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Abstract

Inkjet printing has emerged from a digital graphic arts printing technology to become a versatile

tool for the patterned deposition of functional materials. This thesis contributes to the research in

the area of functional inkjet printing by focusing on two different topics: (i) inkjet printing of colloidal

suspensions to study the principles of deposit formation and to develop deposits with photonic

properties based on self-assembly, and (ii) the development of a reliable manufacturing process

for all-inkjet-printed thin-film transistors, highlighting the importance of selection of materials and

inks, print pattern generation, and the interplay between ink, substrate and printing conditions.

(i)

Colloidal suspensions containing nanospheres were applied as ink formulation in order
to study the fundamental processes of layer formation and to develop structures with
periodically arranged nanospheres allowing the modulation of electromagnetic waves.
Evaporation-driven self-assembly was found to be the main driver for the formation of
the final deposit morphology. Fine-tuning of inkjet process parameters allows the
deposition of highly ordered structures of nanospheres to be arranged as monolayer,

multilayer or even three-dimensional assemblies with a microscopic spherical shape.

This thesis demonstrates the development of a manufacturing process for thin-film
transistors based on inkjet printing. The knowledge obtained from the study with the
colloidal nanospheres is used to generate homogeneous and continuous thin films that
are stacked well-aligned to each other to form transistors. Industrial printheads were
applied in the manufacturing process, allowing for the up-scaling of the manufacturing
by printing of several thousands of devices, and thus the possibility to study the process
yield as a function of printing parameters. The discrete droplet-by-droplet nature of the
inkjet printing process imposes challenges on the control of printed patterns. Inkjet
printing of electronic devices requires a detailed understanding about the process and
all of the parameters that influence morphological or functional characteristics of the
deposits, such as the selection of appropriate inks and materials, the orientation of the

print pattern layout to the deposition process and the reliability of the inkjet process.
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On the major results and novelty of the thesis

The following collection of bullet points conveys the core findings of the thesis and provides an

overview of the highlights (chronological order according to the thesis structure):

Basic understanding of layer and structure formation of printed deposits

Development of an understanding of functional inkjet printing as bottom-up manufacturing
approach based on evaporation-driven self-assembly

Study of the influence of surface energy on the evaporation-driven self-assembly of
nanospheres in inkjet-printed droplets

Inkjet printing of organic and inorganic nanospheres for the development of highly ordered

structures with photonic properties

Inkjet printing of spherical colloidal assemblies

Study on the influence of the waveform applied to piezoelectric inkjet printheads on the
morphology of the printed deposits

Exploitation of usually unintended droplet formation in inkjet printing for the development
of spherical colloidal assemblies

Relocation of the layer formation process from the substrate to the ejected droplet in-flight

Process optimization in printed electronics

Demonstration of the importance of prepress issues (print pattern generation) and
importance of the orientation of the print pattern layout related to the deposition process
Exploitation of the coffee-ring effect for thin and smooth dielectric layers applied in thin-
film transistor

Selection of ink formulations and benchmark of silver nanoparticle inks used as electrodes

for the inkjet-printed thin-film transistors

Manufacturing of thin-film transistors

Development of a process chain for the manufacturing of all-inkjet-printed thin-film
transistors and up-scaling of the manufacturing towards transistor arrays based on
industrial inkjet printheads

Manufacturing of thousands of thin-film transistors on flexible polymer films, in ambient
conditions and without a requirement for cleanroom conditions, without any masks, and at
low temperatures compatible with polymer substrates with manufacturing yields of > 90 %

for small transistor sizes and an optimized transistor design
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1 Introduction

According to the latest news and forecasts?, the market development of inkjet printing technology
during the last few years has been dramatically expanding. While other print sectors, especially
the conventional printing market, are facing economic challenges, the interest in digital inkjet
printing is increasing continuously and forecasts indicate further market growth. Among others,
there might be two main drivers for this development:

1) During the last several years, many efforts in the inkjet technology development were
dedicated towards an improvement in speed, reliability, fluid compatibility, and print quality
to meet the demands of industrial and home users.

2) There is an increasing demand for product individualization and increasing product diversity,
which in turn has caused shorter print runs down to print run one.

Figure 1 shows the application landscape of inkjet printing technology. Inkjet printing is a well-
established process for printing texts and images on paper substrates. During approximately the
last 20 years, the technology has been increasingly applied in the small office and home office
environments. Of course, the electrophotography process is also a mature digital printing
technology. However, there are limitations concerning the format, substrate flexibility, and the
costs of both the price per page and the machine itself, especially considering full color printing.
For several years, inkjet printing has also become more and more relevant for industrial
manufacturing. The technology is nowadays extensively used for product coding, labelling and
marking, addressing, in-plant printing, wide and super-wide format printing, printing on non-flat,
irregular substrate shapes, and for home office applications. Because new inkjet printheads are
able to jet a high range of fluids, the printing process can be applied to nearly any solid substrate.
In addition, inkjet printing turned out as a promising technology for new fields of industrial

manufacturing such as the industrial decoration of ceramics, textiles and garments, flooring and

a) Smithers Pira market reports, e.g., “The Future of Inkjet Printing to 2019”;

b) IT Strategies market reports, e.g., “The Continuous Feed Inkjet Production Market in 2014”;

c) BBC market research, e.g., “Emerging Inkjet Printing Technologies, Applications and Global Markets”

d) InfoTrends market research, e.g., “Western European Digital Production Printing Application Forecast: 2012-2017”

e) www.inplantgraphics.com/article/inkjet-the-future-of-in-plant-printing-services/; by Dennis Amorosano, 04.12.2015

f) www.myprintresource.com/article/12014244/2015-production-inkjet-market-trends; by Denise M. Gustavson, 30.11.2014

g) www.myprintresource.com/article/12134320/production-inkjet-papers-are-the-engine-for-inkjet-growth; by John Crumbough,
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laminates, furnishings, wallpapers, and many others. The different fields of application proof the

versatility of inkjet printing.
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Figure 1: Application landscape of inkjet printing (adapted and revised from Gilboa")

In recent years, inkjet printing technology has been increasingly applied as a versatile and
advanced deposition tool for various materials in the field of functional printing (see Figure 1).
Functional printing is a hypernym referring to the application of both traditional and digital printing
technologies for the deposition of functional material patterns. In this scheme, “functional” means
that these patterns are equipped with functionalities beyond the generation of a color impression
for the visual sense of the human eye. Printed patterns can have specialized electrical, optical,
mechanical, biological, chemical or many other functionalities. The most prominent subsets of
functional printing are currently printed electronics and three-dimensional (3D) printing. Also in the
field of functional printing, interest in inkjet printing technology during the last few years has been
increasingly growing, outweighing other digital and conventional printing technologies. This
growing can be demonstrated by numerous scientific publications on inkjet printing and by
companies developing new printheads (e.g., Xaar with the 1003 AMp printhead?) and systems

(e.g., Ceradrop?®, Notion Systems* or Ardeje®) dedicated to functional inkjet printing.

Two applications employing functional inkjet printing are the focus of this dissertation. The
formation process of ejected droplets into functional deposits of a defined shape is of the highest

interest in the field of functional printing. | propose an alternative understanding of the layer



formation process; namely, that inkjet printing is considered as a bottom-up manufacturing
technology based on the principle of evaporation-driven self-assembly, or in general as
evaporation-driven material flows (i.e., material transportation inside the deposited liquid films is
initiated by convective flows as a result of evaporation). Under this scheme, an explanation of the
different deposit morphologies obtained through inkjet printing and the evaporation-driven material

transportation is given.

The aim of the dissertation is also to highlight the importance of the process chain in functional
printing. Thus, a more general view of the entire functional inkjet printing process chain is
presented, taking into account general considerations about fundamental layer formation
processes based on a model ink suspension containing nanospheres, the relevance of printimage
preparation (i.e., prepress issues, such as image rasterization and the importance of the
orientation of the digital print image related to the deposition process), and finally, the reliability of

an up-scaled inkjet printing process for the manufacturing of transistor arrays.

Figure 2 depicts the main storyline and structure of this thesis. Functional inkjet printing is the
basis and the subject of focus of this thesis. All the results will be discussed with reference to the

inkjet printing process.

Fundamentals . ) . Inkjet printing of functional
and historical Deposit morphology: Understanding layers for electronic

layer formation in inkjet printing

overview of applications (multilayer and
inkjet technology based on seli-assembly multi-material stacks)
— f ) \ [ : \
Application domain: Application domain:
Printed photonics Printed electronics
‘ All-inkjet-printed
TFTs: Process chain
Layer de\_/elqpment and its
' formation rellablll_ty, relevance
independent of print pattern_
Layer on substrate layout alndt_materlal
formation as properties selection
a function of
® substrate
Inkjet properties
printing

Figure 2: Overview of the main storyline and structure of the thesis



Fundamental aspects of inkjet printing are introduced in Chapter 2. The technological benefits and
basic principles of piezoelectric droplet ejection are introduced. A historical literature overview of
the inkjet technology development is presented focusing on scientific review articles. Basic print
patterns and the process of pattern formation in inkjet printing is discussed.

An alternative way of understanding functional inkjet printing is proposed based on the bottom-up
manufacturing approach and evaporation-driven self-assembly. Chapter 2 also provides basics of
the interplay between substrate and ink. Further, Chapter 2 demonstrates that the bottom-up
principle and self-assembly processes are inherent phenomena in inkjet printing, and that they
determine the pattern (the term “pattern” is used in this thesis in general for printed deposits or
print pattern files) and structure (the term “structure” is used in this thesis for printed deposits
showing a clearly noticeable nano- or micrometer texture) formation of the printed deposits. The
state-of-the-art of the two main applications domains of the thesis, (i) inkjet printing of colloidal
nanospheres for the development of photonic structures and (ii) development of a manufacturing

chain for all-inkjet-printed thin-film transistors (TFTs) is reviewed.

The experimental section in Chapter 3 briefly introduces the printers, printer accessories, inks and
substrates, as well as analytical equipment and methods. It also provides a comprehensive
summary of the characteristics of the employed colloidal suspensions as well as of the

benchmarked silver ink formulations.

Chapter 4 is dedicated to the investigation of fundamental layer formation principles as a function
of substrate properties and ink formulation. Model ink formulations consisting of spherical
nanospheres, dispersed in aqueous fluids, are applied, and the interaction of substrate and ink is
highlighted. The deposit morphologies obtained are discussed on the basis of evaporation-

induced convective flows.

Chapter 5 presents the development of spherical colloidal assemblies of nanospheres using inkjet
printing. These microscopic 3D spherical structures of varying size can be manufactured by the
relocation of solvent evaporation from the sessile droplet on a substrate to the ejected droplet in
flight. The remaining spherical assemblies of nanospheres can be prepared independently on
substrate properties and have photonic characteristics.

This basic understanding about layer formation in inkjet printing as discussed in Chapters 4 and
5 is the key towards the development of complex multilayer and multi-material stacks, such as

those forming TFTs or sensors.



The development of a manufacturing process chain for all-inkjet-printed TFTs is presented in
Chapter 6. The focus is not on the electrical performance of the transistors (as it is usually the
case in the literature), but rather on the development of the inkjet process chain for the
manufacturing and its reliability. The generation of appropriate print pattern layouts and the
influence of their orientation to the deposition process is shown within the process chain. The
importance of the selection of suitable inks and materials for inkjet-printed TFTs is highlighted,
and a benchmark for silver ink formulations that are used as electrodes is given. The influence of
printing parameters and materials as well as the print pattern layout on morphological and

functional characteristics of the layers and TFTs is discussed.

Finally, all the results of the thesis are briefly summarized and concluded in Chapter 7.



