contact technique, single parti-
cles with diameters tunable in the range of 5 to 35nm and with
narrow size distribution, high yield and alignment accuracy are
generated on demand and patterned into arbitrary arrays. The
nanoparticles feature good catalytic activity as shown by the ex-
emplary growth of silicon nanowires from the nanoparticles and
the etching of nanoholes by the printed nanoparticles.

3.1 introduction

The unique chemical, electronic and optical properties found in
nanometer sized metal particles have made them a widely investi-
gated component of future oriented processes and devices. Based
on properties arising from their large surface-to-volume ratio and
spatial confinement of electrons and phonons [32], metal nanopar-
ticles have found application in catalysis [33, 34], chemical and
biological sensors [35, 36, 37], and in various electronic and opto-
electronic devices [38, 39]. A formidable challenge still remains the
integration of such nanoscopic building blocks into larger area sur-
faces and devices, especially when site specificity is of importance.
While electron beam lithography has been successfully used [40],
it is expensive, cumbersome, requires vacuum and bridging the
gap from about 30nm down to the molecular scale remains dif-
ficult. The conventional lithographic approach also has its limita-

25
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tion when it comes to tailored surface functionalization and the
integration of soft materials.Patterning

processes Bottom-up approaches based on self-assembly address this
problem, but generally lack the long-range order, yield and flexi-
bility towards desirable patterns [41, 42]. Dip pen lithography was
shown to be a powerful tool to place minute liquid quantities at
nanoscale resolutions. It has been used by Chai et al. [43] andScanning probe

lithography Wu et al. [44] to pattern and synthesize sub-10nm metal nanopar-
ticles in desired locations by scanning probe block-copolymer
lithography (SPBCL) and by a parallelized polymer pen lithog-
raphy, respectively. However, additional, possibly facile and vac-
uum free methods in this area are highly desirable. An alternative
method not considered so far in this context is electrohydrody-
namic (EHD) printing. EHD printing is finding increasing interest
in recent years, in particular since, when operated at appropri-
ate modes, its high resolution capability around 1µm and subse-
quently below 100nm was demonstrated [17, 19]. It has been used
to deposit inks containing colloidal nanomaterials [17, 19], poly-
mers [45] and biomaterials [46] with femto- to attoliter volumes
and was applied to the field of flexible electronics [47, 48, 49, 50]
and biotechnology [18, 51]. In addition to using EHD printing to
write functional micro- and nanostructures, it was recently shown
that the EHD nanodripping mode is able to generate and sustain
ultra-small droplets in open atmosphere on non-wetting surfaces
[31].Sessile droplets

In this work, we combine the open atmosphere printing capa-
bility of EHD nanodripping with a novel ink chemistry and the
generation of sessile droplets acting as attoliter reactors to ad-
vance the state-of-the-art of site-specific particle deposition to the
level of printing single nanoparticles. The scheme in Figure 3.1b)
illustrates the proposed non-contact printing method to fabricate
on-demand single nanoparticle arrays at high speeds. EHD nan-
odripping mode printing was utilized to pattern arbitrary arrays
of nanodots from a block-copolymer ink loaded with the metal
salt gold(III) chloride (Figure 3.1a). These spherical cap shaped
sessile nanodroplets formed on a non-wetting substrate served
as nanoreactors for the reduction of the metal salt to a single
nanoparticle by subsequent thermal annealing and oxygen plasma
ashing (Figure 3.1c-e). Even direct formation of single nanoparti-
cles during printing without further annealing proved to be possi-
ble by fine-tuning ink concentration and vaporization time. In fact,
we identified that the small size of the sustained sessile droplet –
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serving as nanoreactor – is key for the efficient in-situ reduction
of the metal salt into one single nanoparticle. The catalytic activity
of the nanoparticles and their intimate contact with the substrate
were assessed by subsequent silicon nanowire (SiNW) growth us-
ing the vapor-liquid-solid (VLS) method and by the metal assisted
etching of nanoholes into silicon substrates, as examples of possi-
ble utilization.

3.2 experimental

3.2.1 Ink Preparation

A variety of inks were prepared using the same block-copolymer,
metal salt and two different solvents. The used diblock-copolymer
was poly(2-vinylpyridine)-b-poly(ethylene oxide) (P2VP-b-PEO,
Polymer Source Inc.), which was also used in other studies
[43, 52]. The average molar masses of the P2VP and PEO blocks
were 1500 g mol−1 and 2800 g mol−1, respectively with an over-
all polydispersity of Mw/Mn = 1.11. The metal salt used was
HAuCl

4
· 3 H

2
O (> 99.9% trace metals basis, Sigma Aldrich). Sol- Ink solvents

vents useful for nanodripping from microcapillaries should have a
low vapor pressure to reduce evaporation and clogging problems
at the tip, effectively excluding water. Diethylene glycol (DEG)
and 4-bromoanisole (BrAn) were tested as solvents, while BrAn
was found to work best in terms of printability and nanoparticle
formation. A typical ink was prepared by dissolving 0.1wt% of
the polymer in BrAn at 40 ◦C overnight. The gold salt was added
at a molar ratio of 1:4 vinylpyridine monomers under constant
stirring. The ink was then diluted to 0.01 to 0.02wt% polymer
content.

3.2.2 Substrate Preparation

Silicon chips with (100) orientation were cleaned in acetone, iso-
propyl alcohol and rinsed with DI water. The substrates were
further cleaned and activated in an oxygen plasma for 2 to
5min at 100W and 0.3 to 0.6mbar right before the functional-
ization with a self-assembled monolayer (SAM) of 1H,1H,2H,2H-
Perfluorodecyltrichlorosilane (FDTS, 96%, Alfa Aesar). The SAM Self-assembled

monolayerlayer was deposited from the vapor phase in a custom built CVD
chamber equipped with low power dielectric barrier discharge
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Figure 3.1: Illustration of ink preparation and printing. a) Structure of
ink components. The block-copolymer P2VP-b-PEO is dis-
solved in the solvent 4-BrAn and auric chloride is subse-
quently added. The ink is stable up to several weeks in a
broad range of concentrations. b) Surface functionalization by
a self-assembled monolayer of FDTS, electrohydrodynamic
printing and subsequent nanoparticle formation by (faculta-
tive) annealing and oxygen plasma ashing. c) SEM micro-
graph after thermal annealing. The slight irregularities of the
array are mainly due to limitations of the positioning stage.
d) Single nanoparticle array after removing the polymer. e)
Single 22nm Au particle.
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plasma for chamber cleaning. After pumping to ∼ 0.001mbar,
0.2mbar of FDTS was evaporated into the chamber over 5 to
10min. Water vapor was added to a total pressure of 1mbar to
facilitate the covalent bonding of the monomers to the hydroxy-
lated Si surface and for the crosslinking between the monomers.
After 20min the chamber was again pumped to 0.001mbar and
flushed with nitrogen.

3.2.3 Printing

Two different printing setups were used in this work. Setup A,
equipped with a precision nanostage (MadCityLabs Nano-LP300)
and a confocal laser microscope, is described elsewhere [19]. Setup
B, built around a piezo stepper stage (Nanomotion HR4) and de-
scribed in [51] was upgraded with AC signal actuation, an envi-
ronmental control system and capillary backpressure control. The
temperature was controlled by a thermoelectric system between
10 to 40 ◦C with a stability better than 0.1 ◦C. The relative humid-
ity was controlled inside a small PDMS cap by mixing streams of
humidified and dry nitrogen using two mass flow controllers. The
backpressure was adjusted with a pressure controller connected to
the backside of the printing capillary. In this study, mostly Setup B
was used due to the importance of the tight control of temperature
and humidity and despite the lower precision piezostage, which
limited the placement accuracy to ±0.2µm. Typically, glass capil- Printing capillaries
lary nozzles with outer diameters of 1 to 1.3µm were filled with
the ink and approached 10µm above the substrate. A square wave
of 180 to 230Vp at 1 to 2 kHz was applied for actuation. Standard
relative humidity and temperature on the substrate were 50% and
15 to 25 ◦C, respectively.

3.2.4 Post Treatment

On some samples, to reduce the Au precursor and to form a single
nanoparticle inside the nanoreactors, the printed structures were
annealed in vacuum in a rapid thermal annealing system (Jetfirst
RTA, Jipelec) using different temperature profiles between 100 to
200 ◦C and a ramp rate of 1 ◦C s−1. As a standard process, samples
were annealed at 150 ◦C for 2h, then 180 ◦C for 30min and fol-
lowed by a step at 220 ◦C for 15min. The polymeric material that
remained after thermal annealing was removed by exposing the
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samples to an oxygen plasma for 2 to 5min in a Technics Plasma
TePla100 plasma asher operated at 200W and at a pressure of
1mbar.

3.2.5 Silicon Nanowire Growth

Diameter-controlled gold catalyzed growth of silicon nanowires
by the VLS mechanism was achieved in a low-pressure chemicalVLS growth
vapor deposition (LPCVD; ATV PEO-603) system, at a tempera-
ture of 420 ◦C, total pressure of 9mbar with 150 sccm SiH

4
as the

silicon precursor, and 600 sccm H
2

as the carrier gas [53, 54]. Right
before growth, the silicon chips with AuNP (gold nanpoarticle) ar-
rays were cleaned for 5min in oxygen plasma and the native oxide
was removed by a quick dip in 4% buffered hydrofluoric acid solu-
tion (BHF). The chips were then placed in the quartz drawer of the
reactor, which was evacuated to below 10× 10−3 mbar and purged
with N

2
or H

2
multiple times, at increasing temperatures up to

200 ◦C to remove residual moisture and oxygen. The temperature
was then ramped to the growth temperature (420 ◦C) at the growth
pressure (9mbar) under a continuous flow of 600 sccm H

2
. The re-

actor was held at 420 ◦C for a further 5min in 600 sccm H
2

to allow
for temperature stabilization. 150 sccm SiH

4
was then added to the

gas flow and held for the desired duration of growth, typically 3
to 10min. After this time the reactor was evacuated, the heating
was switched off, and the reactor was allowed to cool. Once the
temperature fell below 250 ◦C the reactor was purged with N

2
.

This evacuation-purge cycle was repeated two more times before
unloading the chips from the reactor for inspection.

3.2.6 Metal Assisted Etching

Metal assisted etching was carried out in a mixture of HF and
H

2
O

2
[55]. Before etching, the substrates with printed AuNP ar-

rays were cleaned for 5min in an oxygen plasma. For the metal
assistant etching process, an etching mixture consisting of DI wa-
ter, HF and H

2
O

2
(88.5:10:1.5 (v/v/v)) was used at room temper-

ature. The concentrations of HF and H
2
O

2
were 48% and 30%,

respectively. The etching time was varied between 5 to 10min.
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3.3 results and discussion

3.3.1 Ink Printability and Stability

To realize the concept of single nanoparticle formation inside
nanoreactors patterned with the non-contact EHD nanodripping
process, a new ink had to be developed. The key properties of the Ink properties
ink must include reasonable stability, good printability and the
possibility to form single nanoparticles per printed nanodot. The
block-copolymer and metal salt selected for this study are poly(2-
vinylpyridine)-b-poly(ethylene oxide) (PEO-b-P2VP) and gold(III)
chloride (HAuCl

4
) respectively, similar to the system used by

Chai et al. [43, 55] (Figure 3.1a). Diethylene glycol (DEG) and
4-bromoanisole (BrAn) were investigated as ink solvents. From
visual observation, the inks prepared with DEG showed good
stability at concentrations above 0.1% solute content, but purple
coloring ensued below 0.01% after two weeks. This observation Critical micelle

concentrationand concentration-dependent conductivity measurements hint to
a critical micelle concentration (CMC) between 0.1-0.01%, explain-
ing the instability with nanoparticle formation at lower concentra-
tions. In addition to the limited ink stability, DEG based inks were
difficult to print, showing satellite droplet formation and uncon-
trolled high flow rates at the beginning of the ejection. Inks pre-
pared from 4-Bromoanisole (BrAn) were very stable at all concen-
trations between 0.1-0.001%, exhibiting no color change for over
2 months (Figure 3.1a). Considering the similar Hansen solubility Hansen solubility

parametersparameters for PEO, P4VP and 2-Bromoanisole of 21.7, 22.2 and
22.5MPa1/2 respectively [56, 57, 58], good solubility between all
species is expected, explaining the high stability of BrAn based
inks. However, this leaves unclear if micelles, inverse micelles or
no micelles are formed in the bromoanisole ink. Yet, polymeric Micelle

electrosprayingdots with bright cores were separated by near-field electrospray-
ing the ink from a printing nozzle at high electric fields as shown
in Figure 3.2a, implying metalation-induced formation of micelles
with P2VP core [52, 59]. Most importantly, printing of the BrAn
ink was stable in the nanodripping mode with no satellite drop
formation and stable mass flows.

3.3.2 Sessile Drop Formation

In order to form a sessile droplet on the substrate during print-
ing and effectively form a sustainable nanoreactor, the contact
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a) b) c)
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Figure 3.2: EHD printing of micellar inks on hydrophobic substrates. a)
Electrospray atomization resulting in single micelle appear-
ring on the substrate with diameters around 11nm appearing
on the substrate. b) Constantly sustained sessile droplet on a
hydrophobic surface during printing. c) Wetting area (red cir-
cle) and retracted block-copolymer nanodot (white circle). d)
Single droplet footprints are separated by a fast translation
of the substrate during printing. The footprint diameters are
25nm.

angle of the ink should be maximized. Printing the short chain
block-copolymer ink on highly wetting substrates led to large de-
posits several microns wide consisting of an even film of block-
copolymer. This is in strong contrast to colloidal inks, where
nanoparticles efficiently adhere to the substrate before the wet-
ting process of the substrate by the solvent takes place [51, 60].
To fabricate partially wetting substrates, self-assembled monolay-
ers (SAM) of 1H,1H,2H,2H-perfluorodecyl-trichlorosilane (FDTS)
were prepared by vapor phase deposition. The high quality SAMs
generally exhibited a very low defect density and static contact an-
gles of 112◦ for DI water, 85◦ for DEG and 75◦ for BrAn ink. Due to
the high contact angles, liquid accumulated during printing and
formed a sustained sessile droplet (Figure 3.2ab). The non-volatileIsochoric thickening
solute material remained in the sustained droplet and increased
in concentration (isochoric thickening) [31].