2 Fundamentals

2.1 Inkjet printing — an overview

The term “inkjet printing” encompasses a family of different digital non-contact direct writing
technologies aimed at generating tiny, free-flying droplets of liquids ejected from a small nozzle in
a defined manner. “Defined” refers, in this context, to the moment of droplet ejection, droplet
volume, number of droplets, droplet repetition rate, droplet velocity and droplet impact position.
For most of the applications in inkjet printing, the droplets will impact on a substrate. A larger
pattern on the substrate can be obtained by progressively delivering further droplets in a droplet-
by-droplet deposition approach, while moving either the printhead or the substrate relative to each
other. In other words, inkjet printing can be considered as a bottom-up technology, since droplets
are added as long as the desired pattern is generated. Thus, the working principle of inkjet printing
consists generally of four process steps (which is also sometimes simplified into three process
steps in the literature®):

(i) Positioning of printhead and substrate

(i) Droplet formation and droplet ejection

(iii) Droplet impact on substrate: Spreading, contraction and/or coalescence of droplets

(iv) Solvent removal, formation of functionality (functionality forming)
These process steps are depicted schematically in Figure 3. After positioning the printhead and/or
the substrate, the droplet formation process is initiated by electronic signals resulting in the
ejection of droplets. The droplets impact on a substrate. This process of droplets impacting on the
substrate is quite complex and the droplet will undergo — strongly depending on the substrate
properties and its interaction with the liquid — several shape transitions (e.g., as a result of the
kinetic energy of the ejected droplet) before it will find its equilibrium.”-® Right after the impact
phase, further fluid dynamic phenomena will take place, such as wetting and spreading'®, or the
contraction of the deposited fluid and droplet coalescence.
In graphics inkjet printing, droplet coalescence and further fluid dynamics are usually controlled
by choosing appropriate absorbent substrates to prevent color bleeding or color blurring, because
these effects result in reduced image quality.'"-'2 In most of the applications of functional printing,
non-absorbent substrates are used, and the interaction of spreading droplets forming defined
beads, lines or more complex patterns is of the highest importance.’ Droplet spreading or the

deposition of overlapping droplets will lead to a continuous liquid film. The final step in the process



is the solvent removal and/or functionality forming. In some cases, solvent removal and
functionality formation can be considered as two separate processes (i.e., drying to evaporate the
solvent and oven sintering of metal nanoparticles to form a conductive film). In other cases, the
functionality of the film is already formed when the solvent is removed (e.g., polymeric dielectric
films). For ultra violet (UV) curable ink formulations, the process of solvent removal does not take
place, because no solvent is used for such inks. They are cured by UV radiation. Apart from UV
ink formulations, drying in the form of solvent evaporation is usually crucial for the inkjet process,
since the amount of solvents in inkjet printing is relatively high compared to other printing
methods.' Functionality forming refers mainly to functional printing, and describes any post-

processing methods required to reveal the intended functionality of the deposits.

(iv) Solvent removal/
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Figure 3: Working principle of the inkjet printing process system

The previously explained basic principle of inkjet printing is fundamentally different to conventional
printing methods such as screen, gravure, flexographic or offset printing. Here, the print pattern is
objectified in a physical form usually described as the “print master”. The pattern of the print master
is directly or indirectly transferred to the substrate through direct contact, which is generally
described as impact printing. Thus, the print master is decisive for the process, and a pattern

change involves a print master change.'>16

Nowadays, inkjet printing is a mature technology achieving remarkable levels of print quality (e.g.,
Canon Pixma iP4700 with 9600 x 2400 dpi'?), print speed (e.g., Kodak stream inkjet technology
with up to about 15 m/s for monochrome imprinting systems (Kodak Prosper S30'8) and about
5 m/s for full color printing (Kodak Prosper 6000P?)), and efficiency. The main driver for the inkjet
development was the small office home office market, making the technology familiar to the public.
With the widespread use of computers, inkjet printing has started to attract increasing commercial

interest, and most of the current relevant technologies were primarily developed from the 1980s



onwards. Therefore, inkjet printing is a relatively new technology in comparison to conventional

printing technologies that have evolved over several centuries.'®

Inkjet printing is a digital technology with many benefits over other printing technologies. In graphic
printing, inkjet technology can best meet the requirements of variable data printing,
personalization, customization, printing-on-demand with just-in-time delivery, and short (color)
print runs.?%2' The technology is also very popular in functional printing, especially in a laboratory
environment. It is an additive technology that is both affordable in costs and that consumes less
material (i.e., there is a low loss of ink due to low dead volume and low print waste). And since the
technology is familiar to the public thanks to the home and office printer market, potential users in
functional printing assume a similar intuitive and easy to use setup as they are accustomed to
operate their desktop printers. This is one of the reasons why inkjet printing is used quite frequently
in the area of printed functionalities, since the inkjet system is believed to be very easy in use, for
example, compared to gravure or offset printing. Further reasons for the awakening interest in
using inkjet printing for functional applications are high flexibility in terms of patterns (maskless)
and materials, as well as the low cost approach, because only a small amount of materials is

required in comparison to other solution-based deposition techniques.

Table 1 provides a brief summary of the main technology benefits of inkjet printing. A classification
of benefits is done with regards to substrate, ink, print master, print file, press setup and deposit
characteristics. Of course, inkjet printing technology has not only benefits but also some
disadvantages and limitations. For instance, conventional printing methods with a print master are
much more efficient for large print runs than inkjet printing. Furthermore, the discrete droplet-by-
droplet nature of the inkjet process is challenging concerning the film homogeneity — especially
for the field of printed electronics — as discussed more in detail in Chapter 6.1. However, based
on the current market trends towards increasing product diversification, increasing product
individualization, and thus decreasing batch sizes/shorter print runs, highly flexible technologies

such as inkjet printing are more and more preferred over conventional printing technologies.



Table 1: Overview of technology benefits of the inkjet printing process based on different
categories (information gathered from 16:20-24)

Substrate

No contact between printhead and substrate, thus no touch, only soft
droplet impact, low image distortion and no contamination

Low forces required to hold the substrate

Flexible and rigid substrates

Flat and non-flat substrates

Thin and highly delicate substrates

Small substrate area size (in the range of um?) up to ultra large area size
(in the range of m?)

Ink

Compatible with a high range of fluids: solvent-based, water-based, oil-
based, UV inks, hot melt

Dispersions and solutions

Lower ink volumes are required compared to conventional technologies
due to small dead volumes

Usually less hazardous chemicals (depends on application, but most of
the color inks are water-based, especially in small office home office
market segment) compared to conventional printing methods

Print master

No film, stencil, screen or plate masters required — low set-up time

No typical printing process waste related to print masters and related
chemistry

No storage of physical print masters required (only digital)

Maskless, direct writing deposition

Print file

Minimal prepress (i.e., no development of physical print masters), fast
processing

Print file change and editing on the fly: variable data printing,
customization, short print runs, prototyping, sampling, proofing

No restriction to repeat patterns, less physical length limitation of patterns
High web-to-print ability (print e-commerce, remote publishing)

Press setup

Minimal press setup compared to conventional printing methods, and
thus reduction of inventory, no large inking or dampening units
Light-weight press materials (e.g., polymers) possible due to lesser
impact compared to mainly metal materials applied in conventional
printing presses

Digital, built-in registration between colors or printheads (i.e., digitally
controlled droplet jetting delays for registration adjustment in web-fed
printing along web direction)

Easily scalable, for example, in format (width)

Droplet and
deposit
characteristics

Deposits have lower weight than, for example, in offset printing (color
printing)

High deposit height flexibility: From a few nm up to a few tens of um with
one printing pass

High deposit surface smoothness flexibility: Highly smooth layer surfaces
up to very rough surfaces

Droplet volumina ranges from fL up to nL

Droplet speed ranges from 3 m/s up to 20 m/s

Droplet jetting frequencies from Hz up to several hundred kHz (e.g., drop-
on-demand Fuijiflm Dimatix Samba with 100 kHz and continuous
systems > 250 kHz)

Deposit structure size from sub-pym scale (electro-hydrodynamic inkjet)
up to several hundreds of um (continuous inkjet)




2.2 Piezoelectric inkjet technology and a historical overview of inkjet printing

Inkjet printing is usually classified by two widely-known mechanisms of drop generation:
(i) continuous and (ii) drop-on-demand printing. The difference between the two mechanisms is
the way in which the droplets are ejected. In continuous inkjet printing, a stream of usually
uniformly-sized droplets is generated continuously and independently on the requirement of
droplets for the print pattern. Droplets that are not required for the print pattern will be captured
and recirculated, forming a circulation loop. Droplets that are required for the print pattern will be
delivered to the substrate.’®?225 A change of the trajectory of the droplets can be initiated, for
example, by electrical fields or airflows.?* In drop-on-demand inkjet printing, droplets are ejected
from the nozzle only when they are required for the print pattern. Thus, this technology is more
economical than continuous inkjet systems. The droplets in drop-on-demand inkjet printing are
usually generated thermally or piezo-electrically by digital signals referred to as thermal or bubble
jet inkjet printing, and piezo inkjet printing, respectively.?® There exist also further sub- or side-
categories for both continuous and drop-on-demand inkjet printing that can be found in detail

elsewhere?22.24,25,27-29

Piezoelectric driving is the most popular actuation mode to eject droplets in the area of functional
inkjet printing. It has been known for more than 20 years that the phenomena of droplet ejection
in piezoelectric inkjet printing are mainly related to pressure waves.?° The active element causing
the pressure waves is a piezoelectric transducer located in the printhead. When voltage is applied
to the piezoelectric transducer (i.e., inverse piezoelectric effect), a deformation (i.e., either an
expansion or contraction) takes place, creating instantaneous mechanical vibrations and pressure
waves, which propagate in the fluid. Depending on the deformation of the piezoelectric transducer,
the actuation is classified in squeeze, bend, push or shear mode. These waves will be transmitted
and reflected (e.g., at the walls of the printhead), and if a sufficiently high pressure peak arises at
the nozzle, a strong acceleration of the fluid is caused, firing a droplet out of the printhead. The
voltage signal applied to the piezoelectric transducer over a certain time is termed as waveform.
The waveform has the most important impact on the drop ejection process, since it controls the
size, speed, and shape of the droplets. Furthermore, the waveform is the most decisive parameter
if the ink can or cannot be jetted out of the nozzle. Each ink requires a dedicated waveform for

proper droplet ejection.5:31-38

The waveform applied to the piezoelectric transducers are usually unipolar or polar waveforms.3*

Figure 4 shows a scheme of a simple and a complex polar waveform as well as a unipolar

10



waveform with characteristic segments. Unipolar waveforms are, in the simplest case, single
pulses, but can be further extended to more complex pulses depending on the driving electronics

of the inkjet system.
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Figure 4: Simple and complex polar driving waveforms and unipolar driving waveform (adapted
from Wu?)

Depending on the printhead manufacturer, the printhead design, and the piezoelectric actuation
mode, positive or negative voltages are applied to the transducer. For unipolar waveforms both
positive and negative voltages are applied. Examples for such systems are usually dispenser
inkjet systems (e.g., from Microdrop Technologies or Microfab Technologies). All the waveforms
are characterized by the rise time tise, the dwell time tqwen and the fall time tr. The maximum
voltage at tawen is usually descried as the maximum jetting voltage. The maximum voltage value
that can be applied to the piezoelectric transducer depends again on the printhead manufacturer,
the printhead design, and the piezoelectric actuation mode. It usually ranges between a few 10 V
up to several hundred volts. Both t4wen and its voltage amplitude are the most important factors for
the droplet ejection process. The negative trapezoidal pulse of the unipolar waveform is also called
as a quenching pulse since it damps residual oscillations of the first pulse (resonating pulse) in
the nozzle chamber. The two pulses — resonating and quenching pulse — can be also separated

by a time interval .40
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A negative pressure is initiated during the first rise time of the waveform tisc upon a positive voltage
step; as a consequence, the meniscus at the nozzle orifice retracts. The resulting pressure waves
of tise are reflected at the printhead walls and turn into positives ones at tswei. The de-charging of
the piezoelectric transducer initiated by t should amplify the previously generated pressure
waves by adding a new initial pressure distribution to the system. For the simple polar waveform
depicted in Figure 4, this new initial pressure distribution is identical to the original initial pressure
distribution at the beginning of the pulse, except for its sign. Finally, a droplet is fired when the
amplified pressure waves reach at the nozzle orifice.30:3".37

The process is basically the same for the complex polar waveform and the unipolar waveform. But
both the complex polar waveform and the unipolar waveform allow much more freedom to fine-
tune the wave propagation and thus the droplet ejection. Particularly, the complex polar waveform
is the standard for the laboratory Fujifilm Dimatix Materials Printer 2831 (DMP 2831). Simple polar
waveforms are more frequently applied for the industrial deposition printheads of Fujifilm Dimatix,
such as the QS256 printheads or Galaxy 256 printheads. Unipolar waveforms are used, for
instance, to drive the piezoelectric transducer of the Microdrop Technology inkjet dispensers.