From visual observation and analysis of the SEM micrographs
(Figure 3.2c,d, Figure 3.4) we propose the following behavior of
sessile droplet formation – see Figure 3.3 for a schematic represen-
tation of the observations that follow. The first few droplets ejectedSessile droplet

formation kinetics were considerably larger than the equilibrium droplet size (see the
size variation inflight droplets depicted in Figure 3.3) and hence
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Figure 3.3: Schematic of printing process and sessile droplet nanoreac-
tor formation. The concentration of the ink inside the capil-
lary and in the sessile droplet is indicated qualitatively by
the brightness of the blue color. The sessile droplet formed
during the ejection undergoes different stages over the dwell
time and subsequent drying. After complete evaporation, a
spherical cap shaped block-copolymer nanodot loaded with
metal salt remains. For certain printing conditions, the salt
already agglomerates and reduces to a single nanoparticle
during printing and drying.
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quickly formed a sessile droplet within the first milliseconds. The
volume inflow rate to the sessile droplet (due to continuous print-
ing) and the simultaneous sessile droplet size reduction rate (due
to solvent evaporation) then reached a quasi-equilibrium state dur-
ing the next few tens of milliseconds and the sustained constant
volume sessile droplet was slowly filled with metal loaded block-
copolymer. After the short plateau region with nearly constant
sessile droplet diameter, the sessile droplet volume as well as its
copolymer concentration increased linearly for longer dwell times
as illustrated in Figure 3.3 and Figure 3.4b. When the actuationSessile droplet

drying was turned off, the sessile droplet evaporated (receded) to form a
dense metallized block-copolymer nanodot about half the diame-
ter of the previously sustained droplet. The maximum diameter of
the sessile ink droplet and the size of the remaining polymer nan-
odot after evaporation of the solvent for a dwell time of 1024ms
are shown in Figure 3.2c. The original extent of the sessile droplet
is visible by the footprint trace left on substrates. For the case
in Figure 3.2c, the sessile droplet spread to a maximal diameter
of 450nm, corresponding to a minimal possible printing pitch of
about 0.5µm. By reducing the flow rate or increasing the evapora-
tion rate, smaller pitches could be readily accessible. The ejectionEjection frequency
frequency of single droplets ejected from the nozzle can be found
by printing on a moving substrate with known high-enough ve-
locity, leading to separate footprints from each droplet (Figure
3.2d). A BrAn based ink with 0.02wt% polymer content printed at
220V corresponds to an ejection frequency of (3.2± 0.4) kHz. By
using a 1 to 2 kHz square wave with the same peak voltage for
the actuation, only 1-2 droplets are ejected per polarity, effectively
preventing continuous charge accumulation in the generated ses-
sile droplet. Preventing charge build-up is of main importance for
printing on insulating substrates and somewhat mitigated for sili-
con chips.

3.3.3 Nanoparticle Nucleation and Growth

In tip-based deposition methods, the PEO block is described to
act as delivery block for facile ink transport from tip to substrate
and the P2VP block as being important for metal ion coordina-
tion and subsequent in situ chemical synthesis inside the poly-
mer nanoreactor [43, 55]. The polymer phase separation at lowBlock copolymer

phase separation annealing temperatures around 150 ◦C was found to be important
to concentrate the metal precursor into a single region inside the
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Figure 3.4: Sessile droplet size dependence on dwell time. a) The maxi-
mal diameter of the sessile droplet can be estimated from the
faint remaining footprint (red circle) around the dried copoly-
mer nanodot. b) The maximal sessile droplet volume is calcu-
lated from the measured diameter assuming a contact angle
of 75

o (macroscopic equilibrium contact angle) and shown in
dependence of the printing dwell time. The nanodot volume
is extracted from AFM and SEM micrographs. The initial step
increase in volume due to the higher ink concentration at
the beginning of the printing actuation is visible for sessile
droplet as well as nanodot. The plateau region is only visi-
ble for the sessile droplet. The sessile droplet volume as well
as copolymer concentration increase linearly for longer dwell
times.
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nanoreactor, facilitating the formation of single nanoparticles [61].
We have found, that this phase separation was normally already
induced during the EHD printing process and subsequent drying
(Figure 3.5a). The SEM micrograph in Figure 3.6a shows a dark,
presumably PEO-rich region and a bright area, implying P2VP re-
gions with high metal salt concentration. Since the polymer chain
is too short to support a complete two-phase separation over the
entire cap size, we hypothesize that at least a percolating network
of metal coordinating P2VP is beneficial for efficient diffusion of
the metal ions through the polymer cap for nucleation and re-
duction into a single nanoparticle during annealing. In agreementThermal annealing
with the work of Liu et al. [61], we found that low temperature
annealing around 150 to 180 ◦C for several hours was most ef-
ficient to form single nanoparticles (Figure 3.6b). This tempera-
ture range is well above the glass transitions of both blocks and
even above the melting point of PEO, giving the polymer chains
enough mobility, yet remaining below their respective decompo-
sition temperatures. For nanoreactor sizes above 200 to 300nm,Nanoreactor size
multiple nucleation sites and consequently the growth of multiple
particles was generally observed, emphasizing the importance of
the nanoscale size of the spherical cap nanoreactors (Figure 3.5c).
Oxygen plasma treatment was found to be efficient for polymerPolymer removal
removal after thermal annealing (Figure 3.1e), but not suitable for
the nucleation and growth of a single nanoparticle per nanoreac-
tor (Figure 3.6c). This is in contrast with the work of Chai et al. [43]
and Wu et al.[44], but may be explained by a higher plasma power
and pressure of the reactive oxygen plasma used here (see the
Experimental section), effectively removing the block-copolymer
without leaving enough time for the metal ions to agglomerate.In-situ NP

formation Interestingly, we found that single nanoparticle formation by
EHD printing was even possible in-situ during printing and dry-
ing without any post-treatment, when printing at low tempera-
tures around 15 ◦C instead of 20 to 25 ◦C and at slightly higher
ink concentrations of 0.02% (Figure 3.6d-f). We hypothesize, that
different effects may play a role in this behavior. First, the low
printing temperatures of only 2 to 5 ◦C above the melting point
of the solvent increases the evaporation time after the electrical
actuation is turned off, leaving more time for metal ion diffusion
and nanoparticle formation. It has to be noted, however, that the
mutual diffusion coefficient for the polymer-solvent system is de-
creased as well for all stages from dilute droplet to concentrated
caps, resulting in an ambiguous net effect. Second, HAuCl

4
is
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Figure 3.5: a) Phase separation into PEO rich and P2VP rich domains af-
ter printing. b) 4 to 5nm Au particle inside polymer cap after
thermal annealing. c) Array with increasing dwell time and
nanoreactor size (left to right). Multiple particles formed in
the larger nanoreactors after annealing at 150 ◦C and 220 ◦C.
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a) b) c)
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no anneal 170°C plasma

no anneal 170°C 260°C

Figure 3.6: Post treated (thermal annealing, plasma ashing) and in-situ
nanoparticle formation. a) Phase separation of metal salt rich
P2VP (bright) and PEO (dark). b) Low temperature anneal-
ing for 2 h facilitates nanoparticle nucleation and growth. c)
Oxygen plasma efficiently removes the block-copolymer, but
prevents single particle nucleation and growth. d) Printing at
low temperature (15 ◦C) leads to in-situ nanoparticle forma-
tion during the printing process without any thermal anneal-
ing. e,f) Thermal annealing of in-situ fabricated nanoparticles
increases their size further through collecting remaining gold
ions in the nanoreactor.

well soluble in 4-Bromoanisole without adding a complex form-
ing polymer, hence directly dissolved gold ions and P2VP coor-
dinated ions may coexist in the ink. At lower temperatures the
free ions may nucleate and precipitate from the solution due to
a reduction in solubility. While the agglomeration and reduction
of metal ions into a single nanoparticle was not entirely complete
as shown by the nanoparticle growth by post-annealing (Figure
3.6e,f), it nonetheless illustrates the option of using EHD printing
in combination with the principle of droplet sustenance to carry
out chemical reaction in nanoscale sessile droplets.
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3.3.4 High-Speed On-Demand Patterning

In addition to its non-contact nature, another advantage of EHD
printing over dip pen lithography, is the ability to change the flow
rate by orders of magnitude by changing nozzle diameter and
ejection voltage. In previous studies working with colloidal gold Ejection flow rate
inks, it was shown that increasing the actuation voltage from 230V
to 300V can lead to an order of magnitude higher flow rate due
to an increase in nanodripping frequency [19]. The ejection flow
is also expected to grow with the forth power of the nozzle di-
ameter when the electric field at the nozzle is kept constant [62].
Hence, two orders of magnitude increase in patterning speed are
readily achieved (at the cost of minimal possible pitch), if pat-
terning speed is key. With the voltage and ink concentration used
here, nanoparticles with a diameter of 5nm were patterned using
a dwell time of 1 ms. A simple calculation, also accounting for
the time used for stage movement, results in a printing speed of
1 million features per hour. This clearly shows the high through-
put potential for the EHD nanodrippping technique. We note that
further improvements in throughput will be possible using multi-
nozzle arrays for printing in a manner similar to those adopted
for polymer pen array technology [44]. However, this is beyond
the scope of the current work.

The on-demand printing of nanoparticles is illustrated in Fig-
ure 3.7a. Detailed images of the array and nanodots with 23nm
Au particles are depicted in Figure 3.7b. The yield of one single Single NP yield
nanoparticle per dot was 92% for the pattern in Figure 3.7a, but
large arrays with yields close to 100% have been found by SEM
analysis. The accuracy of single particle placement is given by NP placement

accuracythe accuracy of the positioning system, the accuracy of nanodot
placement during the printing process and the size of the nanore-
actor, since particle nucleation can occur anywhere inside this re-
actor during thermal annealing. In the printing experiments car-
ried out at lower temperatures, we found that the electrochemical
reduction taking place inside the nanodot preferentially aligned
the nanoparticle to the central region of the reactor (Figure 3.6d).
Since low temperature experiments were carried out on a print-
ing setup with coarse stage alignment (±0.2µm) the combined
effect of stage accuracy and self-centering could not be measured.
Analyzing the particle position inside the nanodots from the low
temperature printing experiments, we can nonetheless estimate an
absolute placement accuracy of a few times the particle diameter.



40 single nanoparticle printing

From the analyzed nanoparticles between 6 to 33nm, an average
center of mass offset of 1.8 times the particle diameter was found,
while no particle was offset by more than 4 times its diameter.
Given that a high precision piezostage is used for substrate posi-
tioning (Setup A, see experimental section), the printing process
of the nanodots is highly accurate. This is shown in Figure 3.7c
for an array with 500nm pitch and a maximum deviation of the
nanodot placement of 35nm.

3.3.5 Nanoparticle Size Distribution

Besides yield and placement accuracy, the control over nanoparti-
cle size and size distribution is equally important for applications
like e.g. catalytic growth of 1D nanostructures. The size of the
nanoparticles can be easily tailored by the printing dwell time. In
Figure 3.8a, an AFM scan of an 11x11 array of nanoreactors is
shown, where dwell time was varied in the range 1 to 1024ms
by doubling the dwell time from line to line. Analyzing the AFMNanodot contact

angles scan, we find that nanodot height and diameter scale linearly as
expected and we find a contact angle of (63± 2)◦ using a spherical
cap fit. This matches with the macroscopic receding contact angle
of 63◦ for BrAn on a FDTS coated surface. Assuming a spherical
cap shape, the volume of the nanodot grows linearly with dwell
time, except for very short dwell times below about 10ms for rea-
sons discussed below. From the ink concentration, dwell time andTransient flow rates
nanodot size and assuming a density of 1.15 g cm−3 for the block-
copolymer nanodot, an initial transient flow rate of 350 aL s−1 is
estimated, quickly leveling to an equilibrium flow rate of 15 aL s−1

within a few tens of milliseconds. Representative SEM images of
the single nanoparticles formed inside the nanoreactors after ther-
mal annealing are shown in Figure 3.8b. The nanoparticle diam-
eter as measured by SEM analysis and the cube of the nanopar-
ticle diameter are plotted against printing dwell time in Figure
3.8c. Analogous to the volume increase of the nanoreactors, the
nanoparticle volume increases linearly with the dwell time, ex-
cept for very short printing times. The latter can be explained by
two effects related to the drop on demand printing process. First,
during the actuation off-time no liquid is ejected, yet liquid evap-
orates from the apex of the capillary. This leads to an increase in
solute concentration. Second, when the actuation pulses are first
applied, the transient, start-up effect of meniscus formation leads
to slightly larger droplets initially ejected from the capillary. While



3.3 results and discussion 41

2 µm 2 µm 100 nm

10 µm

a)

b)

500 nm

c)
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Figure 3.7: On demand printing of single particles with high yield. a)
SEM micrograph of ETH logo made of individual block-
copolymer dots. The yield of single particle formation is 92%.
The image was inverted for better visibility. b) Magnified mi-
crographs of a) after annealing showing the hexagonal ar-
ray of nanoreactors with embedded single gold nanoparti-
cles. c) SEM image of small pitch array (500nm) printed with
high alignment accuracy using a precision piezostage (prior
annealing). Maximum positional deviation of the nanodots
from the print pattern (red grid) is 35nm.
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this limited the minimal nanoparticle size to around 6nm in this
specific case, smaller pipettes and lower ink concentrations were
used to successfully print 4 to 5nm particles (Figure 3.5b).

3.3.6 Catalytic Activity

High crystallinity of metal nanoparticles patterned by DPL with
subsequent thermal annealing or plasma ashing has been found in
previous works by TEM analysis and it has been proposed that the
particles may be of interest in catalysis [43, 44, 55, 61]. The catalytic
activity however has not yet been assessed. Here, the activity ofSiNW growth
the nanoparticles was tested by growing silicon nanowires from
the gold particles using the VLS mechanism [63]. With SiH

4
as

precursor and H
2

as the carrier gas, diameter-controlled growth
of SiNW was achieved in a LPCVD reactor at 420 ◦C as shown
in Figure 3.9a,b. Good yield was observed for the growth from
AuNP with diameters between 15 to 30nm. While vertical growth
of freestanding SiNW using the VLS method has been shown for
different precursor gases and growth temperatures [64, 65], this
was typically achieved for catalyst islands larger than about 50nm
on (111) Si wafers [66, 67]. The small Au nanoparticle sizes in
this work, tend to crawl on the (100) Si surface along the <100>
directions, leaving a Si wire track. After lifting off, the wires grow
straight, with the catalytic particle visibly sitting at the tip of the
nanowire (Figure 3.9c). The boxplot in Figure 3.9d shows the tight
correlation between Au nanoparticle and Si nanowire diameters.Metal assisted

etching To assess the nanoparticle-silicon interface properties, metal as-
sisted etching (MAE) in a HF/H

2
O

2
solution was carried out [68].