A proper drop formation process is the result and the overall aim of the waveform applied to the
piezoelectric transducer. Usually, the waveform is optimized to allow the ejection of a single,
spherical, regular droplet on a trajectory perpendicular to the nozzle plate. Commonly, each pulse
of the firing signal generates one defined droplet in order to deposit it on a predetermined position
of the substrate (an exceptional case is grey scale inkjet printing®'). Figure 5 exemplarily shows a
typical drop formation cycle captured with an imageXpert drop-watcher system on the basis of

stroboscopic flashes.

20 ps 30 ps 40 ps 50 us 60 ps 70 ps 80 ps 90 ps 100 ps

100 pm .

Figure 5: Drop formation cycle with 10 ps intervals after application of the waveform to the
piezoelectric transducer (inkjet printhead: Fujifilm Dimatix QS256, ink: ANP DGP 40LT-15C)

Specifically, a Fujiflm QS256 AAA printhead with 10 pL nominal droplet volume and a silver

nanoparticle ink from ANP (DGP 40LT-15C) were used. A simple polar trapezoid waveform was
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employed as shown before in Figure 4. The tqwen was about 10 ys and the maximum jetting voltage
was about 55 V. According to Figure 5, a head droplet formation can be observed at 20 us, and
the droplet pinch-off (i.e., the time when the tail pinches off from the nozzle plate)®' takes place
between 40 us and 50 ps. The droplet drags a tail, slowing down the average droplet speed which
was determined to about 3.4 m/s. However, the tail formed due to capillary contraction of the
ligament has a sufficiently high speed to merge with the main droplet before impacting on the
substrate.®

The merge is between 80 us and 90 us. As a result of the collision of the tail with the head droplet,
a strong deformation of the droplet shape takes place (see droplet at 90 ps). At 100 us, the droplet
shape is stabilized turning back to the nearly perfect spherical shape which is the energetically
most stable state. The volume of the droplet was determined to be about 11 pL. The drop formation
cycle displayed is free of satellite droplets, indicating a well-adjusted waveform. This can be
considered as a desirable example of drop ejection in both color inkjet printing as well as functional
inkjet printing.

Starting to develop after the mid-20" century, inkjet printing is a comparably young technology
and has seen several development and application phases. The following anthology provides an
overview of the scientific literature regarding the categorization of inkjet printing, the physics of the
process related to different inkjet technologies and practical applications in a brief historical
overview. The primary focus of this section is on scientific review articles. Review articles are
summaries of the current state of research and understanding on a particular topic. They include
relevant scientific literature and provide insights into previously published research, the latest
developments in the field, and future directions. They are eminently suitable for a historical
overview of the inkjet technology. A few books about inkjet printing are introduced as well. There
are numerous excellent scientific articles and books available reviewing inkjet printing
technologies and their applications. The number of articles increases each year. As shown in the
next pages, many articles were published in the year 2015. However, one has to admit that the
basic principles of inkjet printing are still the same, and that there are no groundbreaking new
technological approaches described in the latest review articles compared to literature published
10 to 15 years ago. Since inkjet printing is also well-established in the home office market offering
diverse consumer products, there is a very high number of popular science articles available at
present, for example, comparing different currently available printer models or describing the

basics of the technology.
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1970s and 1980s: Continuous inkjet printing system for marking and coding applications,
drop-on-demand inkjet printing development, and commercial success of thermal inkjet
printing technology

Kamphofner*! published one of the first review articles on inkjet printing in 1972 focusing on
continuous inkjet technology. In 1976, Keur et al.*?> described each step of the continuous inkjet
printing process, at that time described as synchronous inkjet, in more detail. Continuous inkjet
technology became attractive in an industrial context for coding and marking of products. One
year later, Carnahan*® reviewed the basic theory and principles of continuous inkjet, electrostatic
inkjet, and drop-on-demand inkjet printing (at that time termed as impulse inkjet). In the 1980s,
the drop-on-demand technology attracted increasing interest. Keeling** reviewed different inkjet
technologies in 1981 and highlighted their characteristics. He also discussed further fields of
application of the inkjet technology where the generation of small droplets with constant volume
is of relevance. This can be considered as one of the first approaches towards functional printing.
Bogy et al.®® studied the physical phenomena underlying the operation of piezoelectric inkjet
systems. Lee et al.*> demonstrated the potential of the drop-on-demand inkjet technology for color
printing. In 1985, Heinzl et al.*é reviewed the state-of-the-art of inkjet printing technologies and
Haysom*” discussed the improvements in drop-on-demand printing over the last years.

In the mid 1980s, thermal inkjet printers from HP became attractive as portable consumer products
due to the low costs and reasonable quality.?> The thermal printhead technology from HP called
ThinkJet was introduced in the Hewlett Packard Journal (Volume 36, Number 5) in 1985 with a
couple of research articles about the technical details*®-%'. This was the starting point of a long
period of success for the thermal inkjet technology, which clearly dominated the home and office
inkjet market until the end of the 1990s.22

Already in 1987 and 1988, piezoelectric inkjet printing was being employed by Teng et al.52-54 to
deposit metallo-organic decomposition inks for microcircuits and photovoltaics. One year later,
Kimura et al.5® deposited enzyme droplets for a biosensor using piezoelectric inkjet printing. They
also presented cross-sectional profiles of the droplets revealing the well-known coffee-ring effect
(the authors do not refer to the coffee-ring effect, but instead describe the droplet profile as
doughnut-like shape). These are a few of the first popular examples for the field of functional inkjet
printing.

In 1988, Lee%® provided a short review about inkjet printing focusing on piezoelectric actuation.
Another review article was presented by Wehl%” in 1989 which highlighted the drop-on-demand
technologies. He also provided a classification of inkjet technologies, including a technical
description of the piezoelectric and thermal printheads of different manufacturers. At this time,

Wehl already claimed in his outlook a very promising future for inkjet printing, especially regarding
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its use as a desktop publishing tool (DTP).%” In the same year, Croucher et al.>® presented an

overview of design criteria for inkjet inks providing physiochemical ink properties.

1990s: Establishment of inkjet printing as a small office home office technology

At the beginning of the 1990s, the focus was on full color inkjet printing by developing new printers,
new printheads and cartridge technologies, and inks — mainly driven by the continuing success of
the thermal inkjet method. The number of inkjet product sales increased dramatically.?? Also,
piezoelectric printhead technologies again gained remarkable attention due to the introduction of
Epson’s Stylus printer family in 1993. It was the first piezoelectric drop-on-demand inkjet
technology that was of great commercial interest for the home and office printer market. The
printhead technology was based on the push-mode actuation.?%5°

By end of the 1990s, several articles were published on thermal inkjet technology. In 1997, Chen
et al.% investigated the bubble growth and the drop ejection in thermal inkjet printing, both
numerically and experimentally. A performance overview of thermal printheads was provided in
the same year by Peeters et al.?" In 1998, Le et al.?> published a review article about the main
inkjet technologies. The authors presented a short overview of the history of inkjet printing, the
well-known classification of inkjet technologies, and an introduction to selected technologies,
mainly continuous inkjet, thermal inkjet, and piezoelectric inkjet technology. This article attracted
remarkable scientific attention and has been cited several hundred times.

In the same year, Lemmo et al.?? reviewed the use of inkjet technology for drug discovery
applications. Interestingly, the term “inkjet dispensing” rather than “inkjet printing” is used in the
article, clearly differentiating them from the traditional inkjet printers used primarily for texts and
graphics. It was a relatively new field of application for the inkjet technology. According to Lemmo
et al.%2, inkjet methods were mainly employed for high-throughput screening, genomics and
combinatorial chemistry. However, the application of inkjet printing in the area of drug discovery

was still in its infancy.

2000s: Towards industrial and functional applications

In 2000, Pond?? published an educational and technological reference resource book describing
the different inkjet methods and emerging trends in inkjet printing. In the 404 pages of texts and
graphics, the history of inkjet printing, comparison to other non-impact technologies, and many
further topics are presented. Interestingly, the majority of the references in the book is based on
patent literature. This is unique compared to any other literature about inkjet printing and allows

for some historical insight into the technological concepts of different inkjet companies.
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In 2002, Briinahl et al.®® provided an overview about piezoelectric inkjet printing with a particular
focus on shear mode actuators applied in Xaar printheads. Still, however, the focus was set on
traditional graphic applications.

From the year 2000 onwards, inkjet printing was exploited more and more as a deposition method
in the field of functional printing. In 2001, Calvert®® published a review about the application of
inkjet printing for depositing functional materials and devices. In 2003, de Gans and Schubert®
reviewed commercially available instrumentation for functional inkjet printing. They clearly
identified the disadvantages of the use of standard color desktop inkjet printers in the area of
functional printing and propose inkjet-technology-based dispensers (i.e., typically single nozzle
systems), such as the Microdrop (Autodrop) or Microfab platforms. The application focus was on
combinatorial polymeric materials research (and thus within the area of polymer materials
chemistry).

Only one year later, a literature survey about inkjet printing of various polymer materials was
provided by the same author (de Gans et al.®%). The well-known principles of inkjet technologies
were introduced, including the physical aspects of droplet formation as well as inkjet platforms for
the area of functional material deposition, such as the Autodrop printer from Microdrop (similar to
the publication of 2003 by de Gans and Schubert®4). The authors concluded, that piezoelectric
inkjet systems are the method of choice for polymer printing. The review article contains also novel
developments such as inkjet printing of waxes (hot melt) and 3D powder bed inkjet using UV
curable ink formulations.

In 2006, Boland et al.®® reviewed the application of inkjet printing for the deposition of bio-inks
containing cells towards organ printing. Interestingly, thermal inkjet technology from HP was
employed rather than piezoelectric printheads, which are usually used in the field of biology and
chemistry.®2

Martin et al.5” demonstrated in 2008 the importance of classical physics in the inkjet printing
process to allow the controlled manipulation of liquid jets and droplets. He also introduced the
evolution of inkjet applications until the 2020s in three generations: (i) marking and coding, (ii)
home and office printing, and (iii) industrial printing and manufacturing. According to his prediction,
the impact of generation (iii) - taking off at the end of the 2000s - will steadily increase during the
2010s and 2020s, outweighing the other two generations.

In 2008, Hon and Hutchings?® reviewed direct writing technologies for manufacturing, including
inkjet printing as the most mature form of direct writing. Thus, the particular focus of the article is
on functional inkjet printing. The growing relevance of inkjet printing was demonstrated by the
increasing number of scientific publications since 1990 based on the ISI Compendex database.

Hon and Hutchings proposed categorizing inkjet printing under droplet-based methods next to
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aerosol jet deposition. Different fields of application for inkjet printing were introduced,
demonstrating its versatility in areas such as the micro-electronics industry, rapid prototyping for
mechanical engineering, optics, and the biomedical and life sciences. Inkjet printing is described
as the most established direct writing technology, followed by laser direct writing methods. The
review article includes a summary of direct writing process characteristics and compares
mechanisms, deposit feature sizes, process speeds and material aspects. Following the scheme
of Hon and Hutchings?é, Zhang et al.®® reviewed in a similar manner direct writing technologies for
microelectronic applications one year later, including inkjet printing classified as a droplet-based

direct writing method.

Since 2010: From digital manufacturing of text and graphics to functional electrical
components, products, and applications in bioprinting

In 2010, Wijshoff published an excellent and detailed 100-page review article with 536 literature
sources on piezoelectric inkjet printing (graphic inkjet), including the historical development of the
inkjet technology, piezoelectric actuation details, fundamental considerations about channel
acoustics and drop and fluid wetting dynamics. This is one of the fundamental research articles
on inkjet printing, and complements the review article of Le et al.?> and the book of Pond?2.

In the same year, Derby' reviewed the current state of understanding of drop formation in inkjet
printing and the interactions between the deposited droplets and the droplets and the substrate.
He also introduced the well-known major inkjet technologies and basic considerations about
requirements for printable fluids.

Also in 2010, Yin et al.?® reviewed the application of inkjet printing for flexible electronics. The
authors focused on different materials and inks for flexible electronics. They also described the
well-known inkjet printing methods. However, the review article highlights electro-hydrodynamic
printing methods that use an electric field to eject droplets. This allows for deposits of much smaller
droplets volumes compared to traditional piezoelectric and thermal inkjet printing. Yin et al.®®
introduced several ordinary desktop inkjet printers that were used for functional printing
applications as well as dedicated functional inkjet printing systems.

Singh et al.”® provided a progress report in 2010 on recent developments in inkjet printing
technology for the manufacturing of electronic devices such as solar cells, transistors, memories
and sensors. Film formation processes and film uniformity were addressed in the article as well.
The authors predicted a strong future for inkjet printing as a flexible deposition process in the fields
of applied science and engineering.

In 2012, Zhu et al.”! presented recent advances in drug discovery, including assays of cells and

proteins, microarrays, biosensors, tissue engineering, and basic biological and pharmaceutical
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studies using inkjet dispensing. Here again, similar to the article by Lemmo et al.®? published about
14 years ago, the term “dispensing” is used instead of “printing”.

Two books entitted Inkjet Technology for Digital Fabrication> and Inkjet-based
Micromanufaturing™ were issued in 2012, and summarized the latest developments in the field of
functional printing. Cummins et al.”* provided a detailed literature survey of inkjet-printed
conductive materials for electronic applications. They demonstrated the application of various
types of conductive inks in inkjet printing and explained fundamental aspects, for example, the
basic principles of drop ejection modes and droplet impact and spreading.

Vaezi et al.”® provided a survey on 3D micro-additive manufacturing technologies. The basic
principles and the classification of inkjet printing was introduced. 3D printers and printed objects
based on the inkjet principle were presented employing UV curable or metallic ink formulations.
Recent advances in organic transistor printing processes were reviewed by Kang et al.”® in 2013.
This review provides an overview of various deposition technologies for the development of
transistors and does not specifically focus on inkjet printing. However, inkjet printing is introduced
as a direct writing technology for the deposition of semiconductor ink formulations and the
electrodes for transistors.

Komuro et al.”” summarized recent advances of inkjet-printed bio(chemical) sensing devices. A
variety of inkjet-printed sensor elements was introduced and advantages and challenges of the
inkjet technology for bio(chemical) sensing applications were discussed in detail.

Basaran et al.?” reviewed inkjet printing from a fluid mechanics perspective highlighting, as he
described “nonstandard” inkjet technologies along with field- or flow-induced tip streaming (maybe
better termed as “less common” technologies) and non-Newtonian fluids for printing.

In 2013, Castrejon-Pita et al.>* reviewed the major as well as the less common inkjet technologies
for the field of both graphical printing and functional printing. This review covered a wide range of
current issues and highlights inkjet printing as emerging next generation manufacturing technique.
Bioprinting based on inkjet technology was detailed reviewed in 2014 by Saunders and Derby?8.
They showed that thermal inkjet printing has been extensively employed in the area of bioprinting
despite the high operating temperature close to the heating element in the printhead. The printing
process seems to have only a minimal impact on the cell activity. Beside the bioprinting topic, they
also summarized fundamental aspects of inkjet printing. Seol et al.”® and Dias et al.8° published
quite similar articles on bioprinting technology and its application. They introduced the general
principles of the different bioprinting technologies including inkjet printing, and highlighted
research on cardiothoracic surgery and tissue engineering. Murphy and Atala®' also reviewed
bioprinting of tissues and organs providing an overview about several manufacturing strategies.

Inkjet printing was introduced as the main deposition and patterning technology for tissue
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bioprinting. Kuang et al.?? reviewed advances in precisely controlling droplets for high-resolution
patterns and 3D structures. Specifically, they focus on formation mechanisms resulting in different
droplet deposit morphologies, such as the well-known coffee-ring effect.

In 2015, a very high number of excellent review articles about inkjet printing was published, most
of them in the area of bioprinting. Chen et al.83 provided a recent overview of inkjet-printed
conductive tracks for printed electrics. Daly et al.8* introduced the main inkjet printing technologies
and their application for pharmaceuticals, indicating a recurring trend of functional printing towards
biotechnology and medicine. Ihalainen et al.8® provided a literature survey on printing technologies
for biomolecule and cell-based applications, specifically highlighting inkjet printing as one of the
most frequently applied and most promising methods for biomolecule and cell deposition. Shirazi
et al.®¢ summarized advances in 3D inkjet printing for tissue engineering. Li et al.®” provided a
detailed literature survey on biosensor fabrication using inkjet printing technology. They introduced
in brief the historical development of inkjet printing, its classification, and considerations about ink
formulations. Knowlton et al.88 reviewed bioprinting for cancer research, briefly introducing thermal
and piezoelectric inkjet printing. Yamada et al.?? discussed advances in the combination of inkjet
printing and paper substrates for the development of microfluidic devices.

Liu et al.?° reviewed inkjet printing synthesis of functional metal oxides and presented a variety of
applications. The focus of this article is on inorganic metal ink formulations, such as precursor or
nanoparticle systems. Choi et al.®’ reported on recent developments and directions in printed
nanomaterials for a variety of applications. They demonstrated that inkjet printing has been used
most frequently to deposit functional nanomaterials for wide-ranging applications. Sun et al.?
summarized several strategies to control the deposit morphology in inkjet-printed droplets in the
area of functional printing. The author highlighted the relevance of the deposit morphology for the
final performance of the printed layer or device. Stiiwe et al.*® provided an overview on the
application of inkjet technology in the field of silicon photovoltaics. Additionally, the authors listed
suitable industrial inkjet printheads for this field as well as inkjet printers for functional materials
deposition. Inkjet printing was used not only for the metallization, but also for the deposition of
light trapping structures and for doping. Mattana and Briand®* discussed recent advances in
printed sensor devices on flexible polymer films such as inkjet-printed photodetectors,
temperature sensors, IR detectors, accelerometers, humidity sensor, and many others.

The latest developments in inkjet printing as well as basics concerning the technology and related

processes are summarized in the book Fundamentals of Inkjet Printing'® issued in 2016.

In summary, this brief and certainly non-exhaustive historical overview of inkjet printing with a

particular focus on review research articles, has described the development from a coding and
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marking technology to a worldwide consumer market technology and finally to an industrial
materials deposition technology for various fields of application, ranging from electronics to 3D
printing and even to bioprinting. Inkjet printing is still increasingly attracting attention — not only in
the field of functional printing, but also in traditional text and graphics printing. This is due to some
key advantages of the inkjet technology over other printing methods and in particular traditional

printing technologies that were explained in Chapter 2.1.

2.3 Pattern and film formation in inkjet printing under the scheme of self-assembly

In inkjet-printed electronics, mostly 1-bit images are used as print layout files. Greyscale is rarely
used. Thus, the print pattern layout is defined by a grid of black and white pixels (px) in a defined
print resolution (usually provided as dots per inch, or short dpi).®> Each of the black pixels will
result in a single droplet ejected from the nozzle orifice of the printhead. The individual print dots
are arranged in a grid and usually have the same center-to-center distance (drop space sarop), the
same shape, and the same size.> Mainly standard image processing software well known from
graphic industry and in a few cases also CAD software or specific manufacturer platform software
are mainly employed for the preparation of print pattern layouts in the field of printed electronics.®®
The basic element in inkjet printing is a single droplet. It can be deposited simply by applying a
suitable waveform to the piezoelectric transducer. The principle of droplet coalescence (the
diameter on the substrate of the droplet darop = drop space sarop) is used for the development of
continuous films based on single droplets. Printing single droplets with overlap next to each other
allows for the formation of lines and rectangles or any other shape, termed as 1D or 2D films. 1D
films are characterized as having exactly one droplet in width. If the width is larger than one
droplet, 2D films are obtained.®®®” These different classifications are shown schematically in
Figure 6A-C. Figure 6D is a top view depicting the individual droplets of Figure 6A. The print origin
is marked with & and the deposition is performed in a line-by-line manner along the x-direction.
Figure 6E differentiates between lines deposited along the printing direction and perpendicular to
the printing direction, considering a sheet-fed mode. Assuming the usage of only one nozzle in
the given example shown in Figure 6E, the main difference between both line types is the
processing time and its influence on the deposit morphology. For example, printing a line
unidirectionally perpendicular to printing direction results in more movements of the axis system,
because a line feed is required for each droplet in y-direction. The deposition frequency between
the individual droplets deposited in the printing direction will be much higher than the frequency of

the droplets deposited perpendicular to the printing direction.®
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Figure 6: Overview and classification of print pattern elements; (A) deposition of single droplets
without droplet coalescence, (B) lines upon droplet coalescence with one droplet in width termed
1D films and (C) 2D films consisting of deposited droplet with coalescence in x- and y-direction;
(D) is a top view schematic of (A) indicating print origin, drop space sdrop and droplet diameter
ddrop, (E) shows the formation of lines differentiating between lines deposited along the printing
path and perpendicular to the printing path (unidirectional printing, for reasons of simplification a
printhead with only one nozzle activated is assumed for (E))

Printing starts at the print origin and the deposition of the droplets takes place usually in a
unidirectional manner by transferring the printhead over the substrate in x-direction. In y-direction,
the substrate is positioned relative to the printhead without depositing any droplets. The printhead
is in idle mode. Then, the deposition process starts again unidirectional in x-direction. Continuing
in this line-by-line approach, the pattern is developed. This raster-scan-based unidirectional
printing process is used frequently in functional printing (e.g., it is the standard of Fujifilm Dimatix
Printers) as well as graphic printing. Vector-based processing is also sometimes used in inkjet
printing, for example, in case of inkjet dispensers from Microdrop Technologies as well as
Microfab. However, the standard is the raster-scan method. In graphic printing, bidirectional raster-
scan printing is also sometimes applied to increase the process speed.%-%"

All of the above mentioned patterns — single droplets, 1D films, and 2D films — were studied
extensively in the field of functional printing. Most of the related research is based on simple
rectilinear pattern layouts that are preferentially orientated exactly along the printing direction

and/or perpendicular to the printing direction.
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It was found that inkjet printing of precisely defined, smooth, uniform, and patterned layers in both
small and large sizes is a big challenge for the field of printed functionalities.®® Considerable
research work has been done to study layer formation and influencing parameters in inkjet printing
by focusing on the pattern elements (i) single droplets®-1%4 (i) lines®:100.105-108 " gnd
(iii) rectangles®”119-112_ Soltman et al. studied in detail inkjet-printed line morphologies'® as well
as morphologies of rectangles using a single nozzle inkjet printer''®. The authors demonstrated
the importance of process optimization in order to obtain smooth, narrow, and straight line
characteristics by tuning the distance between neighboring droplets and the drop ejection
frequency'®, or to obtain well-defined rectangular pattern shapes by a dedicated print layout
development that includes an evaporative compensation''?. Thus, the print pattern layout is of
paramount importance for the inkjet printing process in functional printing.®® It will not only
influence the morphology of the deposits, but as a consequence also the functional performance

of the layer or the device.%113

The film formation of a printed droplet or layer is strongly influenced by the interaction between
substrate and ink. As a result of intermolecular interactions between the ink and the substrate, a
certain contact is formed between the liquid and the solid surface which is known as wetting.'4
How a printed liquid is wetting the surface of the substrate is usually characterized by its
equilibrium contact angle 8, which is the characteristic angle between the liquid/vapor interface at
the solid surface of the substrate (see Figure 7A).'514 The contact angle 6 is described by Young’s

equation and a function of three interphase surface tensions as shown in Equation 1':

cos @ = ZVL (Eq 1)

oLy

The three interphase surface tensions are represented by o and the subscripts SV, SL and LV
correspond to the solid-vapor, solid-liquid and liquid-vapor interfaces. A perfectly smooth and flat
surface is assumed. When a droplet of a liquid on a surface is sufficiently small, as in the case of
inkjet printing, the surface tension dominates over gravity and the droplet forms a spherical cap
shape.'® Different wetting behaviors of droplets as a function of their contact angle on solid
surfaces are schematically shown in Figure 7B. These different shapes will strongly influence the
deposit morphology in inkjet printing. To change the wetting characteristics of a surface, physical

or chemical substrate treatments methods can be applied.
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Figure 7: (A) liquid sessile droplet on a flat solid surface reaching its equilibrium contact angle 8 at
the three phase contact line, (B) different wetting behavior of droplets on solid flat surfaces
according to the contact angle, (C) two basic evaporation modes — constant contact area and
constant contact angle — for sessile droplets on solid surfaces (adapted and revised from Daly,
Jung and Talbot'5)

Obviously, smaller contact angles result in larger contact areas but lower droplet heights, and vice
versa. In addition, the droplets undergo different evaporation kinetics as a function of their surface
area. The highest surface area appears for the droplets having a low contact angle, and the lowest
for the spherical shape at high contact angles. As a consequence, evaporation processes of
nonwetting liquids will take longer than for wetting liquids (assuming the volumes are the same).!"®
Since the layer formation of a printed film is based on evaporation-driven material flows and self-
assembly, a change of the evaporation kinetics causes a change of the film formation process and
thus a change in overall film morphology and film functionality. The drying of a liquid is mainly a
diffusion-controlled process and basically a natural phenomenon that can be observed in our
everyday surroundings. It is also exploited in many technological applications such as inkjet
printing.’® The difference between the vapor pressure of the droplet liquid at the liquid/vapor
interface and the surrounding atmosphere is the main driving force for the evaporation process.
The liquid will evaporate when the ambient atmosphere is not fully saturated with the vapor of the
liquid. Thus, the evaporation process will proceed as long as a balance between the vapor
pressures is obtained. Since the surrounding air might be gradually saturated during the

evaporation of the droplet''®, the process becomes quite complex, especially for the field of inkjet
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printing where the deposition of the droplets takes place sequentially and in an space enclosed

by the printing system.