In MAE, Si underneath the metal catalyst is oxidized by the per-
oxide and is subsequently etched away by HF. For this redox re-
action to happen, the metal catalyst needs to be more electronega-
tive than Si, attracting electrons from the silicon and promoting Si
oxidation [69]. In addition to the catalytic activity of the metal, in-
timate contact between silicon and the particle is key. Huang et al.
[70] for example found that a thin 10nm Cr layer under the Au cat-
alyst layer was a good hard mask, effectively inhibiting the etching
reaction. Here we found that a short oxygen plasma ashing step
sufficed to remove the copolymer as well as the perfluorinated
SAM layer, bringing the gold nanoparticles in close contact to the
silicon surface. Nanoholes were etched into the silicon substrate
as shown in Figure 3.9e,f. A reasonable yield of vertical nanoholes
was found for the larger nanoparticles, exemplified for a 30nm
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Figure 3.8: Nanoparticle size versus dwell time. a) AFM scan of the
copolymer caps printed in an 11x11 array using dwell times
between 1-1024 ms. b) SEM micrographs of the copolymer
nanoreactors with embedded nanoparticles after thermal an-
nealing. The nanoparticle size range shown is 6 to 33nm. c)
The nanoparticle volume increases linearly with the dwell
time, except for very short printing times (see text). The rela-
tive standard deviation of the nanoparticle diameter ranged
from 2% for the smallest particles to 4% for the largest parti-
cles and lies within the size of the dots of the graph.
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Au particle shown in Figure 3.9e. The Au particle embedded be-
low the surface is still visible due to the penetration of the electron
beam. The maximum SEM contrast was found at an acceleration
voltage of 5 kV, rapidly fading for electron energies below 3 keV.
Using the empirical formula of Potts et al. for the electron pene-
tration depth [71], a minimal etch depth of 200nm and a minimal
nanohole aspect ratio of 7 can be estimated. Smaller Au particles
often resurfaced during etching as shown in Figure 3.9f, leaving
an etch track on its way, but never loosing contact in the HF/H

2
O

2

etch solution. Although our focus here is on demonstrating the cat-
alytic activity of the printed nanoparticles, the on-demand, mask-
less formation of the resulting silicon nanomembranes can have
useful potential applications in ultrafiltration [72] and as high ef-
ficiency thermoelectric materials [73].

3.4 conclusion

In summary, we have presented a non-contact and fully digital
process for the controlled deposition of single nanoparticles at ex-
act sites on a surface and with accurate size control. Based on
electrohydrodynamic printing in a rapid dripping mode) of in-
dividual sessile nanodroplets functioning as reactors, single gold
nanoparticles with diameters between 5 to 35nm have been pat-
terned into arbitrary arrays at high speeds. The process is realized
based on essential features of the nanodripping ejection mode, i.e.
alignment accuracy, charge neutralization and precise flow rate
control. Combining this with non-wetting substrates and an ap-
propriate novel ink, sessile droplets in the attoliter range were
formed and served as nanoscale reactors. While the electrochem-
ical reduction of gold(III) chloride into gold nanoparticles has
been exemplary shown to take place inside these nanoreactors,
the principle may be extended to a variety of ink chemistries for
the fabrication of functional nanomaterials in-situ or for the fun-
damental study of reaction kinetics. The catalytic activity of the
gold nanoparticles fabricated in this study was demonstrated by
vapor-liquid-solid growth of silicon nanowires and metal assisted
etching of nanoholes into silicon. We expect that with further de-
velopment, even smaller nanoparticles from a variety of materials
are printable, for example of interest for the catalytic growth of
carbon nanomaterials.
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Figure 3.9: Catalytic activity of the gold nanoparticles. a) Silicon
nanowires are catalytically grown by the VLS method in a
LPCVD reactor using silane as the silicon precursor. b) Good
growth yield was achieved on nanoparticles with diameters
between 15 to 30nm. c) The Au nanoparticles tend to crawl
on the (100) Si surface along the <100> directions, leaving a Si
wire track. After lifting off, the wires grow straight, with the
catalytic particle visibly sitting at the tip of the nanowire. d)
The boxplot shows the tight correlation between Au nanopar-
ticle and Si nanowire diameters. e) Metal assisted etching of
the silicon substrate by a single 30nm Au particle. The Au
particle sitting below the surface is still visible due to the
penetration of the electron beam (5 kV). f) Some Au particle
resurface during etching, but never loose adhesion with the
substrate in the HF/H

2
O

2
etching solution.
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E L E C T R O H Y D R O D Y N A M I C N A N O D R I P
P R I N T I N G O F H I G H A S P E C T R AT I O M E TA L
G R I D T R A N S PA R E N T E L E C T R O D E S

The transparent conducting electrode is an essential component
in many contemporary and future devices, ranging from displays
to solar cells. Fabricating transparent electrodes requires a balanc-
ing act between sufficient electrical conductivity and high light
transmittance, both affected by the involved materials, fabrication
methodology, and design. While metal films possess the highest
conductivity at room temperature, a decent optical transmittance
can only be achieved with ultrathin films. Structuring the metal
into optically invisible nanowires has been shown to be promising
to complement or even substitute transparent conductive oxides
as dominant transparent electrode material. Here the out-of-plane
fabrication capability of electrohydrodynamic NanoDrip printing
to pattern gold and silver nanogrids with line widths between 80
to 500nm is demonstrated. This fully additive process enables the
printing of high aspect ratio nanowalls and by that significantly
improves the electrical performance, while maintaining the opti-
cal transmittance at a high level. Metal grid transparent electrodes
optimized for low sheet resistances (8Ω�−1 at a relative transmit-
tance of 94%) as well as optimized for high transmittance (97% at
a sheet resistance of 20Ω�−1) are reported, which can be tailored
on demand for the use in various applications.

4.1 introduction

Transparent conducting electrodes (TCE) combining high electri-
cal conductivity with good optical transmittance are an essen-
tial part in many modern devices, ranging from displays, touch-
screens and light emitting diodes to solar energy harvesting
and smart windows. Generally, wide band-gap semiconductors
(TCOs) such as doped indium oxide, tin oxide and zinc oxide
are dominantly used for these applications, with indium tin ox-
ide (ITO) being the most common. The combination of band-
gaps greater than 3 eV and carrier concentrations up to 1021 cm−3

makes them both highly transparent in the visible sprectrum and

47
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electrically conductive [74, 75]. However, ITO has several disad-
vantages, such as high production cost, the need for the relatively
rare element indium, and poor electronic and chemical compati-
bility with organic materials due to work function mismatch and
the possibility of long term oxygen diffusion [76, 77]. Moreover,
the brittleness of the ceramic ITO films prevents its use for the
fabrication of flexible devices.Novel material

systems These disadvantages have motivated recent research efforts to-
wards novel material systems such as carbon nanotube [78] or sil-
ver nanowire networks [79], graphene layers [80], ultra-thin metal
films [81] and patterned metal nanowire grids [76, 82, 77]. Ide-
ally, besides having very good electrical and optical performance,
the new system should be low cost, flexible and include direct
patterning. Latter can be implemented with metal-wire grid elec-
trodes when considering suitable printing technologies. While
these grids have been realized with nanoscale lines in several
studies, the fabrication relied on subtractive multi-step pattern-
ing methods such as imprinting [76, 82] and lithography [77, 83].
For microscale line widths, although not completely additive, an
elegant method using laser sintering of a silver nanoparticle film
has been presented by Hong et al. [84]. And a direct ink writing
approach of concentrated silver inks has been shown by Ahn et
al., demonstrating line-widths around 5µm [85].EHD printing

Electrohydrodynamic (EHD) printing has also been applied as
viable additive and non-contact printing technique. Compared to
ink-jet printing, high printing resolutions are achieved by the ejec-
tion of jets or droplets, which are much smaller than the actual
nozzle size [17, 19]. Yet, only grids with relatively large line-width
above 7µm have been demonstrated by EHD printing [86, 87, 88].
Visual appearance is evidently key when using metal meshes as
front electrode in displays or touchscreen sensors. Metal lines of
a few micrometers in width can already be disturbing for the
user, necessitating metal patterns below this perception threshold.
Moreover, the EHD printed metal-meshes presented so far still
make the trade-off between the electrical conductivity and optical
transmittance. Thicker and hence wider lines offer higher conduc-
tivity, but come at the expense of optical transmittance. This can
be avoided by printing high aspect ratio structures [77], an archi-
tecture followed in this work.EHD NanoDrip

patterning Here, we combined the 3D capabilities of EHD printing with the
high-resolution NanoDrip mode to create thin metal walls from
silver and gold colloidal inks. The fine 0.1 to 0.5µm wide and 0.2
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1 µm

20 µm 

a) b)

c)

Figure 4.1: Illustration of high-aspect ratio patterning with electrohydro-
dynamic NanoDrip printing. a) The metal grids are fabri-
cated layer by layer by means of overprinting. Due to droplet
focusing and fast vaporization, the structures grow into the
third dimension. b) Tilted SEM micrograph of line printed
with gradually increasing overprints. c) Gold metal mesh
electrode printed on glass with high aspect ratio nanolines.

to 1.5µm high metal mesh lines are invisible to the human eye at
any observation angle and even under adverse light scattering con-
ditions. At an aspect ratio (wall-height to wall-width) around 2-4,
the electrical performance was substantially increased, while keep-
ing the optical shadowing essentially constant. The printing prin-
ciple is illustrated in Figure 4.1a. The nano-walls are built layer-by-
layer through consecutive overprints, giving complete control over
the aspect ratio and enabling even mixed aspect ratio lines tuned
to the localized need inside a device (Figure 4.1b). This is simi-
lar to the meso- and nanoscale hybrid grid approach presented
by Hsu et al. [89]. The grids can be printed with high resolution,
accuracy and completely free of satellite droplets as shown in the
SEM micrograph in Figure 4.1c by profiting from an electrostatic
autofocusing effect that guides incoming droplets to the already
printed structures [19].

4.2 experimental

4.2.1 Colloidal Inks

Colloidal gold and silver inks were used. A gold nanoparticle sus-
pension from ULVAC (Au1TeH) with particle diameters between 3
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to 7nm was diluted with n-tetradecane to 5wt% solid content. For
the truncated hexagonal grids, a custom made ink with 5nm gold
particles and capped with 1-octanethiol as stabilizing surfactant
was used. These inks were washed several times to remove any
excess surfactant and diluted in tetradecane to optical densities
similar to the ULVAC ink. A silver ink from NanoMAS (NanoSil-
ver) with nanoparticle diameters between 2 to 10nm was diluted
in n-tridecane to 3wt% solid content. All inks were filtered with
a 0.1µm syringe filter one day after dilution and homogenized
prior use.

4.2.2 Substrate Preparation

Borosilicate glass wafers with a thickness of 500µm were pat-
terned with gold electrode pads separated by a distance of 100µm
for electrical probing of the printed grids. The gold pads were fab-
ricated by standard photolithography using either lift-off (LOR,
MicroChem) or a gold etch patterning approach (AZ resist, Mi-
crochemicals). The chromium/gold (5nm/35nm) layers were de-
posited by e-beam evaporation (Evatec). Right before printing, the
7×7mm glass chips were cleaned and rendered hydrophilic by an
O

2
plasma ashing step or by a short dip in fresh piranha solution.

4.2.3 Printing

The electrohydrodynamic printing setup used in this study was
equipped with a precision nanostage (MadCityLabs Nano-LP300)
and a confocal laser microscope for in-situ visual inspection and
estimation of grid height[19]. The pipettes were fabricated from
borosilicate capillaries (World Precision Instruments, 1mm outer
diameter). The capillaries were pulled to an outer diameter of
1 to 1.8µm (Sutter Instruments P-97) and coated with a thin
Ti/Au layer (10 and 100nm) using an e-beam evaporation system
(Plassys MEB550S). Typically, glass capillary nozzles with outerPrinting capillaries
diameters of 1 to 1.8µm were filled with the ink and approached
3 to 5µm above the substrate. A square wave of 180 to 230Vp
at 1 kHz was applied for actuation. Printing velocity was in the
range of 1 to 10µm s−1 with a standard value of 2 to 5µm s−1 for
the gold inks and 10µm s−1 for the silver ink. The velocity was
increased at the grid intersections in some experiments to pre-
vent height differences and pillar growth. Primitive square grids
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Figure 4.2: a) Square grid unit cell parameters. b) Truncated hexagonal
(t-hex) unit cell.

as well as truncated hexagonal grids were printed, with unit cells
and parameters shown in Figure 4.2.

4.2.4 Thermal Annealing

To remove the insulating surfactant around the nanoparticles and
induce the sintering process, the printed structures were thermally
annealed in a rapid thermal annealing system (Jipelec Jetfirst RTA)
using temperatures from 150 to 400 ◦C in a vacuum environment.
As a standard process, the sample was heated at a ramp rate
of 1 ◦C s−1, held for 10min at the target temperature and subse-
quently cooled passively to reach room temperature. Longer an-
nealing times were found to decrease the sheet resistance only
marginally, while an annealing step at a higher temperature was
found more efficient. Therefore, Au grid were repeatedly annealed
at 150, 200, 250, 300, 350 and 400 ◦C, Ag grids at 150 and 200 ◦C
and electrically characterized in between for the annealing stud-
ies.

4.2.5 Characterization

The geometry and morphology of the printed grids were analyzed
by SEM imaging (Zeiss ULTRA 55 or ULTRA plus). To reduce
charging, N

2
-stream charge compensation inside the SEM was

used, or samples were coated prior inspection with a thin 2 to
3nm Au/Pd layer using a small sputter coating system (Balzers
BAL-TEC SCD-050). After SEM characterization, this thin layer
was removed by using a Kaufman-type Ar ion source (Plassys
PVD system) at an etch rate of about 2nm min−1. Line geometry
(line-width, line-height) was measured from SEM micrographs in
top-view and tilted view.
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4.2.6 Electrical Measurements

The square metal grids with an overall grid length of 100µm were
printed in-between two prefabricated Au electrode pads. The grid
resistance, measured with a probe station connected to a Keithley
4200 source meter unit, therefore directly translated to the sheet
resistance. Collinear four-point probing on the two electrode con-
figuration was carried out to eliminate the contact resistance be-
tween tungsten probes and Au electrode pads. The resistive losses
in the contact pad itself were found to be negligible (well below
1Ω).

4.2.7 Optical Characterization

An optical setup based on two microscope objectives was built
to make transmittance measurements on small areas. A fiber cou-
pled Xenon lamp was used as light source. The light was focused
into the field of interest by a Zeiss LD Plan-Neofluar 40x (NA 0.6)
objective and captured after traversing the sample by a similar ob-
jective (LD Plan-Neofluar 63x, NA 0.75). Spectra of the transmittedRelative

transmittance light were recorded with a spectrometer (Princeton Instruments)
in the wavelength range of 440 to 970nm and normalized to a bare
glass substrate by

T(λ) = 1−
Iglass(λ) − Isample(λ)

Iglass(λ) − Idark(λ)
(4.1)

where Idark was used to correct for the dark counts of the pho-
todiode. The spectral transmittance T(λ) was then weighed for
AM1.5 solar spectrum to derive an average transmittance TAM1.5,
calculated by

TAM1.5 =

∫970
440 T(λ)× IAM1.5(λ)dλ∫970

440 IAM1.5(λ)dλ
(4.2)

Optical transmittance simulations were performed by 1D rigor-
ous coupled wave analysis using the MATLAB code from Pavel
Kwiecien (rcwa-1d). For simplicity, the cross-section of the metal
wires were modeled as square-shape. The values reported were
extracted for a wavelength of 550nm. The refractive index used
for the borosilicate substrate was n = 1.518 and for the gold grid
n = 0.422− 2.346i, respectively.
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4.3 results and discussion

4.3.1 Concept of High Aspect-Ratio Metal Grids

The fundamental idea behind using high-aspect ratio metal grids
as transparent electrode is to increase the line cross section with-
out increasing the shadowing area. This shadowing area can be Fill factor
expressed by the geometrical fill factor

fF = 1−
(p−w)2

p2
(4.3)

for the square grid and

fF = 1−
3(se/d)(d−w)

2 +
√
3/2 s2i

3dse +
√
3/2 s2e

(4.4)

for the truncated hexagonal grid with the geometrical parameters
described in Figure 4.2. From the fill factor it is possible to predict
the transparency T and, for a pattern size much larger and a wire
size much smaller than the pitch, to a good approximation the
sheet resistance Rs by the following equations:

T = 1− fF, (4.5)

Rs = ξ
ρ

fF

1

h
, (4.6)

where ρ is the electrical resistivity of the printed material, h is
the height of the lines and ξ is a correction factor depending on
printed material and lattice properties, as well as line and junction
imperfections [83]. For a defined fill factor and hence transparency,
it can easily be seen, that increasing the line height can be used to
reduce sheet resistance.

To study the effect of sparse sub-wavelength metal patterns in
more detail and evaluate the effect of light transmittance at high
incident angles, rigorous coupled wave analysis (RCWA) simula- Rigorous coupled

wave analysistions were carried out. A one dimensional treatment was suffi-
cient, as grating effects could be neglected for the sparse grids
printed here. As shown in Figure 4.3, the transmittance is virtu-
ally unchanged for vertical illumination. For illumination at 45◦,
increasing the line aspect ratio from 0.5 to 5 decreased the trans-
mittance of the TE as well as TM mode by only about 2-3%, while
electrical performance increases by an order of magnitude.
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Figure 4.3: Rigorous coupled wave analysis of a 1D gold grid on a glass
substrate. High aspect ratio lines only slightly decrease trans-
mittance for light incidence up to 45◦, while electrical perfor-
mance increases by more than an order of magnitude over
the shown range.

4.3.2 Printing and Annealing of High-Aspect Nanostructures

The nano-walls were built layer-by-layer through consecutive over-
prints, enabling complete control over the aspect ratio (Figure
4.1b). We have shown in our previous work that structures printed
from nanoparticle inks can be grown into the third dimension
through tuning droplet ejection and vaporization time [60, 51].
Key factor here is, that the nanoparticles efficiently adhere to the3D wall growth
substrate and also to the already printed structure without being
drawn away with the wetting front of the liquid due to capillary
action. We assume, that electrostatic forces are responsible for the
quick immobilization of the nanoparticles before the wetting takes
place [19].

For the ULVAC gold ink dominantly used in this study, the
immobilization of the nanoparticles on the substrate and printed
structure worked well. In the case of the NanoMas silver ink, a dif-
ferent printing behavior was found. Although the exact chemistrySilver ink

surfactant film of ink is not known, free surfactant in the solution was observed
to be drawn into the thin wetting film on the substrate. This is
visible in Figure 4.4b by the dark layer surrounding the bright
silver line. This surfactant film acted like a lubrication film and
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Figure 4.4: Printed gold and silver grids. a) Square Au grid with a pitch
of 20µm, AR of 3 and relatively wide lines (500nm) for best
electrical and optical performance. b) Square silver grid with
AR of 2.5. c) Truncated hexagonal grid (t-hex) with a small
lattice constant of 4µm, very fine line-width of 80nm and
line AR of 2.3.
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demanded a careful control of initial printing flowrate to prevent
the silver nanoparticles from unpinning and spreading into this
film. Nevertheless, after an initial line was successfully formed,
the electrostatic droplet focusing enabled high aspect silver struc-
tures. After printing the silver ink, the thin surfactant layer had
to be removed by a short Ar sputtering or ozone treatment prior
thermal annealing to prevent the disintegration of the lines.

From these observations, a custom made gold ink could be op-
timized for the EHD NanoDrip printing process. This involved re-Optimized gold ink
moving all excess surfactant from the solution. Moreover, a short
surfactant (1-octanethiol) was found to favorably combine ink sta-
bility with best adhesion properties.

The need for layer-by-layer printing is shown in Figure 4.5a.
High-aspect structures already present on the substrate acted as
electric field concentrator, making it nearly impossible to reliably
print low aspect connections to these lines. Droplets approachingElectric field

distortion the substrate were deflected in-flight towards the higher structure
when they reached close proximity. Even when metal wall elec-
trodes were printed layer-by-layer, these effects had to be consid-
ered, as shown in Figure 4.5b. The small pillars formed at the
intersection through droplet focusing were not completely inter-
rupting continuity of the lines, nevertheless pose a potential relia-
bility issue in a real device, and may impede subsequent coating
steps. Through optimization of the printing velocity profile at in-
tersections, the issue could be solved as shown in Figure 4.5d and
Figure 4.4c.Hexagonal grid

In this case, the three leg intersection of the truncated hexagonal
(t-hex) array was additionally beneficial, reducing the leg-count
per node by one. Even though the figure of merit ΦH = Tq/Rs
defined by Haake [90] is marginally lower for the t-hex grid com-
pared to the square grid for the same line geometry and duty
cycle, it is nevertheless an interesting structure in hybrid material
TCEs and for organic light emitting diode (OLED) applications,
as it approximates a circular unit cell and hence potentially mini-
mizes voltage losses in these devices [91].

The shrinkage of the lines during annealing is a problem in
general and even more pronounced for high aspect ratio lines
printed from surfactant stabilized inks. Already small steps onShrinkage during

annealing the substrate could cause cracks and delamination due to vol-
ume shrinkage during annealing (Figure 4.5c). This problem was
largely solved by printing only on smooth steps on the substrate.
Additionally, slower ramp rates during annealing and high metal
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a) b)

c) d)

1 µm

500 nm

1 µm

500 nm

Figure 4.5: High aspect ratio printing challenges. a) Overprinting high
aspect ratio lines results in field focusing around the printed
structure and unwanted droplet deflection. b) Sequentially
printed high AR lines mostly solve this problem, but fine
tuning is needed to prevent pillar growth at the intersections.
c) Line shrinkage and fracture during rapid annealing is es-
pecially problematic at substrate steps, exemplified at a con-
tact pad electrode. d) Optimized intersection based on 3-leg
geometry of the truncated hexagonal grid and by variable
speed printing.
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Figure 4.6: Annealing and performance characteristic of printed grids.
a) Sheet resistance as a function of annealing temperature.
Gold grids are virtually non-conductive prior annealing. Min-
imally 250 ◦C are required to remove the surfactant layer and
sinter the nanoparticles. The silver is already fully sintered at
200 ◦C. b) The sheet resistance decreases with overprints (line-
heights), while transmittance remains virtually unaltered. c)
Transmittance spectrum of a Au grid with 20µm pitch.

loadings with a small surfactant volume fraction yielded good re-
sults.

4.3.3 Electrical and Optical Performance of Printed Grids

The conductivity of the grids was very low directly after print-
ing. To remove the insulating surfactant around the nanoparti-
cles and induce the sintering process, the printed structures were
thermally annealed. Due to the strong thiol-gold binding, a min-Thermal annnealing
imal temperature of 250 ◦C was needed to render the gold lines
conductive (Figure 4.6a). The silver inks from NanoMas, however
are optimized for low temperature annealing. They exhibited al-
ready decent conductivities at room temperature, and sintering
was completed at temperatures between 150 to 200 ◦C. These low
temperatures make the printed silver grids compatible with flexi-
ble polymer substrates such as PET films.

The influence of the number of overprints on the electrical
performance is shown in Figure 4.6b. The sheet resistance de-
creases (inversely proportional) with overprints (line-heights),
while transmittance remains virtually unchanged. While aspect ra-
tios above 5:1 are readily achieved by NanoDrip printing, line sta-
bility problems and line rupture during annealing (as discussed
above) limit the viable AR to about 3:1.Transmittance

measurements Optical transmittance measurements in this study were normal-
ized to the underlying glass substrate and found to be virtually
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Figure 4.7: Optical transmittance as a function of sheet resistance for
TCE films. The displayed graph compares the performance
of the patterned grids fabricated during this work (crosses)
with ITO [93, 94], other metallic nanostructures including
gold [95, 96, 97, 77, 76, 82, 98], silver [77, 82, 99, 100, 101]
and copper [82, 83] grids, thin metallic films [76, 102, 103],
silver nanowires [93, 104], CNT films [93, 94, 104], graphene
[80, 104] and PEDOT:PSS [105].

independent of wavelength for both Au and Ag grids. The spec-
trum of a gold grid with a pitch of 20µm and with an intermedi-
ate AR of about 1.5 is shown in Figure 4.6c. Generally, the results
from these transmission measurements were in very good agree-
ment with the transmittance estimations from purely geometrical
shadowing on the metal lines, never deviating more than ±0.5%.
Due to the experimental difficulty of optically characterizing the
small area grids, no measurements at high incident angles were
carried out to backup the good results from the RCWA simulation.
However, Kuang et al. have shown very good optical properties
for their metal nano-wall gratings for periods larger than the opti-
cal wavelength [77]. They have also shown, that this performance
could additionally be improved for high angles of incident light
by encapsulating the grids inside a polymer film [92]. Performance

comparisonTo put our results into perspective, they have been added to
the Rs-T plot of common transparent electrode materials in Figure
4.7. The graph, partly adapted from Ellmer et al. [106], however
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has to be taken with a grain of salt, as it does not include some
multi-scale metal grid structures [89] or microscale electrode grids
[99]. It also neglects additional parameters important on device
level such as stability, charge injection efficiency, charge diffusion
length in the underlying active material or maximal allowed film
roughness. Nevertheless, it clearly shows the large potential of our
high aspect ratio electrode grids, putting them on par with some
of the best reported materials and, to the best of our knowledge,
at the top of fully additively fabricated transparent electrode pat-
terns. The Figure 4.7 also shows the benefit of wider lines, as long
as high aspect ratios can be maintained (cross inside red area), cor-
responding to the gold grid shown in Figure 4.4 with a line width
of 500nm and a line height of 1.5µm.Increasing printing

speed A major challenge to be solved is the low printing speed of the
reported structures, taking about half an hour to cover (100µm2.
To increase patterning speed, two approaches have to be imple-
mented. First, the printing process has to be accelerated by using
inks with high metal nanoparticle loadings which can be printed
at increased ejection frequencies up to 100 kHz. A hundred fold
increase can be expected here within the frame of the nanodrip
ejection mode. Additionally, the massive parallelization of print-
ing nozzles is indispensable to pattern high aspect ratio metal
grids with NanoDrip printing on commercial scales.

4.3.4 Light Management

An important factor with metal mesh transparent electrodes is
optical quality. Considering transmissivity τ = 1− (α+ ρ) (with
absorptivity α and reflectivity ρ) alone, neglects narrow and wide
angle scattering, leading to clarity and haze effects. While latter
may even have positive effects in thin film solar cells [107, 101], it
is clearly detrimental factor in display applications.

For light-management in thin film solar cells, a variety of plas-
monic structures have been proposed in the literature [108, 109].
Pala et al. for example have investigated non-periodic arrange-Plasmonic light

trapping ments of nanoscale metal lines for the realization of very effective
broadband light-trapping layers [110]. As a proof of concept, simi-
lar periodic and non-periodic line gratings and also pillar gratings
with an aspect ratio of 1-3 and a pitch of 500nm have been fab-
ricated by NanoDrip printing (Figure 4.8). These structures can
readily be printed together with the metal mesh electrodes them-
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a) c) e)

b) d) f)

10 µm 2 µm10 µm

1 µm 1 µm 2 µm

Figure 4.8: Fine 1D metal lines and 2D gratings as possible structures
for local charge collection, light management in thin film so-
lar cells or for plasmonic sensors. a,b) Periodic grating with
line-width of 100nm and pitch of 500nm. c,d) Grating with
same parameters as in b), but with quasi-periodic arrange-
ment. e) hexagonal high-aspect ratio nanopillar array with
500nm pitch. f) Similar array of pillars, arranged into a quasi-
crystalline pattern without long-range order.

selves, to enhance their optical behavior or provide them with
completely new functionalities.

4.4 conclusion

In conclusion, we have combined the nanoscale resolution and
the 3D capabilities of electrohydrodynamic NanoDrip printing to
pattern high aspect ratio silver and gold metal mesh electrodes.
Through the high aspect ratio of up to 3:1 line-height to line-width,
the electrical performance could be increased without increasing
optical shadowing. The overall electrical and optical performance
exceeds conventional ITO materials and is on par with the best
materials reported. The fully additive process has the potential to
complement other novel TCE materials such as graphene or re-
place TCOs in cost-sensitive and flexible applications. In contrast
to photolithographic patterning methods, no material is wasted,
allowing the use of oxidation resistant noble metals such as gold
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or silver. The nanoscale patterns can be printed on demand and
engineered to the specific needs within the devices. This is in
strong contrast to AgNW films, which have to be patterned af-
ter deposition. With EHD NanoDrip printing, different aspect ra-
tios, line-widths and materials can be combined with ease and
rendered to highly conductive grids at annealing temperatures
as low as 150 ◦C. Additionally, engineered plasmonic surfaces for
light management can be implemented together with the func-
tionality of the transparent electrode itself. Due to the small line
geometries, the printed electrodes are invisible to the eye and may
therefore find applications, where best visual appearance is impor-
tant, such as touchscreens or OLED displays. A challenge to be
solved is the prohibitively slow printing speed of the single noz-
zle printhead used in this study. Investigation of the mechanical
(bending) properties on flexible substrates, chemical stability, ad-
hesion, haze and clarity properties and the massively parallelized
printing from chip based printheads remain the central topics of
future work.