There are basically three modes of evaporation: (i) the constant contact angle mode, (ii) the
constant contact area mode, and (iii) the mixed mode where both contact angle and contact area
change.'” The two modes mentioned first are the pure modes of droplet evaporation, and are
schematically shown in Figure 7C. The contact area between liquid and solid remains constant
during evaporation, but the contact angle and thus the height of the droplets decreases for the
constant contact area mode. On the other hand, the contact area decreases during evaporation
of the droplets based on the constant contact angle mode, but the contact angle with the solid
substrate remains constant. The different evaporation modes as well as the different wetting
behaviors shown in Figure 7B and C will cause different transport mechanisms to assemble the
particles or molecules contained in the liquid.!8.119

There are two transport mechanisms that have been studied most frequently in the literature®:
(i) Capillary flows transporting liquids and molecules or particles from the center of the deposited
droplet towards the edge, where they accumulate due to a pinning of the three phase contact line,
and (ii) inward flows from the droplet edge to the center usually leading to central bump
deposits.'%98120 |t has been demonstrated that these two transport mechanisms are of high
relevance for inkjet printing as well as for other liquid direct writing technologies, since they define
the morphology of the printed layer and thus also its properties.®® Furthermore, these mechanisms
can be actively exploited to control the morphology of deposits, for example, to enable high-
resolution patterns.82.108

The first transport mechanism described above refers to the coffee-ring effect. It is one of the most
prominent phenomena in film formation of inkjet printing. It causes ring-shaped stains remaining
as deposits after solvent evaporation. They appear since the droplet solutes prefer to assemble
along the three phase contact line. If a droplet wets a substrate well and is characterized by a
pinned three phase contact line (corresponding to the constant contact area mode in Figure 7B),
the evaporation flux is highest at the droplet edge. Capillary flows transport further solvent and
solutes from the droplet center to the edge to replenish the lost solvent. The coffee-ring effect has
been well-described, observed, simulated, and sometimes also exploited for certain applications
many times in the literature82100.106.120-124 - However, most of the research in inkjet printing still
focuses on a suppression of the coffee-ring effect because usually homogenous film morphology
is desired rather than an inhomogeneous solute distribution. Strategies to suppress the effect
include, among others, usage of incomplete or non-wetting substrates to initiate a de-pinning of

the three phase contact line®, cooled substrates'®, addition of co-solvents such as high-boiling
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point solvents®25 and surfactants''6126, change of particle shape'?’, employment of evaporation

control masks'?® and electrowetting’2°.

The described transport mechanisms are in general not so important for the field of graphic
printing, because porous substrates are usually applied, limiting these phenomena. In addition,
the effect is mostly close to the resolution limit of the human eye. However, functional layers
addressing more than only the human visual sense usually require both a microscopic or
macroscopic texture and a well-defined nanoscopic structure at the same time. Whereas graphical
printing does not consider structures smaller than the resolution limit of human recognition,
structures on the micron and sub-micron scale are mostly essential for the performance of layers
in functional printing. The micro- and nanoscopic order of the functional elements is important for
the final functionality of the printed layer, and thus for the performance of the device, specifically
in the field of printed electronics. In general, two basic principles are known to manufacture
products, especially related to micro- and nanofabrication: Top-down and bottom-up.'3%13! Using
the top-down method, a desired structure or shape is obtained by “sculpting” (i.e., removing
physically or chemically piece by piece of a larger block of a base material).

Inkjet printing, however, is good example for bottom-up manufacturing. Small building blocks are
added piece by piece until the desired shape or structure is obtained. The building blocks are on
the one hand the droplets that are uniform and repeating, allowing one to print various patterns’s.
On the other hand, dispersed nano- and/or microscopic materials within the droplets can be
considered as building blocks as well (see Figure 8). They appear in a disordered state with
microscopic randomness, and usually represent the functional material that is required in
functional printing for certain properties such as electrical conductivity, semi-conductivity or
insulation. However, to form a certain functionality, the disordered state needs to change to a
higher order, for example, by taking advantage of physicochemical interactions of molecules or
particles. Finally, a macroscopic order originates from nano- and microscopic disorder.

The change from disorder to a higher order in inkjet printing is mostly based on the principle of
evaporation-driven self-assembly, since the functional building blocks in the droplets
autonomously and spontaneously organize themselves into patterns or structures upon solvent
removal. The process is driven by the aim to minimize the energy of the system. Free movement
of the particles is possible due to the ambient fluid. The assembly can be actively tailored by direct
specific interactions (e.g., inter-particle forces) and/or through the environment (e.g., by usage of
external fields, flows or templates). This allows a certain control over the process, and is usually
known as directed self-assembly'?4. Intrinsic characteristics of nanoparticles can be tailored by

varying, for example, their shape or surface charge, thus influencing the interactions between the
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particles. On the other hand, external fields, such as magnetic or electrical fields, or flow fields
(flow fields that are, for example, initiated by evaporation and capillary forces), can induce or guide

self-assembly processes.'?

Disordered state - Ordered state — micro
microscopic randomness and/or macroscopic
order

Ejected droplet :
Solvent — \
. . Higher-ordered
Inkjet printing to form a structures
higher order structure @
from a disordered state
Functional constituents *
nm...um scale I nm...um...mm scale I

Figure 8: Utilization of inkjet printing and the principle of self-assembly to form from a disordered
state with microscopic randomness of functional constituents deposits with higher order of the
functional constituents

The concept of self-assembly has been well-known in different fields of science for several
decades and has attracted increasing attention in nanoscience.'?4131-133 The term self-assembly
has been also frequently used related to inkjet printing for specific applications. However, |
propose a more global view regarding the understanding of functional inkjet printing. Functional
inkjet printing is mostly carried out on non-absorbent substrates. The aim of functional inkjet
printing is to deposit ordered patterns of molecular or nanoscopic building blocks which are
dissolved or dispersed in fluids. The evaporation kinetics of the inkjet-printed droplets are critical
for the film formation. The evaporation will define the position and assembly structure of molecules
and nanoparticles. Evaporation kinetics depend on, among others, the interaction of substrate and
ink. The interaction of substrate and ink will “shape” the deposit. Therefore, both evaporation
kinetics and substrate-ink interaction influence the self-assembly of the functional material building
blocks such as nanoparticles in the droplets. Different transport mechanisms will force nonvolatile
molecules and particles within the evaporating droplet to certain positions, where they assemble
and form in part rigid agglomerates.®® The deposits formed by evaporating droplets which contain
nanoparticles on non-absorbent and rigid surfaces are highly variable. This variability can range

from uniform patterns’* to ring-like patterns via the coffee-ring effect'??, central bumps'?%, and
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inner coffee-ring deposits'3®, or a number of further patterns in betweené. In most cases, uniform

pattern deposits are preferred in functional printing.®®

(Parts of this chapter are published in reference %, reference %, and reference %)

2.4 Inkjet printing of colloidal nanospheres

Inkjet-printing of organic or inorganic colloidal spheres is a comparably young research discipline
dating back to the early part of the last decade. The state-of-the-art is covered in substance by
the research works of Jungho Park and Jooho Moon'3#136-138 The colloidal spheres used are
mostly in the range of 100 — 600 nm. They are termed differently in the literature, among others
microspheres or nanospheres. Taking into account the size range, nanospheres is a more
appropriate term that will be used in this thesis. In principle, two main strategies for the inkjet
printing of nanospheres can be derived: (i) fundamental research to investigate determining
factors of self-assembly processes, and (ii) application-driven research attempting to obtain highly
defined colloidal assemblies with photonic properties.

In 2004, Ko et al.’8 did initial studies on inkjet printing of silica nanospheres using substrates with
different wettabilities. Single droplets were deposited, serving as a template for the self-assembly
of the contained nanospheres upon evaporation. They could develop colloidal deposits with
hemispherical shape on substrates causing low wettability with the ink. In 2005, the photonic
properties of the hemispherical deposits were investigated by Wang et al.'36. Here, polystyrene
(PS) nanospheres were employed. In 2006, Park et al.'** studied the influence of the ink
composition on the self-assembly of silica hanospheres by adding low boiling point solvents to the
aqueous dispersion. Park et al.”*” also presented a detailed investigation on photonic properties
of printed colloidal hemispherical assemblies as a function of the nanosphere size. In 2008,
Perelaer et al.'®® reported on inkjet printing of silica nanospheres with an emphasis on the
particular contact line behavior of the spheres as a function of their size. Cui et al.’® demonstrated
in 2009 for the first time large-area patterned inkjet-printed colloidal assemblies of nanospheres
with photonic properties. Specialized core-shell nanospheres were developed. Upon evaporation
of the solvent, self-assembly processes form ordered assemblies of nanospheres with very high
packing densities due to the “paint-on effect” caused by the soft nanosphere shells. The
application of different particle sizes resulted in patterned assemblies with different stop bands. In
2010, Biswas et al.' investigated in-situ the dynamics of inkjet-printed colloidal droplets on
different substrates. PS nanospheres were used as a model system to simulate the behavior of

quantum dots for application in photovoltaics. Already in 2012, responsive inkjet-printed photonic
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layers in the centimeter scale were shown by Wang et al.*' and microfluidic chips with inkjet-
printed photonic crystals for protein detection by Shen et al.'2. The hemispherical colloidal
deposits initially developed by Ko et al.’®® in 2004 had a revival about one decade later due to the
research by Kuang et al.'3. They applied the inkjet-printed hemispherical crystals for wide
viewing-angle displays in the centimeter range. Finally, multicolor vapor-responsive photonic

crystal patterns by inkjet printing were demonstrated by Bai et al.'** at the end of 2014.

As demonstrated by the state-of-the-art research works, printing of nanospheres can result in
deposits with photonic properties. These deposits are called colloidal photonic crystals, and opals
are considered to be their prototypes.’#>146 Colloidal photonic crystals are artificially structured
objects consisting of periodically arranged nanospheres which result in repeating regions of low
and high dielectric constants. These structures allow a modulation of electromagnetic waves which
can be exploited to control the propagation of light. Photonic band gaps arise due to the
periodically repeating regions of low and high dielectric constants leading to interference of
electromagnetic waves from the dielectric lattice and prohibiting the propagation of certain
electromagnetic wavelengths.'#” A theoretical approximation for the wavelength A of the reflection
peak of a photonic crystal (under normal incidence) can be made based on Braggs law with

Equation 2148-151;

1

A= (g)E cdp - (np? - 0.74 + 1,2 - 0.26)2 (Eq 2)
In Eq 2, dpis the diameter of the nanospheres, npis the refractive index of the nanospheres, na
the refractive index of the voids (i.e., ambient air) between the nanospheres, and 0.74 and 0.26
are the assumed volume fraction values for the nanospheres and the voids, respectively. The
volume fraction depends on the packing density of the nanospheres. Usually, a hexagonal or face-
centered cubic (fcc) order is assumed for the self-assembled colloidal photonic crystal structures.
The fcc order is considered to be the most energetically stable structure for colloidal crystals.'52
The packing density po fcc Of a fcc order is given in Equation 3'%3:

Pp_fcc = L (Eq 3)
342

The theoretical interplanar spacing D411 for the (111) planes in the fcc lattice (representing the
lattice constant) of the colloidal photonic crystal can be calculated with Equation 4:
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Dlll = ’% - dp (Eq 4)

(Parts of this chapter are published in reference 1% and reference 1°)

2.5 Spherical colloidal assemblies

The development of assemblies with a spherical micro- or macroscopic morphology consisting of
highly ordered spherical nanoparticles has progressed significantly during recent years.'56.157 After
the pioneering work of Velev et al.'® in 2000, many publications appeared using different methods
to prepare spherical colloidal assemblies (SCAs). Figure 9A and B exemplarily show an inkjet-
printed SCA of nanospheres from the top and as side view. The typical structure of the SCA with
an fcc order of the nanospheres is shown schematically in the model of Figure 9C. The number of

constituent nanospheres N in an fcc order of a SCA can be approximated with the Equation 5:

V=) o s

The quantity ds represents the diameter of the SCA. SCAs became an interesting and promising
topic of basic science and applied research, aiming for complex structures with high packing
density and surface-to-volume ratio, as well as photonic components, especially in sensor
applications.’®*15 Recently, two review articles about SCAs were published by Wang and Zhu'6°
and Zhao'%8. They demonstrate the current interest for the topic and present the research progress
made based on numerous fields of application, such as displays, sensors, barcodes and cell
culture micro-carriers.

However, although there has been a significant progress due to the usage of microfluidics for the
generation of droplet templates forming the SCAs, there is still a need for simple mass-production
methods enabling a bulk generation of the SCAs."541%6

A variety of bottom-up approaches based on self-assembly for the preparation of the SCAs have
been reported. They are considered to be the most simple and economical methods for the
manufacturing of SCAs compared to top-down approaches.'*® Most of the bottom-up approaches
based on self-assembly are emulsion-based processes where SCAs are formed by arrangement
of particles inside droplets emulsified in liquid media. This class of approaches is called wet self-
assembly (WSA) and shown schematically in Figure 9D. Besides WSA, dry self-assembly (DSA)
methods are described, in which droplets with colloidal nanoparticles are dispensed on non-

wetting solid surfaces.'®! The dispensed droplet forms a spherical shape, and the shrinking droplet

29



upon evaporation serves as a template confining the containing nanospheres.’®* Finally, the
nanospheres are aggregated into a SCA due to symmetrically compressive capillary forces as
depicted in Figure 9E.'®" This configuration is stabilized by van der Waals forces. The major
drawback of the WSA methods is the long processing time that has been addressed by several
researchers.’%2163 Although very fast consolidation times of colloidal nanoparticles inside droplet
templates were reported recently by Gu et al.'®4, the consolidation in WSA usually requires tens
of minutes up to several hours.'®5 In addition to the consolidation time, demulsification processes

to extract the SCA out of the remaining liquid are considered to be quite challenging.'5+161

Evaporation of
droplet liquid (1)

Particle
aggregation
during liquid (1)
evaporation

Liquid (1)

Liquid (1) with
dispersed
particles

Substrate with
nonwetting behavior
towards dispensed

Liquid (2) fluid (E)

(D) Liquid (1)

Figure 9: Examples of SCA by inkjet printing on solid substrates: (A) top view and (B) side view;
(C) is a model of the SCA showing the arrangement of the nanospheres within the SCA; (D) and (E)
depict schematically two basic concepts applied for the manufacturing of the SCA: (D) WSA
method and (E) DSA method

WSA methods require an expensive experimental setup, for example, emulsion-assisted
technologies and ultrasonic or microwave support to optimize and accelerate the particle
consolidation.’ With respect to industrial applications, DSA approaches are considered more
promising.’®' The major disadvantage of the DSA methods is the strong dependence on the
surface properties of the substrate on which the colloidal dispersion is dispensed. Basically, the

interaction between the colloidal dispersion and the substrate defines the morphology of the
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deposit and thus, whether or not SCAs can be prepared. However, DSA methods do not require
ulterior process steps such as demulsification to extract the SCAs out of a liquid (see Figure 9D,
liquid (2) in case of the WSA approach).’® And DSA methods do not need any expensive
experimental setup — for example, emulsion-assisted technologies and sometimes additional
ultrasonic or microwave equipment to optimize the nanoparticle aggregation structure and to
accelerate the nanoparticle consolidation. 54166

A few methods based on spray drying have been demonstrated as well."8”-'"" In principle, these
methods can be considered as DSA approaches (these methods are not considered in the WSA
and DSA classification provided by Rastogi et al.'®'). However, there is no dependency anymore
on the substrate since the evaporation takes place during the flight of the droplet. Interestingly,
only a few publications are based on this simple approach. However, one has to admit that the
droplet path length for the evaporation is usually quite long (e.g., about 2 m) as stated in the
research work of Zhokhov et al.".

Inkjet printing technology was applied in 2009 for the first time to manufacture SCAs. Cho et al.’®3
ejected toluene droplets containing PS nanospheres into an aqueous solution of emulsion
stabilizer. The particles were self-assembled and consolidated inside the toluene droplet, and
finally demulsified under stirring at 100 °C for 1 hour. Therefore, the basic method of this approach
is WSA."®* Similar procedures are reported by Zhao et al.'® using microfluidic devices as a
preparation method for SCAs. An ultra-micro pipette was utilized by Rastogi et al.'®" and Marin et
al.’”? to dispense aqueous colloidal suspensions on superhydrophobic surfaces based on the
principle of DSA. Anselmann et al.'”3'7# applied a spray device in combination with a suitable
(presumably hydrophobic) surface for developing SCA. However, inkjet printing of SCAs based
on the DSA method has not yet been reported.

(Parts of this chapter are published in reference ', reference '>* and reference 17°)

2.6 All-inkjet-printed thin film transistors

Printing of organic TFTs has been one of the major research topics and drivers behind research
in the area of printed electronics for many years.”® One of the reasons is that transistors are basic
components for integrated circuits and switches, and thus form the basis for most of the electronics
(and especially consumer electronics) available today.'”® Transistors are considered to be one of
the most important electronic devices and were the key enabler of the digital revolution.”6.176.177

Most of the research in the field of printed electronics has been done on field effect transistors

with organic semiconductors. Field effect transistors have a semiconductor layer separated by a
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dielectric from the gate electrode. Source and drain (S-D) electrodes are separated from each
other by a distance L, described as channel length. They are in contact with the semiconductor
layer and inject and collect charges. The presence of an electric field controls and modulates the
conductivity of the semiconductor layer in the channel between the S-D electrodes. By applying
different voltages to the gate and the drain electrode, the electric field is generated, inducing and
accumulating charge carriers at the semiconductor-dielectric interface and forming a conducting
channel due to semiconductor band-bending. The number of charge carriers is a function of the
voltage applied to the gate electrode and the capacitance of the transistor, which is mainly
influenced by the dielectric thickness and dielectric constant. The type of charge carrier (electrons
or holes) depends on the semiconductor material and whether the voltage applied to the gate is
positive or negative. Thus, the transistor is “off” when no voltage is applied due to the low intrinsic
conductivity of the semiconductor, and turns “on” upon voltage application.'78-180

A TFT which is working well should have high output currents and low leakage currents, fast
frequency of operation, and high ratio of currents between the on and off states. Leakage current
is characterized as a small current flowing through the gate dielectric. Basically, this parameter
defines the ratio of the current in the TFT “on” state (lon) and the TFT “off” state (lorr).® All of
these desirable parameters are influenced by the mobility of the organic semiconductor, which is
defined as the averaged charge carrier drift velocity per unit of electric field. 8

It becomes clear from the provided basic description of the operation principle that organic TFTs
based on the field effect are interfacial devices. Their performance strongly depends on the
interplay between the dielectric and the semiconductor surface which is still — about three decades
after the introduction of organic field effect transistors — not yet fully understood.® However, the
intensive research during the last decades has contributed greatly to the scientific understanding
of fundamental charge transport principles and the improvement of semiconductor materials, as
well as their interface; which in turn has led to an improved device performance of organic
transistors, sensor, solar cells and light-emitting devices.8?

The idea behind manufacturing TFTs by means of printing technologies (and thus, based on
solution-processing) has been attracting many researchers during the last decades.”®'76 Printing
technologies are considered to be a promising alternative to conventional lithography due to their
characteristics, such as high-throughput, large area, and low-cost production.'” Among the
different printing technologies, inkjet printing as a method with the highest degree of digitization
dominates the research activities on printed TFTs.'8318 There are numerous publications
available on inkjet-printed TFTs using different materials, different architectures and different inkjet
technology platforms.'”® However, in most of the publications only some of the layers are

deposited by inkjet printing while others, such as the dielectric and/or the semiconductor, are spin-
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coated, or electrode layers are evaporated.’0'.176.185-200 |n contrast, the number of scientific
publications reporting about all-inkjet-printed TFTs and demonstrating the entire process chain is
very low.201-213

Although all-inkjet-printed TFTs have been demonstrated for many years, the viability of the inkjet
printing process for the manufacturing of printed electronics and specifically of TFTs was
considered to be unclear and is still under discussion.?3176.183 Several reasons for this uncertainty
were identified, including (i) pixelation issues due to the inkjet-inherent droplet-by-droplet
approach, (ii) complex drying phenomena, (iii) drop placement accuracy, and (iv) concerns about
yield when doing up-scaling to allow higher printing speed, among others."”® While many
researchers have studied pixelation and drying effects in inkjet printing, the issues of drop
placement accuracy and especially of yield for printed electronics remain poorly addressed.
Pixelation issues in inkjet printing and corresponding effects of drying or post-processing were
discussed by Diaz et al.'®, Soltman et al.'°, Ramon et al.?'4, and Hammerschmidt et al.25216,
among others.'”® The study of drying dynamics of inkjet-printed droplets on solid surfaces and the
resulting deposit morphology has also been widely researched.?®:140.217-219 The improvement of
droplet placement accuracy is an important task for printhead manufacturers.'”® Drop placement
accuracies of less than 5 ym across the printhead were already reported in 2010 by Reinhold et
al.?20, using Xaar 1001 piezoelectric inkjet printheads. The droplet placement accuracy depends
on many parameters, such as nozzle straightness, jet-to-jet variation, droplet velocity, nozzle and
surface wetting, ink formulation, and of course, largely on the distance between nozzle and
substrate.’*176 With regard to this last consideration, the lower the distance, the higher the
accuracy.’® In general, a 2 mm to 3 mm stand-off distance is used for piezoelectric and thermal
inkjet printing in the area of graphic printing.'37¢ However, paper is usually applied as a substrate
in the graphic industry. This is very rough on its surface compared to the plastic films that are
mostly employed in printed electronics.'”® Therefore, the nozzle-to-substrate distance can be
decreased remarkably in printed electronics to 1 mm or even less, as long as the substrate
movement is sufficiently accurate.’”® This lower distance between printhead and substrate will
increase the droplet placement accuracy. Concerns about yield when doing up-scaling in inkjet
printing are probably the most important aspects to be discussed in the following. Up-scaling in
inkjet printing is done by increasing the number of nozzles either (i) by using a printhead providing
more nozzles, for example, due to the nozzle arrangement in multiple lines, or (ii) by forming arrays
of multiple printheads.'”® However, increasing the number of nozzles makes the process even
more challenging with respect to the process reliability.?417¢ Finally, this reliability will define if
inkjet printing is a viable manufacturing process on an industrial scale for printed electronics, and

specifically, TFTs. Up-scaling and reliability of the inkjet printing process for TFTs has been rarely
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addressed in the literature.'”® Abbel et al.??' demonstrated an up-scaling strategy for the inkjet
deposition of silver lines, ranging from small-scale laboratory equipment to pre-industrial scale
equipment. However, vyield issues are not addressed.'”® Kim et al.?%* indicated that the
manufacturing yield of the all-inkjet-printed TFTs with a simple one-channel layout is about 75 %
for 160 TFTs deposited on 20 mm x 20 mm. The deposition was done with a single nozzle inkjet
system. Recently, we have demonstrated the up-scaling of all-inkjet-printed capacitors and all-
inkjet-printed TFTs.2'? Yields up to 70 % were obtained for the all-inkjet-printed TFTs. For the first
time, industrial inkjet printheads were used along with laboratory printheads for the manufacturing
of TFTs with a complex interdigitated S-D electrode design.?'?