5
3 D P R I N T E D P L AT F O R M F O R T H E S T U D Y O F
C E L L M I G R AT I O N P L A S T I C I T Y

Understanding the mechanisms of interstitial cancer migration is
of great scientific and medical interest. Creating 3D platforms, con-
ducive to optical microscopy and mimicking the physical parame-
ters (in and out of plane) involved in interstitial migration, is a ma-
jor step forward in this direction. Here, a novel approach is used to
directly print freeform, 3D micropores on basal scaffolds contain-
ing microgratings optimized for contact guidance. The platforms
so formed are validated monitoring cancer cell migration and mi-
cropore penetration with high-resolution optical microscopy. The
shapes, sizes and deformability of the micropores are controllable,
paving the way to decipher their role in interstitial migration.

5.1 introduction

Most cell types in the human body, at a given time and under
specific conditions, undertake migration. For the majority of these
cells the active migration phase is limited to development and
tissue differentiation [111]. However, migration can be physiolog-
ically or pathologically re-activated for the regeneration of dam-
aged tissues or during the onset of metastatic events, respectively
[112]. The basic mechanisms of migration were investigated ana- Basic mechanisms

of cell migrationlyzing fibroblasts and keratocytes in optically-accessible two di-
mensional (2D) cultures [113]. These studies led to the defini-
tion of a paradigm for mesenchymal migration (i.e. the polarized
movement of cells adhering to a substrate) that could then be ex-
tended to both normal and tumor cells moving across flat sub-
strates [114].

Based on this in vitro model, fundamental studies were per-
formed to reveal the biological mechanisms involved [115]. More
recently, the advancement of patterning nano- and microtechnolo-
gies made it possible to demonstrate that, besides the well charac-
terized biological signaling, a spatially overlapping but distinct set
of guidance cues is encoded by the physical properties and texture
of the substrate [116]. In particular, the application of lithographic Artificial cell

microenvironmenttechniques on thermoplastic polymers enabled the generation of

63
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biocompatible substrates bearing textures in the nano- and mi-
crometer ranges, which allowed a direct assessment of the role of
surface topography on cell migration [117]. The influence of to-
pographical features, with controlled size and geometry, on the
migratory behavior of different cell types (i.e. contact guidance) is
now well established [118].

The clear relevance of the substrate physical identity to migra-
tion biology in 2D models has triggered intense efforts to under-
stand the potential regulatory importance of these cues in 3D
culture paradigms, which more closely resemble the in vivo mi-
croenvironment. However, the translation of this knowledge has3D environment
proven extremely challenging for two main reasons. First, inter-
stitial migration (i.e. the migration of cells through 3D tissues)
relies on partly different cellular mechanisms than motility on flat
substrates. Thus both the sensing of topographical cues and the
ranges that are relevant to cells must be redefined [119, 120]. Sec-
ond, technologies to produce platforms for high-resolution stud-
ies of interstitial migration in controlled cell microenvironments
are still scarcely available [121].

When cells move within an interstitial tissue, consisting of a
network of extracellular matrix (ECM) fibers that impose spa-
tial constraint to the cell body, their shape undergoes character-
istic changes [122]. Typically, the cell body assumes a spindle-likeMigration through

extracellular matrix shape and the nucleus elongates along the direction of migra-
tion [120]. At this point cells have two alternatives to advance
through the dense surrounding meshwork. The first mode is con-Mesenchymal

migration ceptually similar to 2D mesenchymal migration, yet it requires
the re-modeling of the matrix by deforming or digesting the
fibers through pericellular proteolysis [120]. Alternatively, cellsAmeboidal

migration can adapt their shape to the extracellular microenvironment and
squeeze themselves through pre-existing pores [123]. The latter,
ameboidal mode of migration is typically adopted by immune
cells, such as lymphocytes, granulocytes and dendritic cells[124].
Importantly, highly malignant tumor cells can switch between
mesenchymal and amoeboid interstitial migration and thus plas-
tically adapt to the local microenvironment [125].

Interstitial migration is currently studied in re-constituted col-
lagen matrices, in ex vivo tissues, or model animals [126]. These
approaches provide a good representation of the 3D topographical
elements in which cells physiologically perform interstitial migra-
tion. However, two main limitations must be considered. First, theOptical migration

visualization cells under study are embedded in a dense and thick scaffold and



5.1 introduction 65

are typically located few hundreds of µm or even mm away from
the cover slip. Thus, the visualization of cells and surrounding
ECM fibers can only be obtained using optical methods based on
two-photon or multi-photon laser illumination[127]. Importantly,
optical techniques allowing the high-resolution visualization of
subcellular compartments are not applicable to these experimen-
tal setups. Second, the independent manipulation of both the local
and the global ECM architecture is challenging. Recently, some ap-
proaches have been proposed to overcome these limitations. These Engineered

micro-scaffoldsinclude 3D micro-engineered scaffolds for single cell study, e.g. di-
rect laser writing using two-photon polymerization [128, 129], di-
rect ink writing [130], optofluidic maskless lithography [131] and
soft lithography [132, 133]. The characteristics and limitations of
these techniques were reviewed recently by [134]. In particular,
direct laser writing (DLW) can produce arbitrary 3D features on
photoresist type polymers with sub-micrometer resolution [129].
However, DLW is not suited for the patterning of large (mm) sur-
faces such as those necessary for statistically relevant analysis of
cellular migration. Additionally, multi material scaffolds must be
fabricated sequentially, limiting the possible complexity of the cell
environment. Furthermore, being subtractive in nature, DLW is
not well suited to form sparse patterns due to the inevitable ma-
terial wastage. The direct write approach, although economical in
material deposition [130], makes use of high viscosity inks, and
requires a careful control of the ink rheology, especially when for-
mation of 3D structures with a feature size below one micrometer
is required. Moreover, the pillar diameter is preset by the size
of the employed printing nozzle. Overall, the investigation of 3D
interstitial cell migration would strongly benefit from a flexible
and cost-effective technology to engineer optically accessible non-
planar microenvironments. The current work aims to precisely ad-
dress these needs using a special electrohydrodynamic fabrication
approach [135, 136, 19].

Here we apply a novel printing technique to fabricate optically-
accessible, integrated platforms for the study of migration plastic-
ity in cancer cells. The platforms are composed of two parts: an ar- Integrated platform,

NIL and freeform
printing

ray of on-demand printed freeform, 3D (out-of-plane) micropores
and a topographically-engineered basal scaffold. The basal scaf-

Nanoimprint
lithography (NIL)

folds are made of cyclic olefin copolymer (COC) featuring micro-
gratings imprinted via nanoimprint lithography (NIL) [137]. The
feature size of the basal topography was chosen to maximize the
contact guidance effect on the mesenchymal migration of cancer
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cells. The vertical array of micropores was obtained via a printingNanoDrip printing
process based on electrohydrodynamically assisted ejection of col-
loidal nanoparticle dispersions from a microscopic nozzle, termed
as NanoDrip printing process [19]. Essentially, the technique con-
sists of on-demand ejection of controllable volumes of nanoparti-
cle ink by application of an electric field between the nozzle and a
flat counter electrode supporting the printing substrate. The ink is
ejected as a sequence of droplets. These droplets dry rapidly and
sequentially on the substrate or on partially printed structures to
form simple 3D structures with controllable and precise feature
sizes that go down to about 50nm. Other main characteristics of
NanoDrip printing are low cost and simple ink chemistry with-
out the need of photopolymerizable components or high viscosity
additives. In the current work, we show that utilizing the same
system employed for cutting-edge nanofabrication, a simple exten-
sion of the printing methodology enables to considerably widen
the range of achievable structure diameters as well as the fab-
rication of free-form microstructures. These microstructures can
be printed by adopting a sequential printing mode wherein peri-
odic pulses are imposed to form 3D structures in a layer-by-layer
fashion. Employing this sequential form of the NanoDrip printing
technique, we show that micropores with size and shape match-
ing the values reported for interstitial pores in human tissues can
be created in a facile manner. Finally, we demonstrate the viabil-
ity and optical accessibility of the integrated platforms recording
high-resolution time-lapses that show cellular and nuclear shape
adaptation in cancer cells migrating along microgratings and pen-
etrating out of plane, 3D micropores.

5.2 experimental section

5.2.1 Preparation of the basal scaffolds by NIL

The basal scaffolds were fabricated by thermal nanoimprint lithog-
raphy (NIL) on copolymer 2-norbornene ethylene [cyclic olefin
copolymer (COC)] foils (IBIDI, Germany)[138]. Molds were ob-
tained by means of electron-beam lithography and reactive ion
etching starting from commercial p-doped silicon wafers. Each
mold consisted of a quarter Si-wafer, initially processed by elec-
tron beam lithography (EBL) to generate topographic arrays into
250nm thick poly(methyl methacrylate) (PMMA) film. PMMA
was then used as etching mask during the reactive ion etching
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(RIE) step yielding the pattern transfer into the silicon substrate.
After cleaning with acetone/isopropanol and oxygen plasma, the
molds were characterized by scanning-electron microscopy (SEM)
and atomic-force microscopy (AFM). Microgratings with a period- Micrograting

periodicityicity of 2µm and groove depth of 200, 600 and 800nm were trans-
fered from a silicon mold to the COC by softening the polymer at
160 to 180 ◦C and subsequently applying a pressure of 50 bar for
10min. After cooling down to 40 ◦C, the film was gently detached
from the mold using a scalpel. Right before printing, the films
were shortly cleaned in oxygen plasma to increase the wettability.
Some samples were coated with a few nanometers of gold/palla-
dium in a sputter coater (Balzers SCD-050) to minimize charging
during printing and SEM imaging.

5.2.2 Printing Process

The printing setup shown in Figure 5.1 consists of a piezo stepper
stage (Nanomotion HR4), a high voltage power supply (Keithley
2410), a microscope equipped with a CCD camera (PCO VC44)
and a central control unit. The 3D piezo stage with a minimal step
size of 100nm was used for the accurate substrate movement dur-
ing the printing process. Reproducible positioning of the printing
pipette above the substrate and in-situ control of the printing pro-
cess was possible with the microscope objective (Olympus 50×)
placed in a side view arrangement. A multi-threaded software al-
lowed script based control of the setup with a timing accuracy
of about 1ms. The pipettes were fabricated from borosilicate cap- Printing nozzles
illaries (World Precision Instruments, 1mm outer diameter). The
capillaries were pulled to an outer diameter of (1.2± 0.2)µm (Sut-
ter Instruments P-97) and coated with a thin Ti/Au layer(3 and
30nm) using an e-beam evaporation system (Plassys MEB550S).
The metallic coating served as an actuation electrode which was
in contact with the ink. The gold nanoparticle suspension (ULVAC Ink suspension
Au1TeH) with particle diameters between 3 to 7nm was diluted
with n-tridecane or n-tetradecane to 7wt% solid content. The mea-
sured electrical conductivity of the resulting ink was in the range
of 1× 10−7 S m−1. The ink was filtered and homogenized by ultra-
sonication for 5min before introducing it into the capillary from
its back end. Normally, the suspension was transported to the noz-
zle opening solely by the capillary pressure, without requiring ad-
ditional backpressure. The substrates were placed onto a flat elec-
trode mounted on the piezo stage and approached towards the
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nozzle down to a working distance of 5 to 6µm. The high-voltage
supply with a slew rate of 0.5V ms−1 and electrically connected
to the capillary and counter electrode was used to generate the
square printing pulses of 100 to 125ms at 200 to 220V. To mini-Printing program
mize electrostatic charging effects on the substrate, the pulse po-
larity was alternated between the successive pulses. The series of
3D micropores shown in Figures 5.3 and 5.4 were printed in a layer
by layer fashion and required 200 to 600 layers of printing. Each
layer was created by periodic imposition of electric pulses. An
inter-pulse delay was used to change the location of pipette and
helped control the size (diameter) of the pillars forming the mi-
cropores. The latter aspect will be discussed in more details in the
Results and Discussion section below. The oblique pore branchesTilted printing
were achieved by gradually shifting the position of the printing
pipette over the successive layers of printing. Note that it is fea-
ture of our printing process that during a single pulse of 100 ms,
several hundred nanodroplets are ejected onto the same spot. In
fact for the voltage pulses used in this work, the nanodroplets
should be ejected at a frequency of about 4 kHz [19], resulting in
ejection of 400 droplets in a 100ms pulse. We term the above ap-
proach to generate the 3D structure using sequential application
of electric pulses the "sequential mode" printing. This is very dif-
ferent from previously reported continuous printing mode, where
each individual structure is printed in one shot, by continuous ap-
plication of electric field before moving on to a different location
on the substrate and generating the next printed structure [19].
The structures are very soft after printing. A short thermal anneal-
ing in vacuum for 1min at 140 ◦C (J.I.P.Elec JetFirst 100) was used
to remove short chain alkanes and surfactants. All structures were
then characterized by SEM imaging.

5.2.3 Mechanical Force Measurement

The mechanical stiffness of annealed printed pillars was tested
with a MEMS micro-force sensor (FemtoTools). Keeping the force
sensor fixed, a printed micropillar with diameter dp and length
lp was pressed against the sensing cantilever at different angles
by moving the substrate mounted on a piezo stage (Figure 5.2). A
loading-unloading cycle was carried out at a dislocation speed
of 0.01µm s−1 to record the force curves. The spring constantMicropillar spring

constant k = F/δz was extracted from the force curve by linear regression.
Assuming negligible deformation along the pillar axis, small de-
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flection angles, a circular cross section and the sensor force acting
as a point force at the tip of the pillar, the Young’s modulus can
be calculated by

E =
64

3π

lp sin2 θ
dp
4
k (5.1)

5.2.4 Cytotoxicity Assay

PC12 cells were grown in RPMI-1640 medium (Sigma-Aldrich,
USA) supplemented with 10vol% Horse Serum, 5vol% Fetal
Bovine Serum, 2mm L-Glutamine, 100U mL−1 Penicillin and
100µg mL−1 Streptomycin (all from Sigma-Aldrich, USA) and
maintained at 37 ◦C and 5% of CO

2
. For the cytotoxicity assay,

4 different COC substrates (2× 2 cm) were placed in individual
wells of a sterile 12-well tissue culture plate, sterilized by in-
cubation in 95% filtered ethanol for 2h and then washed 5×
in sterile PBS. The substrates included two untreated flat COC
patches, one COC patch sputter-coated with gold/palladium, and
one COC patch sputter-coated with gold/palladium and printed
with the gold nanoparticle ink. In the latter case the NanoDrip
protocol applied yielded an overall surface of printed material
equivalent to 10× the corresponding value in the cell migration
platforms. The substrates were then coated with poly-L-lysine
(PLL) solution 0.01% (Sigma Aldrich, USA) according to the man-
ufacturer’s specification. Low passage PC12 cells were gently de-
tached from subconfluent cultures and left to sediment in a 15mL
tube for15min at 37 ◦C and 5% of CO

2
. Single cells (> 80%) ob-

tained from the supernatant were counted and seeded in the 12

wells plate to a final density of 3× 104 cell/well. The cells were ini-
tially incubated for 24 hours to allow proper adhesion to the sub-
strate. The cultures were subsequently gently washed 1 time with
PBS. The PBS was then replaced with induction medium (com-
plete RPMI-1640 medium supplemented with 1% FBS, 5% HS) or
with induction medium containing Nerve Growth Factor (NGF,
Sigma) at a final concentration of 100ng mL−1. Cells were further
incubated for 6 days before measuring the length of neurites.
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5.2.5 Cell Culture

HeLa-Kyoto cells
HeLa-Kyoto cells expressing a histone H2B-eGFP construct (H2B-
GFP) were a gift of Martin Stewart (Department of Biosystems Sci-
ence and Engineering, ETH Zurich, Switzerland) [139]. Cells were
maintained in DMEM supplemented with 10% fetal bovine serum
(FBS), 2mm GlutaMAX, 100U mL−1 Penicillin, 100µg mL−1 Strep-
tomycin and 0.5mg mL−1 Geneticin (all from Invitrogen) at 37 ◦C
in a 5% CO

2
environment. For the analysis of contact guidance on

the basal scaffolds, three imprinted COC substrates (ridges and
groves widths of 1µm and grooves depths of 200, 600 and 800nm;
respectively) and a flat substrate (1 cm2) were individually sealed
to the bottom of a well in a 12-multiwell culture plate (Becton Dick-
inson, USA) hereafter denoted as ’topographic chip’. The topo-
graphic chips were sterilized by overnight treatment with ethanol
and rinsed three times with PBS. The substrates were then coated
with PLL solution 0.01% (Sigma Aldrich, USA) according to the
manufacturer’s specification. The topographic chip was stored at
4 ◦C until the seeding of the cells. For the analysis of migration
plasticity, integrated platforms featuring open and closed 3D mi-
cropores printed on microgratings (ridges and groves widths of
1µm and grooves depth of 600nm) were sealed on the bottom of
a 3.5 cm Petri dish. The platforms were similarly sterilized, coated
with PLL and stored at 4 ◦C. For the migration experiments, cells
were seeded to a final density of 50× 104 cells/cm2 and let to set-
tle for 12h before recording.

5.2.6 Wide-Field Microscopy

Cell imaging was performed using an inverted Nikon-Ti wide-
field microscope (Nikon, Japan) equipped with an Orca R-2 CCD
camera (Hamamatsu Photonics, Japan). The samples were placed
under the microscope in an incubated chamber (Life Imaging Ser-
vices, Switzerland), where temperature, CO

2
concentration, and

humidity were maintained at 37 ◦C, 5%, and 95% respectively. Im-
ages were collected with a 20×, 0.45 NA long-distance objective
(Plan Fluor, Nikon). For the analysis of contact guidance (FigureContact guidance

analysis 5.5) five non-overlapping fields were recorded in parallel for each
sample. This allowed for imaging of cell migration in 20 parallel
time-lapses. Similarly, for the analysis of micropore penetration
(Figure 5.8) multiple non-overlapping fields encompassing the dif-
ferent sets of 3D micropores were recorded in parallel. Parallel
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movies were acquired with a time resolution of 15 or 30 minutes
and a total duration of 24 hours. At each time of measure a trans-
mission and a fluorescent image of the cell nuclei were acquired
using a differential interference contrast (DIC) and a FITC filter
set, respectively. Focal drift during the experiment was avoided
using the microscope’s PFS autofocus system.

5.2.7 Confocal Microscopy

For confocal imaging HeLa-Kyoto cells were plated on the inte-
grated platforms, fixed with PFA 3% in PBS for 15min and then
washed three times with PBS for 5 minutes each. Confocal z-stacks
of cells penetrating the micropores were collected with a Zeiss 510-
Meta scanning laser confocal microscope using a 63×, 1.4 NA, oil
immersion objective setting the vertical resolution to ∆z = 400nm
and the lateral resolution to ∆x = 150nm. The nuclear GFP sig-
nal was acquired exciting the sample with the 488nm wavelength
of an Argon laser and collected in the 515 to 565nm optical win-
dow while the reflection signal was collected in the 460 to 490nm
optical window.

5.2.8 Image Analysis

Neurite length
analysis, NeuronJFor the analysis of neurite length in NGF stimulated PC12 cells

(Figure 5.7), collected images were loaded into ImageJ (National
Institute of Health, USA) and analyzed using the NeuronJ plug-in
as reported in [140]. For the comparative measurement of con- Particle tracking,

Imaristact guidance on the basal scaffolds, time-lapses of HeLa-Kyoto
cell migration were analyzed using the particle tracking algorithm
of Imaris (ImarisTrack, Bitplane Scientific Software, Switzerland)
with the following protocol: the fluorescent channel (cell nuclei)
was contrast-enhanced and the autoregressive motion model was
applied setting the average particle diameter to 20µm and the
maximal displacement between two consecutive frames to 50µm.
Only detected tracks lasting for 150 minutes (10 time points) or
more where considered for the analysis. Individual track values
for cell speed, track straightness, duration and total displacement
(Figure 5.5) where automatically obtained using the ImarisMea-
surement tool. Datasheets where then imported into Origin Pro8

(OriginLab Corporation, USA) for statistical analysis and plotting.
The shape of individual cell nuclei was measured using the free-
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hand selection tool of ImageJ (National Institutes of Health, USA).
The nuclear circularity (Figure 5.5 and Figure 5.8) was then ob-
tained using the ’Shape descriptors’ option in the ’Measurements’
tool of ImageJ. Similarly, the cell size was measured from the trans-
mission channel using the freehand selection tool of ImageJ. For
the 3D reconstruction of the nuclear shape the confocal z-stacks
were directly imported into Imaris and the nuclear volume was
rendered using the surface rendering function of Imaris (Figure
5.10).

5.2.9 Statistical Analysis

Statistical comparison of average track speed, straightness, and
distance travelled over time obtained on different micrograt-
ings and on control flat substrates was performed using a non-
parametric Mann-Whitney test (α = 0.05). The same test was used
to compare the average nuclear circularity (Figure 5.8) and the av-
erage neurite length in PC12 cells (Figure 5.7). All quantitative
measurements reported are expressed as average values ± the
standard error of the mean. The total number of events counted is
shown in the upper or lower right corner of the presented graphs.

5.3 results and discussion

The integrated platforms for the study of migration plasticity in
cancer cells were composed of two elements: An array of 3D
printed micropores representing topographical obstacles to mi-
grating cells and an optically-accessible patterned basal scaffold
providing a substrate for mesenchymal migration.

5.3.1 Printing Arrays of Vertical 3D Micropores

The electrohydrodynamic NanoDrip [19] printing process works
by imposing direct current electric fields between a printing noz-
zle and a counter electrode below the substrate (Figure 5.1). WhenElectrically driven

droplet ejection the voltage is applied, ions in the low conductivity ink are relaxed
to the liquid surface building a meniscus below the nozzle tip. At
critical electric fields of about 1× 108 V m−1, ink nanodroplets, an
order of magnitude smaller in size than the meniscus, are period-
ically detached from the very apex and accelerated towards the
substrate by the electric field. An appropriate balance of evap-
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Figure 5.1: Schematic of the printing setup.

oration time and the frequency of droplet ejection are needed
to form 3D structures. Essentially, the carrier solvent of a single
droplet being deposited on the substrate or the partially formed
3D structure must evaporate before the arrival of the next droplet
in order to prevent liquid accumulation and spreading. We have
shown [19] that the nanodroplet evaporation time is faster than
the characteristic droplet ejection time on wetting substrates, us-
ing n-tetradecane as ink solvent and a wide range of printing volt-
ages. Continuous versus

sequential printingIn the case of continuous ejection, droplets are stacked onto
each other, generating nanoscale structures roughly the size of
the droplets. This mode maximizes printing resolution. The se-
quential printing mode on the other hand is beneficial for opti-
mizing the freeform 3D capabilities of the technique. The sequen-
tial mode is similar to rapid prototyping, where the 3D structures
are formed in a layer-by-layer fashion. An important difference
of sequential pillar printing as compared to continuous ejection
is the presence of inter-pulse delay, which is 2-3 orders of mag-
nitude larger than the nanodroplet ejection period. During the
pause, no liquid is ejected, whereas constant solvent evaporation
leads to an accumulation of nanoparticles at the very tip of the
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nozzle. The first few droplets in a pulse, ejected immediately after
the potential rise carry a much higher nanoparticle concentration
and possess significantly larger size and impact energy. After 5-10

larger initial droplets, the droplet size becomes constant. In fact,
at the end of the first pulse, a small nipple like nanopillar with a
diameter of about 100nm formed on the substrate. An interesting
change in size took place during the second pulse on the location
of this previously printed nanopillar. During this second pulse,
the initial large droplets flooded the nanopillar, leading to the on-
set of micropillar formation. The collective size (nanoparticle con-
tent) of these initial large droplets determines the diameter of the
micropillar. The inter-pulse delay, which influences the size of the
initial droplets of a pulse, therefore becomes an important param-
eter to control the size of the micropillars. This behavior was used
to tailor the pillar diameter in-situ by controlling the inter-pulse
delay, without changing the printing mode or nozzle size. For a
delay time of 100ms and a span width of 12µm, the production
time of a single micropore was about 3min. Typically, flexuralMicropillar stiffness
rigidity of a cylindrical micropillar scales as ∼ d4, where d is the
pillar diameter [128]. Therefore, for the printed pillar diameters
ranging between 0.5 to 3µm, we could tune the flexibility of the
pillars by three orders of magnitude. Immediately after printing,
the printed structures were generally very soft due to the remnant
short chain alkanes (solvent) and surfactants. This was evidenced
by clear mechanical susceptibility of the as printed structures to
the electron beam during their SEM imaging, which at times led
to the collapse of the as printed structures. However, a gentle ther-
mal annealing at 140 ◦C for 1min helped strengthen the structures.
A typical resulting force deflection measurement carried out on a
single micropillar after annealing is shown in Figure 5.2. With theYoung’s modulus
wire dimensions estimated from SEM imaging, a Young’s modu-
lus of 6GPa was extracted. From the high values of Young’s mod-
ulus which can be viewed as a very good first estimate and from
our optical observations during the translocation experiments, we
infer that our structures are not substantially deformed due to cell
penetration.

5.3.2 Geometry of 3D Micropores

The geometry of printed 3D micropores was chosen to mimic the
size and shape of ECM pores in human interstitial tissues [126]. InMicropore cross

sectional area particular, we referred to the values measured in the human der-
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Figure 5.2: Force measurements. a) Force measurements were carried
out on a single micropillar with a diameter of 3.3µm and
a length of 30µm (annealed at 140 ◦C). The micropillar was
pressed against the cantilever of the MEMS force sensor at
an angle of 30◦ and the force curves (b) were recorded dur-
ing one loading-unloading cycle. From this measurement an
approximate Young’s modulus of 6GPa can be extracted.

mis corresponding to pore areas ranging between 75 to 150µm.
Additionally, since human interstitial tissues show a complex ar-
chitecture featuring both closed and partially open pores, we de-
veloped protocols to print complex arrays with both open and
closed vertical arcs [126].

Experimentally, the size of micropores (Figure 5.3 and Figure
5.4) is controlled by the number and length of the electric pulses.
First, the vertical pillars were printed by 200 voltage pulses of Printing procedure
100ms, where one pulse added about 30 to 35nm to the height
(as determined through SEM imaging). The tilted side branches
were then printed by a gradual shift in the nozzle location, giv-
ing perfect control over the resulting angle by tuning the offset
and pulse length. The range of printable tilting angles for the side
branches is limited in the sequential printing mode and always a
tradeoff between inclination and amount of ink missing the pillar
tip and hence depositing on the substrate. For continuous print-
ing where initial droplet effects are avoided and nanodroplets effi-
ciently guided by the electrostatic autofocusing effect (Figure 5.4),
free standing pillars can even be printed in nearly horizontal con-
figuration [19]. For the open arcs, 200 pulses were used for the
side branches, while 350 pulses were needed to close the arcs.
The pore cross sectional area and the area of an inscribed circle
are indicated in Figure 5.3a,b. The SEM stage had to be tilted in
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Figure 5.3: Out of plane (3D) micropores printed on flat polymeric films.
a) Open pores with a pillar diameter of 0.6µm form a flex-
ible scaffold. The inset shows the pore cross sectional area
(green area) and maximum inscribed circle area (red), which
appears elliptical in the tilted view SEM image. b) The pore
array is stiffened by closing the arcs and printing thicker pil-
lars (1.1µm). c,d) Corresponding pore size (cross sectional
area and width) for the open micropores (shown in a) and
closed micropores (shown in b) averaged over 7 samples. The
pore size can be tuned by adjusting the printing program,
while pore size distribution is kept narrow for open as well
as closed structures. The measured unconstrained cell cross
sectional area and cell width orthogonal to the micrograting
direction is indicated by the gray bar.
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order to better visualize the geometry of the micropores. Thus,
the inscribed circles naturally appear as ellipses in the tilted SEM
images shown. The imaging angle was used to convert the mea-
sured areas of ellipses to the corresponding circle areas through
simple geometric projection. Both of these areas can easily be ad-
justed by changing the number of pulses. Figure 5.3c shows the
resulting pore size. Clearly, the pore size distribution for a given Pore size

distributionprinting parameters set is very small, which demonstrates the ex-
cellent control offered by the printing process in forming these
pores. The apparent difference in the pillar diameters between the
open and closed pores originates from an additional, deliberate,
pause of 100ms introduced between pulses in the latter case. This
pause was introduced to demonstrate the controllability of the pil-
lar diameter. Altogether, we demonstrated the printing of vertical
arrays of 3D micropores with size and shape closely matching the
values reported for the human dermis.