In this respect, state-of-the-art of inkjet-printed TFTs is still the manufacturing of only a few TFTs
with a very simplistic layout on small areas using laboratory-grade inkjet equipment.’”® An example
is shown in Figure 10, which depicts five printed TFTs with a simple one-channel layout. This
approach does not allow for the consideration of the process yield or any detailed statistical

evaluation of the characteristics of the transistors.!7®
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Figure 10: Image representing exemplarily the state-of-the-art of all-inkjet-printed TFTs: (A)
photograph showing four printed TFTs on flexible polymer substrate and (B) is a magnified
section depicting a TFT with a simple one-channel design (adapted from '76)

(Parts of this chapter are published in reference '76)
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3 Experimental section

3.1 Inkjet printing systems and accessories

Printed nanospheres and photonics

Deposition of the colloidal nanosphere ink formulations was carried out with a laboratory Dimatix
Materials Printer 2831 (DMP 2831, Fuijifilm Dimatix). The DMP 2831 was equipped with laboratory
cartridge printheads with a 10 pL nominal droplet volume and a silicon nozzle plate with a non-
wetting coating. Standard Dimatix Materials Cartridges (DMC) were employed as reservoirs for
the ink formulations. The printheads have 16 square-shaped nozzles arranged in a single line,
each with an edge length of about 21.5 ym (the commonly used term is nozzle diameter — although
the nozzle has a square shape in this case). The center-to-center distance between the nozzles

is 254 um, resulting in a native print resolution of 100 dpi. The inside of the printer and details of

the DMC are shown in Figure 11.
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Figure 11: (A) image of the inside of the inkjet system DMP 2831 with installed DMC printhead and
(B) the DMC consisting of fluid module and printhead (adapted from 222); the insets are
microscopic images of a section of the nozzle plate with the square-shaped nozzles

An increase of resolution can be done by changing the sabre angle of the printhead with regard
to the deposition process. The DMP 2831 was applied in both single nozzle and multi nozzle
mode. The distance between the nozzles and the substrate was maintained at 1 mm during

printing. All printings were performed in ambient conditions (specifically, laboratory conditions
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were 22.5 1+ 0.8 °C room temperature and 22 + 3 % relative humidity). The DMP 2831 has a built-
in stroboscopic drop watcher to allow for the determination and optimization of the droplet
formation process by adjusting the waveform applied to the piezoelectric transducer. The design
of a complex polar waveform with the DMP 2831 is fully flexible due to the user-controllable
variation of the pulse shape (i.e., voltage, time duration for dwell time, rise time and fall time) and
frequency. By default, the printing process is unidirectional. The printhead is transferred over the
substrate in x-direction (see Figure 11). Thus, deposition in x-direction is described as deposition
in printing direction. The angle B defines the orientation of the print pattern towards the printing
direction. For example, if the long edge length of a rectangle is oriented in printing direction, then
B = 0 °. The substrate table of the printer transfers the substrate in y-direction and thus
perpendicular to the printing direction in order to begin the deposition process on a new line.
Therefore, if the long edge length of a rectangle is oriented perpendicular to the printing direction,
then B = 90 °. The print image is built up drop-by-drop and line-by-line. The distance between

substrate and printhead can be varied by moving the cartridge carriage in z-direction.

Printed electronics

Deposition of functional ink formulations for the manufacturing of TFTs was carried out with the
DMP 2831 as previously described, as well as a Dimatix Materials Printer DMP 3000 (DMP 3000,
Fujifilm Dimatix). Figure 12A shows the inside of the DMP 3000. The DMP 3000 was equipped
with industrial Fujifilm Dimatix SE3, Fujifilm Dimatix SX3, and Fujifilm D-class D-128/10 DPN
printheads, respectively. All the printheads have a silicon nozzle plate with a non-wetting coating.
Standard DMC cartridges can be also used with the DMP 3000. The SE3 has 128 nozzles
arranged in a single line with a nozzle diameter of 42 um. The nominal droplet volume is 35 pL.
508 um is the center-to-center distance between the nozzles, resulting in a native resolution of
50 dpi.??® The SX3 has 128 nozzles arranged in a single line with a center-to-center distance of
508 um as well, but a nozzle diameter of 27 ym. The nominal droplet volume is 8 pL.22* The SX3
and SE3 printheads are designed for high throughput printing of functional fluids according to
industrial inkjet standards. As shown in Figure 12B-E, the printheads were mounted on the main
assembly plate which was built up on a printhead carrier and connected to a stainless steel ink
development reservoir (capacity of about 9 mL) with a heater-thermistor assembly (all parts from
Fujifilm Dimatix). Each printhead required its own printhead carrier. The D-128/10 printhead was
mounted on an H-shaped D-class printhead latch assembly kit from Fujifilm Dimatix, also
containing a reservoir and a built-in heater-thermistor assembly. The D-128/10 printhead has 128

nozzles and a center-to-center distance of 254 ym. The nozzle diameter is 21.5 um, resulting in a
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nominal droplet volume of 10 pL.22> The DMP 3000 has relatively similar features as the

DMP 2831, but of a higher quality and performance standard.?26:22

rinthea ozzle Developmen
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Figure 12: (A) image of the inside of the inkjet system DMP 3000; (B)-(E) show images of the

printhead assembly required for the use with industrial inkjet printheads; (B) is the main assembly

plate with the mounted printhead, (C) the printhead carrier with installed printhead as bottom view,

(D) the printhead assembly with ink development reservoir on the back and (E) the installed
printhead assembly in the cartridge carriage of the DMP 3000

Both DMC printheads and different industrial inkjet printheads can be used with the same printer,
which is an important benefit for the development of printed TFTs. For example, it allows one to
choose different droplet volumes according to the selected printhead. However, the assembly,
installation, and preparation procedure of the jetting assemblies with industrial printheads is quite
complex and time consuming compared to the simple handling of the DMC system.

The distance between the nozzles and the substrate was maintained at 1 mm during printing. All
printings were performed in ambient conditions. The printing process is unidirectional. In contrast
to the DMP 2831, the table with the substrate is transferred under the printhead in x-direction (i.e.,
printing direction, see Figure 12A) and the printhead is transferred perpendicular to the printing
direction in order to start the deposition process on a new line. The print image is generated drop-
by-drop and line-by-line in a similar manner as for the DMP 2831.

All the specifications of the printheads used are listed in Table 2.
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Table 2: Specification overview for the used printheads based on Fujifilm Dimatix data sheets??>
226,228 and accessories price list from 201122°

Printhead DMC-11610 SE-3 SX-3 D-128/10 DPN
printheads

Nominal
droplet volume 10 35 8 10
Nozi

ozzle
diameter [um] 21.5 42 19 215
Number of 16 128 128 128
nozzles [#]
Nozzle spacing
[am] / print 254 /100 508 /50 508 / 50 2547100
resolution [dpi]
Maximum
voltage [V] 40 138 138 40
N Silicon with non- Silicon with non- Silicon with non- Silicon with non-

ozzle plate . . . . . . . .

wetting coating wetting coating wetting coating wetting coating

Compatible Water, organic Water, organic Water, organic Water, organic
otting fluids solvents, UV inks, | solvents, UV inks, | solvents, UV inks, | solvents, UV inks,
Jetting oil ink oil ink oil ink oil ink
Optimal fluid
viscosity range 2-30 10-14 10-14 2-30
[mPa-s]
Dimatix
printing system Dhgiﬂgsggoznd DMP 3000 DMP 3000 DMP 3000
compatibility
Unit price 66.5 (including
[USD] cartridge) 3000 7000 1950

3.2 Inks and substrates

Printed photonics

Different commercially available colloidal nanosphere suspensions were used as a base for inkjet
inks. The commercial master suspensions contain (i) highly monodisperse organic PS nanosphere
particles with anionic, hydrophobic surface or (ii) inorganic silica (SiO2) nanospheres with non-
functionalized polar hydroxyl surface groups (Si-OH) suspended in water. The colloidal inks were
obtained from Polysciences (Warrington, PA, USA; abbreviated PSC221), BS-Partikel GmbH
(Wiesbaden, Germany, abbreviated BS305), Duke Scientific (Palo Alto, CA, USA; abbreviated
DS300) and Bangs Laboratories (Fishers, IN, USA; abbreviated: BL280). The colloidal ink BL280
containing 10 wt% SiO2 nanospheres was diluted in deionized water (16 MQ-cm) to 4 wt%, 2 wt%
and 1 wt% solids content. A binary suspension in which SiO, and PS nanospheres were dispersed
was prepared by mixing identical quantities of the 2 wt% BS305 PS suspension with the 2 wt%

BL280 SiO, suspension under ultrasonic treatment. Formamide (boiling point: 210 °C, surface

38



tension: 58.9 mN/m, vapor pressure: 0.07 mmHg at 25 °C) and diethylene glycol (boiling point:
245 °C, surface tension: 44.4 mN/m, vapor pressure: 0.006 mmHg at 25 °C) were added to BS305
in different quantities to vary the boiling point of the suspension. The size of the nanospheres was
provided by the manufacturers and was additionally proven by SEM. A DataPhysics OCA20
(DataPhysics Instruments GmbH, Filderstadt, Germany) contact angle measurement system in
pendant-drop mode was applied to determine the surface tension of the suspensions. A Zetaview
system from Particle Metrix® (Particle Metrix GmbH, Meerbusch, Germany) was employed to
investigate the zeta potential ¢ and the electrophoretic mobility ye of the nanospheres in the
different ink formulation. The pH value was determined with universal indicator paper (Munktell,
Barenstein, Germany and Macherey Nagel, Diren, Germany). A summary of the used colloidal

suspensions and their characteristics is provided in Table 3.%8

Table 3: Characteristics of the colloidal nanosphere suspensions used for the experiments®:154

Manufacturer Polysciences BS-Partikel I.JUk? . Bangs . C_ustom-_made
Scientific |Laboratories | binary mixture

Abbreviation PSC221 BS305 DS300 BL280 BS305 & BL280

Nanosphere PS PS PS SiO; PS & SiO2

material

Nanosphere 305 £ 8 (PS),

diameter [nm] 221 £ 17 305+8 3005 2807 280 + 7 (SiO2)

Nanosphere 1.05 (PS),

density [g/cm?] 1.05 1.05 105 1.96 1.96 (SiO2)

Refractive index 1.59 (PS),

(at 589 nm) 1.59 1.59 1.59 1.37 - 1.46 1.37-1.46 (SiO2)

Solids content

[Wt%] 2.6 2.0 0.1 10 2

Surface tension | 44 4,5, 46.8+0.8 57.3+09 | 60.8+13 56.2 + 1.2

[mN/m]

Electrophoretic

mobility -24+09 -40+1.2 Not available -3.1+x1.5 -3.7+11

[(um/sec)/(VIicm)]

%;5') potential 34 £13 51£15 | Notavailable | -39 £ 19 47 £13

pH value 7.0+0.2 7.0+£0.2 7.0+£0.2 7.0+£0.2 7.0+£0.2

Solids content

used for printing 2.6 15;2 0.1 4;2;1 2

[wt%]

Development of Yes Yes No Yes Yes

SCAs

b The measurements with the Zetaview system were performed at the Department of Physical Chemistry at Technische Universitét
Chemnitz together with Dr. Steffen Hemeltjen (head of the department: Prof. Dr. Werner Goedel).
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All the prepared inks were treated ultrasonically for about 3 — 15 minutes before printing. No further
filtering process as it is usual for inkjet printing was carried out, since the particles are
monodisperse and ultrasonic treatment was applied to re-disperse and re-agglomerate them.%
Different waveforms were developed for each of the inks. The waveforms will be presented in the
Chapter 5.2.

Coverslip glasses (18 mm x 18 mm and 20 mm x 20 mm; thickness 0.145 + 0.015 mm, purchased
from VWR Scientific, Dresden, Germany) served as substrates for the printing process and were
treated with different methods. The following treatments were applied to vary the surface energy
of the coverslip glasses, and thus the contact angle of a sessile droplet of water with the glasses:
(i) “untreated”, only cleaned with ethanol, (ii) hexamethyldisilazane (HMDS) treatment, (iii)
octadecyltrichlorosilane (OTS) treatment®, (iv) surfactant treated (based on anionic surfactants),
and (v) corona treatment. The contact angle on all surfaces was determined with pure deionized
water droplets (resistivity about 16 MQ-cm) using the DataPhysics OCA20 system in sessile-drop
mode. Table 4 summarizes the results of the measurement. The surfactant treatment and the
silane treatments were done in a chemical bath according to known methods. A corona treatment
was performed using an Arcotec corona generator CG061-2 (Arcotec GmbH, Monsheim,

Germany) with a high voltage discharge of 2.3 kV.%8

Table 4: Measured contact angles of sessile deionized water droplets on the differently treated
glass surfaces'%

Corona Surfactant untreated HMDS OTS
treatment treatment treatment treatment
Contact angle [°] <10 <10 67.7+27 787+15 100+5

Printed electronics

Many commercially available silver ink formulations designed for inkjet printing were used. They
are listed with their characteristic properties mostly provided from the product data sheets in Table
5. The costs were calculated based on quotes provided by the ink manufacturers to Technische
Universitat Chemnitz for 100 mL or 100 g of the inks. The main ink used is in this dissertation is
Sun Chemical EMD5603. All the ink formulations except Jet-600C from KS Hisense are silver

nanoparticle inks which are typically used in the field of printed electronics.