The basal scaffold: mesenchymal migration and contact guid-
ance of cancer cells Basal scaffolds were developed to reproduce
contact guidance as induced by anisotropic topographical ele-
ments of interstitial tissues (e.g. bundles of ECM fibers and cell
protrusions) on mesenchymally migrating cancer cells. These ele-
ments, in human tissues, have typical feature size in the micron
and submicron range [141]. Micrograting

parametersBased on our previous results [142] we produced microgratings
with ridge and grove width of 1µm and grove depth increasing
from 200 to 800nm. HeLa-Kyoto cells expressing a fluorescent nu-
clear marker [139] were seeded at low density on the basal scaf-
folds and cell migration was recorded in a high-resolution wide-
field microscopy setup over a period of 24 hours. These cells were
chosen because their migration behavior has been thoroughly de-
scribed [143, 144]. The effect of topography on mesenchymal mi- Mesenchymal

migration: speed,
directionality and
nuclear shape

gration, in our experimental conditions, was decoupled compar-
ing the migration speed, directionality and nuclear shape of HeLa-
Kyoto cells on microgratings or on chemically identical flat sub-
strates. Tracks of cellular movements extracted from the collected
time-lapses (Figure 5.5a) clearly show that cells moved randomly
on flat substrates. The interaction with microgratings had, in gen-
eral, two major effects. First, the tracks show increased cell dis-
placements, indicating a higher migration speed and/or direction-
ality. Second, cell movements are, on average, aligned to the direc-
tion of the microgratings. In depth analysis of the recorded tracks,
shows that the migration speed was significantly increased in
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Figure 5.4: SEM micrographs of micropore arrays. a)-c) Line arrays
of micropores with different pore sizes, directly printed
on microgratings. The wire diameter was reduced towards
smaller pores by decreasing the inter pulse delay time. The
nanoscopic nipples at the top of the arcs are the result of
the nanodroplet autofocusing effect described in the text. d)
Stacked micropores in z-direction show the powerful 3D ca-
pabilities of the printing technique. e) Large line arrays with
varying micropore size were printed on the same substrate.
Two lines and a magnified tilted view are shown as an exem-
plary arrangement. The printing time of the section shown
was about 1 hour.
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cells interacting with microgratings (8.6± 0.2, 10.4± 0.3, 13.9± 0.5
and 11.8± 0.6µm h−1 on flat substrates or gratings with grove
depth of 200, 600 and 800nm; respectively; Figure 5.5b). Addi-
tionally, tracks were on average straighter (track straightness is
defined as the overall track displacement over length) on tex-
tured scaffolds (Figure 5.5c). Thus, cell translocation on micro-
gratings was more efficient yielding cells which travelled signifi-
cantly further on substrates with groove depths of 600 and 800nm
(4.6± 0.5 and 5.1± 0.6µm h−1; respectively) as compared to flat
substrates (2.2± 0.1µm h−1) or shallow gratings (3.5± 0.3µm h−1;
Figure 5.5d). Finally, the cell nuclei exhibited a round shape on
flat substrates and on shallow (grove depth of 200nm) micrograt-
ings, while they assumed a more elongated ellipsoidal shape on
deeper gratings (600 and 800nm; Figure 5.5e). Altogether these
data indicate that all tested topographies induced contact guid-
ance on mesenchymally migrating cancer cells with the stronger
effect detected on microgratings with grove depth of 600nm or
deeper.

5.3.3 Generation of the Integrated Platform

Being a substrate-independent technique, the NanoDrip printing
process is easily capable of printing on all microgratings men-
tioned above. A COC substrate with a grove depth of 600nm was
chosen to maximize contact guidance as well as limiting light scat-
tering effects of the groves during microscopy (Figure 5.6). Ten Micropore arrays
open arcs with a pore size of (123± 16)µm and ten closed arcs
with a pore size of (102± 7)µm were printed for the cell migra-
tion experiments shown in Figure 5.8a-c. Since pore width (10µm)
and height (15µm) were kept equal for open and closed pores,
the larger cross section of the open micropores is a result of the
lower inclination angle of the side branches. The micropores were
printed along a line orthogonal to the micrograting direction. This
guided the cells on an axis crossing the obstacles and hence in-
creased the probability of the cells to undergo micropore penetra-
tion. An example of a closed arc printed on the COC micrograt-
ings is shown in Figure 5.6c.
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Figure 5.5: Migration track and contact guidance analysis on the basal
scaffolds. a) Tracks extracted from time lapses of HeLa-Kyoto
cells migrating on flat substrates (Flat) or microgratings with
ridges and groves widths of 1µm and increasing grooves
depths (200, 600 and 800nm; respectively). The orientation
of the microgratings is reported in the lower right corner. b)-
e) The histograms report the average migration speed b), the
track straightness c), the distance travelled (Distance/Time;
d)) and the nuclear circularity e) of HeLa-Kyoto cells migrat-
ing on flat substrates (Flat) or micro-gratings with ridges and
groves widths of 1µm and increasing grooves depths. Signifi-
cant differences between the population means are indicated
by asterisks (* for p < 0.05, ** for p < 0.01). The error bars
represent the standard error of the mean. The number of an-
alyzed events is reported in the upper left corner of each
panel.
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Figure 5.6: Integrated platform for the study of migration plasticity. a)
Microgratings are thermally imprinted into the cyclic olefin
copolymer foils using a silicon template. b) The 3D microp-
ores are printed on the basal scaffolds from a colloidal ink
containing gold nanoparticles. The particles self-assemble to
a dense scaffold during the sequential printing process, en-
abling long freestanding pillars. c) Tilted (45◦) SEM image of
a micropore with overall cross section of 106µm (green) and
inscribed circle of 61µm (red), printed on a COC micrograt-
ing.
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5.3.4 Penetration of 3D Micropores by Cancer Cells

The integrated platforms proved to be optically accessible both un-
der transmission and fluorescence illumination (Figure 5.8a) in a
wide-field microscopy setup. Additionally, the NGF-induced neu-
ronal differentiation of PC12 cells (Figure 5.7a), as well as the
HeLa-Kyoto cells adhesion and migration behavior on the basal
scaffolds, were not visibly affected by the NanoDrip printing pro-
cess. Overall, the platforms proved to be perfectly viable over a
period of several days.

Polarized HeLa-Kyoto cells, migrating along the microgratings
were eventually confronted with the array of 3D micropores. SinceMicropore

penetration the interpillar distance of micropores is typically smaller than the
cell width (Figure 5.3c), micropore penetration may require an
adaptation of the cell body to the micropore size and shape. In
vivo, the rate-limiting factor during interstitial pore penetration is
the mechanical stiffness of the nucleus, which represents the stiffer
component of the cell [145]. The ability of cancer cells to plastically
deform their nuclei was in fact linked to their metastatic potential
[146].

We recorded a number of time-lapses showing cell penetration
of both closed and open micropores. Figure 5.8a reports images
illustrating a typical sequence of one of such events featuring a
closed micropore. In the initial engagement phase, membrane pro-Micropore

engagement by cells trusions begun to explore the micropore, while the cell nucleus
was still excluded (t = 120min; Figure 5.8a). At the same time,
active migration stopped for several hours (Figure 5.8a). Nuclear
penetration was initiated with the protrusion of a prolapse into
the pore (t = 240min). Several nuclear prolaps were generated
and retracted before the nucleus stably engaged the micropore
(t = 300min). This phase was characterized by a visible deforma-
tion of the cell and was followed by rapid pore disengagement
(30 to 60min, t = 390min) leading to the completion of micropore
penetration. At this point the cell had fully crossed the obstacle.
In the case reported in Figure 5.8a, the entire process, from initial
membrane engagement to final disengagement was completed in
8h.Nucleus

deformation The nuclear deformation dynamics upon micropore penetra-
tion was quantitatively analyzed from the fluorescent images
of nuclear labeling (Figure 5.8b). This analysis revealed that be-
fore micropore penetration the cell nucleus experienced a signifi-
cant rounding while during micropore engagement, major shape
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Figure 5.7: Biocompatibility of the integrated platform. a) The his-
tograms report the average length of neurites generated by
PC12 cells after 6 days in culture. In the four tested con-
ditions the cells were alternatively plated on a control flat
substrate (CTR), a sputter-coated flat substrate (Sputter), or
on an integrated platform (Print-10X). Neuronal differenti-
ation upon stimulation with nerve growth factor (NGF) is
compared with basal differentiation in non-stimulated cells.
Significant differences between the population means are in-
dicated by asterisks (** for p < 0.01). The error bars repre-
sent the standard error of the mean. The number of analyzed
events is reported in the upper left corner of each panel. b)
Corresponding tracks depicting the length and orientation of
neurite generated by PC12 cells in the tested experimental
conditions. The black lines in the graph represent individual
neurite profiles.



84 3d printed platform for cell migration studies

10 µm t = 120 min t = 240 min t = 300 min t = 390 min

120 240 360 480 600 720

0.9

0.5

0.6

0.7

0.8

b)

a)

N
u
cl

e
a
r 

C
ir

cu
la

ri
ty

 [
-]

Time [min]

N
u
cl

e
a
r 

C
ir

cu
la

ri
ty

 [
-]

120 240 360 480 600 720
Time [min]

0.9

0.6

0.7

0.8

c)

pore penetration 1 pore penetration 2

pore penetration

Figure 5.8: Micropore penetration by HeLa-Kyoto cells. a) Merged trans-
mission and fluorescence images from a time-lapse of a HeLa-
Kyoto cell penetrating a 3D micropore. The cell expresses a
fluorescent protein in the nucleus (blue). An overlay of a set
of two 3D pores (red) in the first panel indicates their posi-
tion on the substrate. A white dotted line highlights the pro-
file of the analysed cell nucleus. The time scale is reported
in the lower right corner of each panel. The orientation of
the microgratings is reported in the upper right corner of the
leftmost panel. Graphs reporting the dynamics of nuclear de-
formation during penetration of closed b) and open c) arcs.
Pore penetration events are individuated by gray regions in
the graph. Note that the cell analysed in graph b) penetrates
two closed micropores.
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Figure 5.9: Statistics of micropore penetration by HeLa-Kyoto cells. a)
The histograms report the nuclear shape (average nuclear
circularity) during the cell engagement or the nuclear pen-
etration of the micropore. Significant differences between the
population means are indicated by asterisks (** for p < 0.01).
The error bars represent the standard error of the mean. The
number of analyzed events is reported in the upper left cor-
ner of each panel. b) Dynamics of micropore engagement and
penetration. The average time required for cells to proceed
from the engagement to the penetration of the micropore is
reported. The 5-95 percentile distribution (vertical line) was
derived from individual measurements (black circles). The
population mean is reported as a horizontal black line en-
closed in a rectangular box whose vertical length represents
the standard error of the mean. The number of analyzed
events is reported in the upper left corner of each panel.
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changes went along with a sharp drop in nuclear circularity. This
phase was resolved with a final rounding upon disengagement.
After disengagement from the first micropore, the same cell pene-
trated a second neighboring closed micropore (t = 480 min; Figure
5.8b). Interestingly, the second event was completed with a faster
dynamics (3 hours till final disengagement; Figure 5.8b). This ob-
servation may be related to the activation of a migratory mode
allowing a faster penetration of 3D micropores.

A statistical investigation of the nuclear shape and the dynamics
of micropore penetration by HeLa-Kyoto cells is reported in Fig-
ure 5.9a,b. The analysis over a larger number of events, revealed
that a significant deformation of the cell nucleus takes place dur-
ing the nuclear penetration phase (Figure 5.9a and Figure 5.10).
Interestingly the typical dynamics of membrane engagement and
of the ensuing nuclear penetration of the micropore indicates a
large variability in the penetration efficiency of different cells. This
may be due to difference in the cell size, cell cycle stage or gene
expression. However, further investigations are needed to verify
this hypothesis.Open pores

Importantly, penetration of an open micropore, with the same
interpillar distance but not providing a full spatial confinement,
did not require the same dramatic shape changes, as the cell could
freely expand in the vertical direction. This can be appreciated
following the nuclear shape dynamics (Figure 5.8c) showing that
the nuclear circularity is unaffected by the interaction with the
open micropore.

Altogether, these data show that the interaction with 3D to-
pographic obstacles induced significant changes both in the cell
shape and migration. Cancer cells were eventually able to pene-
trate the vertical micropores with dynamics and nuclear deforma-
tion events similar to those reported for interstitial pore penetra-
tion in vivo [145].

5.4 conclusion

We have presented and validated a novel, low cost approach to fab-
ricate integrated platforms that serve as controlled models, closely
resembling the in vivo microenvironment faced by cells during
their interstitial migration. The platforms feature freestanding 3D
structures (micropores) with precisely controlled shapes, sizes
and deformability; and they can be printed on-demand on basal
scaffolds prepared by lithographic techniques. The flexibility and
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Figure 5.10: Volumetric confocal reconstruction of micropore penetra-
tion. a) Single confocal section (xy plane) extracted from
a complete z-stack depicting the nuclear fluorescent signal
(green channel) emitted by a HeLa-Kyoto cell penetrating a
micropore. The orientation of the microgratings is reported
in the lower right corner. Two perpendicular white lines in-
dicate the position of the vertical sections reported in panel
b) (horizontal line) and c) (vertical line). b) Corresponding
vertical xz and c) zy sections, respectively. In the latter, the
signal from the reflection channel (white channel, see exper-
imental section) was superimposed to depict the position of
the micropore. Continuous dotted white lines were manu-
ally drawn to help the visualization of the 3D structure.
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precision of the printing approach allows control over the dimen-
sions of the printed 3D micropores. For example, with the demon-
strated control on the diameter of the pillars forming the freeform
micropores, it should be possible to alter the bending stiffness
of the micropores by three orders of magnitude. The integrated
platforms so developed were validated through in vitro study
of cancer cell migration. The platforms were easily accessible to
high-resolution optical microscopy, and allowed the independent
manipulation of the physical parameters contributing to contact
guidance and migration plasticity during interstitial movements
of cancer cells. Overall, the introduced integrated platforms open
the way to studies aimed at investigating the influence of topog-
raphy during interstitial cancer migration where the role of the
shape, size and deformability of interstitial pores and obstacles
can be captured and decoupled. Having provided the proof-of-
principle herein, future work should concentrate on using differ-
ent ink materials to form micropores with individually address-
able material properties (both chemical and mechanical) and ge-
ometry.



6
C O N C L U S I O N S

In this thesis electrohydrodynamic (EHD) ink ejection in a nan-
odripping mode has been investigated. The high resolution capa-
bility of this technique has been used to print features down to the
single digit nanometer level and has been applied in the field of
flexible electronics and biotechnology by printing complex func-
tional micro- and nanoscale structures. On the basis of these re-
sults lies the ability of this technique to eject nearly monodisperse
droplets with diameters on the O(100nm) at tunable ejection fre-
quencies. The use of these tiny droplets is not just a technical
frippery, but a necessity to achieve the impressive resolution and
to exploit nanoscale effects such as visible light interaction, im-
mobilization and 3D stacking of nanoparticles, mechanical prop-
erties of freestanding pillars and chemical reactions in confined
nanodot-reactors.

6.1 results summary

Printing setup
designThe technical requirements for reliable printing has been assessed

from initial experiments and been implemented into two special-
ized and highly automated printers, capable of reproducibly fab-
ricating nanoscale structures. The long printing times and the
necessity to overprint structures for high aspect ratio 3D struc-
tures were found to be a challenge for the positioning stages. Self-
heating of the stages required long warm-up cycles, especially for
the piezo-stepper based platform. Ambient temperature and hu-
midity control were also found to be essential to prevent drift.
Temperature drift was minimized by turning off external heat Stability and drift
sources (e.g. light sources) and by assembling the setup inside
a laminar flow box with temperature control. The humidity not Ambient humidity
only had an effect on drifting but on the printing process itself.
Humidity levels between 25 to 50% were found to work best for
alkane based nanoparticle inks. The very low relative humidity
normally found during winter times substantially reduced print-
ing quality due to charging effects. The main requirements for the
electrical actuation were refined over time. Voltage levels from 150 Electrical actuation
to 300V worked best for the given electrode geometries and work-

89
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ing distances. Simple DC or pulsed DC actuation can be used
on conducting substrates, but AC signals have to be employed
for non-conductive substrates. Importantly, various inks showed
a strongly asymmetric ejection behavior depending on the polar-
ity. This may be corrected by tuning the respective pulse lengths.
The flexibility of a high-speed high-voltage amplifier capable of
arbitrary waveforms is expedient for process development and re-
search. For the process of printing, however, AC or DC square
pulses were found to be sufficient. More complex signals with
for example slow ramps during meniscus build up was found
to have no positive or even detrimental effects on the printing
quality. Therefore, fast switching solutions like the implemented
neutral point clamped inverter are much more efficient and can
be built at a fraction of cost and size. The reliability of the glass
capillary printheads was found to be very good over long print-
ing sessions lasting more than one day. Minor degradation could
be prevented by introducing high voltage flushes in periodic in-
tervals. Hydrophobic coatings on the outside of the capillaries ex-Capillary coating
hibited increased printing stability, especially when backpressure
was applied.

In Chapter 3, reactive metal-salt inks were developed and ap-
plied to pattern single gold nanoparticles with diameters between
5 to 35nm into large arrays. This was realized based on essential
features of the nanodripping ejection mode, like alignment accu-
racy, charge neutralization and precise flow rate control. SessileSessile droplets as

nanoreactors droplets in the attoliter range were formed on non-wetting sub-
strates and served as nanoscale chemical reactors. While the elec-
trochemical reduction of gold(III) chloride into gold nanoparticles
has been exemplary shown to take place inside these nanoreactors,
the principle may be extended to a variety of ink chemistries for
the fabrication of functional nanomaterials in-situ or for the fun-
damental study of reaction kinetics. The catalytic activity of the
gold nanoparticles fabricated was demonstrated by vapor-liquid-
solid growth of silicon nanowires and metal assisted etching of
nanoholes into silicon.

More application oriented work was presented in Chapter 4 and
5, utilizing nanodrip printing in the area of biotechnology and
printed electronics.Transparent metal

grid electrodes In Chapter 4, transparent electrodes were realized by printing
high aspect ratio gold and silver grids on glass. Through the
high aspect ratio of 3:1 line-height to line-width, the electrical per-
formance could be increased without increasing optical shadow-
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ing. At a line-width of 500nm and line-height of 1.5µm, a rela-
tive transmittance of 94% and a sheet resistance of 8Ω�−1 was
achieved. This performance exceeds conventional ITO materials
and is on par with the best materials reported. Moreover, the
metal grids show broadband transmittance independent of the
wavelength from 0.4 to 1µm. These metal-mesh transparent elec-
trodes have the potential to replace conventional materials such
as ITO, due to their higher performance, bending flexibility and
potentially lower manufacturing costs. The investigation of the
mechanical (bending) properties on flexible substrates, chemical
stability, adhesion, haze and clarity properties and the massively
parallelized printing from chip based printheads yet remain the
central topics of future work in this area. 3D printing

The ability to print complex 3D freeform structures was applied
to engineer a biocompatible microenvironment for the study of
cell migration. The novelty herein lies in the combination of basal
scaffolds (micro-gratings) with printed 3D structures to mimic a
natural cell environment. The micro-gratings were fabricated by
thermal nanoimprint lithography for efficient cell guidance and
the free-standing 3D pillars and closed arcs were patterned by se-
quential printing similar to rapid prototyping methods. The flexi-
bility and precision of the printing approach allowed control over
the dimensions of the printed 3D micropores. With the demon-
strated control on the diameter of the pillars forming the freeform
micropores, it was possible to change bending stiffness of the mi-
cropores by three orders of magnitude. The integrated platforms Cancer cell

migrationso developed were easily accessible to high-resolution optical mi-
croscopy and were validated through in vitro study of cancer cell
migration. Overall, the introduced integrated platforms open the
way to studies aimed at investigating the influence of topography
during interstitial cancer migration where the role of the shape,
size and deformability of interstitial pores and obstacles can be
captured and decoupled.

6.2 outlook

Generally, a lot of research has been carried out on EHD micro-
printing in the recent past and nanodrip printing specifically has
proven to be a powerful technique to additively print structures at
the nanoscale. The advantages of EHD printing such as conformal
and additive patterning, multi-material compatibility in one pass
and it’s potential to structure large areas are undisputed. However,
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many challenges still need to be solved to make this technique
a reliable tool for micro- and nanofabrication and a viable alter-
native to state-of-the-art e-beam-, photo- and imprint-lithography.
Foremost, the throughput of the method has to be massively in-
creased in order to make it useful as a versatile R&D tool and con-
sequently for mass production. The usability, reproducibility and
scalability of capillary solutions are very limited. First concepts
towards microfabricated printheads have been made, but gener-
ally with low resolution capabilities in the range of current inkjet
solutions and with very low integration densities. For EHD print-
ing to play out it’s strengths in areas like biological microarray
fabrication, security printing and flexible electronics, a major leap
towards massively parallelized printheads still has to be made.

While clogging of the nozzle is somewhat mitigated for EHD
printing in comparison to inkjet printing due to the downsizing
effect of the ejected droplets from larger nozzles, yield is critical
for highly integrated devices. Approaches to be investigated are
in-situ detection of nozzle blockage, regular cleaning procedures,
highly redundant printing strategies and of course optimization
of the ink rheology. The latter is also very important to improve
the printing results on the substrate and properties of the ma-
terial. Low temperature annealing silver inks are already avail-
able commercially, but they have not yet been optimized for EHD
printing. For complex devices such as e.g. TFT backplanes in dis-
plays, multiple materials have to be stacked without dissolving
the already printed structures. Optimizing printability and perfor-
mance of the ink systems will be key towards complex integrated
devices fully patterned by EHD printing.
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a.1 electrohydrodynamic liquid ejection and ejec-
tion modes

Taylor cone

HV HV HV
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Figure A.1: Schematic illustration of electrohydrodynamic liquid actua-
tion. EHD ejection of liquid is caused by the electric field
force applied to the surface of a liquid. The electric field acts
on the ions already present and additionally injected into the
liquid through a conductive emitter nozzle and deforms the
liquid surface to a meniscus. Depending on field strength
and flow rate, the meniscus may form different shapes such
as a hemisphere or cone. For sufficient field stresses, droplets
or even jets emanate from the meniscus apex. The charged
droplets (a few magnitudes above one elementary charge)
are accelerated and guided by the electric field toward the
counter electrode. Depending on ejection mode and capil-
lary size, the droplets can be smaller than 100nm and very
monodisperse in size.
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Table A.1: Classification of the modes of EHD spraying. Adapted from [147]

Mode of spraying Forms of liquid Dynamics of meniscus/jet Deposition pattern

Dripping Meniscus: semi-spherical
Drop: simple spherical
(with thread or siblings)

Axially vibrating Single drop (with siblings)

Microdripping Meniscus: cone/hemispherical
Drop: small, simple spherical
(in some cases with trailing/leading
thread)

Axially stable Linear series of droplets
(accompanied with fine
mist)

Spindle Meniscus: cone/semi-spherical
Drop: elongated fragment of liquid
(spindle) (with trailing thread)

Axially vibrating Spindles disrupting into
small droplets

Multispindle Meniscus: flat/multi-cone
Drops: multiple spindles (with lead-
ing/trailing thread)

Stable/Lateral vibrating Spindles around the axis
disrupting into small
droplets
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Mode of spraying Forms of liquid Dynamics of meniscus/jet Deposition pattern

Oscillating-jet Meniscus: skewed, oscillating cone
Jet: linear, oscillating in a plane

Oscillating in a plane, kink
instabilities at its end

Droplets sprayed in
ellipsoidal-base cone

Precession Meniscus: skewed, rotating cone
Jet: spiral, rotating around the capil-
lary axis

Rotating around the capil-
lary axis, spiral instable

Fine aerosol sprayed in a
regular cone

Conejet Meniscus: cone (linear, concave, con-
vex, skewed)
Jet: simple straight linear

Axially stable, varicose or
kink instabilities

Fine aerosol sprayed in a
regular cone

Multijet Meniscus: flat, with small cones on
the rim
Jet: linear, multiple

Stable (usually with kink in-
stabilities)

Fine aerosol sprayed in dis-
tinct directions
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a.2 micro- and nanodripping

a)

b) c) d)

0V

actuation voltage  U

ejection period  τe

150 nm 150 nm150 nm

Figure A.2: Principle of nanodrip printing of confined structures. a)
Upon application of an actuation voltage (DC in this case),
a liquid meniscus grows and subsequently ink droplets are
ejected from its apex. During constant voltage DC on-time,
droplets are ejected at highly regular intervals τe with the
inverse being the droplet ejection frequency. During flight,
but mostly after impact, the droplets quickly evaporate on
the timescale of microseconds to milliseconds, leaving only
the solute material. If vaporization is complete before the
next droplet arrives, material is stacked and 3D structures
can be grown. The sharp structures on the substrate act
as an electric field concentrator, effectively attracting new
droplets in-flight in the very proximity of the structure (elec-
trostatic autofocusing effect, ENA), which is indicated by
the straight vertical arrows. b) Deposition pattern of a sin-
gle nanodroplet with remaining nanoparticle deposits. c,d)
Nanopillars grown by ENA. Adapted from [19]
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a.3 ink systems and complex patterns
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c) d)

e) f)
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Figure A.3: A variety of different ink systems can be deposited with nan-
odrip printing into 2D or 3D patterns. a) Gold nanoparti-
cle ink in tetradecane, printed into freestanding 3D arcs on
COC polymer. b) Gold lines with 80nm width patterned into
circles. c) CdSe/ZnS quantum dots in tetradecane, printed
into dot arrays. Adapted from [28]. d) Semiconducting poly-
mer P3HT nanopillar printed from 1,2,4-trichlorobenzene
(TCB) based ink. e) Electron-beam resist (PMMA) patterned
into micro-lenses on hydrophobic substrate. f) PS-b-PMMA
blockcopolymer dissolved in TCB, printed at elevated tem-
peratures into high aspect ratio wall with pillars on top. g)
High aspect ratio silver line printed on a single-crystal Si
solar cell with anti-reflective front structure. f) Crystallized
TIPS-pentacene small molecule semiconductor printed from
4-bromoanisole solution.
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AC Alternating Current

AFM Atomic Force Microscopy

AR Aspect Ratio

BrAn Bromoanisole

CCD Charge-Coupled Device

CMC Critical Micelle Concentration

COC Cyclic Olefin Copolymer

CTE Coefficient of Thermal Expansion

CTR Control

CVD Chemical Vapor Deposition

CW Continuous Wave

DAC Digital to Analog Converter

DC Direct Current

DDS Direct Digital Synthesis

DEG Diethylene Glycol

DI Distilled

DIC Differential Interference Contrast

DLL Dynamic Link Library

DLW Direct Laser Writing

DPL Dip Pen Lithography

EBL Electron Beam Lithography

ECM Extracellular Matrix

EHD Electrohydrodynamic
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ENA Electrostatic Nanodroplet Autofocusing

FBS Fetal Bovine Serum

FDTS 1H,1H,2H,2H-Perfluorodecyltrichlorosilane

FITC Fluorescein Isothiocyanate

GFP Green Fluorescent Protein

GUI Graphical User Interface

HS Human Serum

ICP Inductively Coupled Plasma

IPA Isopropyl Alcohol

ITO Indium Tin Oxide

LED Light Emitting Diode

LPCVD Low Pressure Chemical Vapor Deposition

MAE Metal Assisted Etching

MEMS Micro Electro Mechanical System

MFC Mass Flow Controller

MOSFET Metal–Oxide–Semiconductor Field-Effect Transistor

NGF Nerve Growth Factor

NIL Nanoimprint Lithography

NP Nanoparticle

NPCC Neutral Point Clamped Converter

OLED Organic Light Emitting Diode

P2VP Poly(2-Vinylpyridine)

PBS Phosphate Buffered Saline

PEO Polyethylene Oxide

PDMS Polydimethylsiloxane

PFA Para Formaldehyde
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PFS Perfect Focus System

PLL Poly-L-Lysine

PMMA Poly(Methyl Methacrylate)

PVD Physical Vapor Deposition

RCWA Rigorous Coupled Wave Analysis

RFID Radio Frequency Identification

RH Relative Humidity

RIE Reactive Ion Etching

RTOS Real-Time Operating System

SAM Self-Assembled Monolayer

SEM Scanning Electron Microscopy

SiNW Silicon Nanowire

SPBCL Scanning Probe Block-Copolymer Lithography

SWNT Single-Walled Carbon Nanotube

TCE Transparent Conductive Electrode

TEC Thermoelectric Cooler

TEM Transmission Electron Microscopy

TFT Thin Film Transistor

VLS Vapor-Liquid-Solid

VLSI Very Large Scale Integration
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