¢ The HMDS and OTS treatments were partially done at the Department of Physical Chemistry at Technische Universitdt Chemnitz
by Dr. Susann Ebert (head of the department: Prof. Dr. Werner Goedel).
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Table 5: Overview of the printed commercially available silver inks and their characteristics
according to the corresponding product data sheets provided by the manufacturers; costs are
calculated based on quotes provided to the Technische Universitidt Chemnitz for 100 mL or 100 g
of the silver ink formulations

. . Surface Costs
Solids | Particle |,,. . .
. Viscosity | tension [€/mL]
Manufacturer Ink content size Solvents
[Wt%] [nm] [mPa-s] [mN/m] or
[€/9]*
Advanced ANP DGP Triethylene glycol
Nano Product | 40LT-15¢ | 39—3° <50 10-17 | 35-38 | onoethyl ether 7.5
1,3-propanediol,
Bando 0J30-1 1-40 15-20 5-15 20 -40 glycol, glycerin, 45
water
Bando 0311 | 35-45 | 15-20 | 6-10 | 25-30 | Clveoh diycerin 45
Bayink - Not - _
Bayer TPS C 20 available 10.6 23.3 Water 11
Cabot CSD-32 45 - 55 <60 50 — 100 Ethylene glycol 6.5*
::K’.ar";"mfer Ag-LT-20 ~20 <80 8- 12 32-38 Water 16.5
Genes’Ink CS01121 20 <10 10-16 24 - 30 Alkane, alkohol 10
n-Tetradecane,
. - - - Not petroleum *
Harima NPS-JL 55 7 11 available hydrocarbon, 6.6
napthen
. Not *
KS Hisense Jet-600C 10-30 available 7-10 27 -29 alcohol 2.6
Methode 9102 - - ~3.5 31-33 Water 9.1
. Metalon
Novacentrix JS-B25HV ~25 ~ 60 ~8 30-32 Water 3.7
1125EGE- _ _ Not Not Ethylene glycol,
PVnanocell 100 20-30 70-115 available available ethyl alcohol 53
Ethylene glycol,
1125EGD- Not Not -
PVnanocell 101 20-30 | 70-115 available | available dipropylene glycol 5.3
methyl ether
PVnanocell I30EG-1 ~ 30 70 -115 ~ 28 ~ 47 Ethylene glycol 5.3
Tripropylene glycol
Not Not methyl ether,
PVnanocell I130TD-102 28-32 | 70-115 available available | dipropylene glycol 5.3
methyl ether
Tripropylene
PVnanocell 150T-11 48-50 | 70-115 ~24 ~28 glycol monomethyl 5.3
ether
. Suntronic .
Sun Chemical EMD5603 ~20 30-50 7-14 27 - 31 Ethanediol, ethanol 7
Suntronic Not Ethanediol, ethyl
Sun Chemical EMD5730 ~40 available 10-13 27 - 31 (S) -2-. 20.9
hydroxypropionate
Not
UTDots UTDAgIJ1 55-60 ~10 5-30 available Hydrocarbons 12.7
- - Not Decahydro- «
Xerox XCM-NS32 32 <12 3 available naphthalene 6.2

Cross-linked poly-4-vinylphenol (cPVP, PVP ordered from Sigma Aldrich, Mw about 25000) was
mainly applied as dielectric material. The ink formulation was prepared by dissolving 0.9 g of PVP

in 10 mL of propylene glycol monomethyl ether acetate (PGMEA) at room temperature, supported
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by magnetic stirring for 3 h. Poly(melamine-co-formaldehyde) methylated (PMFM, from Aldrich,
Mn about 432, 84 wt% in 1-butanol) was added as a crosslinking agent by stirring for 2 h. The
ratio of PVP to PMFM was 5:1. Before printing, the dielectric inks were filtered with a 0.2 ym
syringe filter.'”®
Besides the cPVP, the following dielectrics were used:

= Sun Chemical EMD6415

= Tritron Hyperion Black ProWet

= Tritron V Photon Clear NonWet

Sun Chemical EMD6415 is a clear, UV curable dielectric ink based on acrylates designed to match
up with the EMD5603 silver ink in terms of wetting and spreading when printing on top of each
other. It was developed by Sun Chemical for applications in the field of printed electronics. The
two Tritron ink formulations are also UV curable (based on the principle of radical polymerization),
and mainly consist of acrylates. According to the datasheet, the Tritron Hyperion Black ProWet
has a viscosity of about 24 £ 1 mPa-s and a surface tension of 23 £ 1 mN/m, and is black in
appearance. The Tritron V Photon Clear NonWet is a clear ink formulation with a viscosity of
17.5 £ 1.5 mPa-s and a surface tension of 32 + 1 mN/m. The different surface tensions correspond
to the terms “ProWet” and “NonWet” in the names of the products. The inks by Tritron are reported
by the supplier as having a good inkjet jetting behavior in conjunction with regular wetting
properties for single-pass applications, enabling the deposition of patterns with good uniformity
and a low surface roughness. In general, these inkjet ink are dedicated to graphic inkjet printing
but have also been used for functional printing in the literature201.215216,230-232,

The ink formulation FS0096 provided by Flexink (Flexink, Southampton, UK) was employed as an
organic semiconductor (OSC). It was specially designed for a fast inkjet printing process and
consists of an amorphous, conjugated and aromatic-ordered p-type polymer (4 wt%) dissolved in
mesitylene. Dedicated waveforms were developed for all of the different inks. The objective of the
waveform design was to enable the ejection of a single spherical, regular droplet on a trajectory

perpendicular to the nozzle plate.

Different materials were applied as substrates for the deposition of the inks for printed electronics.
In most cases, the printing was performed on the PEN films Q65FA and Q65HA? (DuPont Teijin

d Teonex Q65FA and Q65HA are basically the same product. Q65FA has a one-side adhesion promoting chemical treatment while
Q65HA has it on both sides. However, the manufacturing of Q65FA was stopped in 2015 and the product was substituted with
Q65HA that has according to the manufacturer the same properties. The costs of these films are quite high with about 5 € per A4
sheet (low order quantities).
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Films, Tokyo, Japan). These films have a thickness of about 125 um and an area size of DIN A4
(210 mm x 297 mm), with a one-side or double-side adhesion-promoting chemical treatment. The
average roughness was determined with the help of Atomic Force Microscopy (AFM), and was
about 1 nm®. The surface energy of the films was measured to about 41.5 + 4.5 mN/m. The ratio
of disperse part to polar part was about 9:1.

In addition, standard float glasses with a thickness of 2 mm and an area size of 100 mm x 100 mm
were used as substrates. There was no special coating on the glass. The glasses were cleaned
before printing with acetone end ethanol. First, acetone-impregnated tissues were applied to wipe
off dirt, dust and other debris from the glass surface. Second, an ultrasonic treatment of the
glasses was performed in acetone and in ethanol, each for 3 min. Finally, the substrate was dried
in a flow of nitrogen for a few seconds. The contact angle 6 of deionized water on the cleaned
glass substrates was determined to be about 58.3 £ 1.8 °. The contact angle of the silver inks Sun
Chemical EMD5603 and UTDots UTDAgIJ1 on the cleaned glass substrate was determined to be
449 +1.7 °and 9.0 + 1.8 °, respectively. Also, RCA-cleaned silicon dioxide (SiO,) wafers with a
thickness of 600 um were applied as substrates.

3.3 Print patterns

Printed photonics

Single droplets were deposited by designing lines each with a width of 1 px and a low print
resolution (e.g., 100 dpi) to avoid droplet coalescence. 1D films were obtained by increasing the
print resolution so that droplet coalescence can take place. For the SCAs, mainly simple
rectangles with an area size of 0.35 mm? and 1 mm? and different print resolutions ranging from
about 600 dpi — 5080 dpi were designed with the pattern editor software provided by Fujifilm

Dimatix.

Printed electronics

A dedicated print pattern consisting of 3D films (macroscopic lines) by printing several lines next
to each other was developed for studying the influence of the printing direction. The 3D films have
different orientations with respect to the printing process. Basically, they are aligned along the
printing (orientation angle 3 = 0 °) direction up to the counter printing direction (8 = 90 °) in steps

of 22.5 °. The design continuous from =90 ° up to B = 180 ° in steps of 22.5 °, aiming to increase

° The AFM measurement was carried within the project TDK4PE by Dr. Fulvia Villani from the Italian National Agency for New
Technologies, Energy and Sustainable Economic Development (ENEA) in Portici, Naples.
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the statistical relevance of the data obtained during the printing. This continuation represents the
mirrored part of the lines from 0 ° to 90 °. Despite the different orientation angles, the mirrored
counterparts are equal to their originals. The digital length and width of the films are 10 mm and
500 um, respectively. A measurement pad is designed at line start and line end with a size of
2mmx2mm.

Adobe lllustrator and Adobe Photoshop were employed for the design. Firstly, the required print
patterns were designed in Adobe lllustrator, exported as grey-scale file with a resolution of
5080 dpi, and converted to a 1-bit bitmap file using Adobe Photoshop and a threshold of 50 %.%
The resolution of 5080 dpi was chosen since it is the maximum print resolution of the employed
inkjet printer. Secondly, a grid pattern consisting of single print dots with the resolution of 1270 dpi,
1016 dpi, and 847 dpi was overlaid on the previously prepared print pattern like a mesh. All the
print dots of the grid pattern which were located directly on top of the firstly prepared print pattern
were finally defined as the dots to be printed. All of the other print dots were deleted.®® Finally,
three print patterns were designed with the following print resolutions: 847 dpi, 1016 dpi, and
1270 dpi. The designed print pattern and a scheme of the different print resolutions is shown in
Figure 13.%

1270 dpi 1016 dpi 847 dpi

(A) (B) (C)

Figure 13: (A) print pattern layout (print areas are shown in black) consisting of lines with a line
width of 500 um at different orientation angles 3 (angles shown in °, blue color) to the printing
process and with measurement pads; the coordinate axes at the top left indicate the print origin
(=), printing direction (x), and transfer direction (y); (B) — (D) are detailed images of the red-marked
section in (A) depicting the digital pixel grid at the end of the designed line (adapted from %)

A special test print pattern was designed to print conductive 1D films (i.e., lines with a width of
1 px). It consists of 15 horizontal line areas with different print resolutions starting from 182 dpi
and ending with 5080 dpi (top to down). Since the pattern editor software of Fujifiilm Dimatix does
not allow the deposition of different print resolutions within one pattern, the design was developed
with the help of Adobe Photoshop. The overall area size is about 2.5 mm x 2.9 mm. The distance
between the lines is about 200 um. A short section at the beginning of each line (about 140 ym

long) was deposited with 5080 dpi to ensure proper nozzle operation and to simplify the
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localization of the lines with a low print resolution. This kind of test pattern allows one to evaluate
the line formation of the used silver inks as a function of print resolution. Furthermore, it provides
a fast and simple indication about the wetting properties of the ink, and enables a comparison with
other inks. A scheme of the print pattern is depicted in Figure 14A (not true to scale, number of
droplets not representative). Figure 14B shows exemplarily the silver ink UTDAgIJ1 from UTDots
deposited on a RCA-cleaned silicon wafer with the designed pattern. The surface of this silver ink
is comparably rough with respect to other silver inks, especially for thick layers which are formed
at higher print resolutions. Therefore, printed layers with a high print resolution appear black and
layers at low print resolution appear white in Figure 14B. According to Figure 14B, single droplets

are obtained reproducibly at a print resolution of 318 dpi and continuous 1D films until 635 dpi.

182 dpi
212 dpi
254 dpi
283 dpi
318 dpi
363 dpi
424 dpi
508 dpi
635 dpi
726 dpi
847 dpi
1016 dpi
1270 dpi
1694 dpi
2540 dpi
5080 dpi

(A) (B)

Figure 14: (A) scheme of the print pattern layout for the conductive ink formulations consisting of
13 lines (1D films) with different print resolutions (not true to scale, number of droplets not
representative); (B) microscopic image of the ink UTDAgIJ1 from UTDots on silicon substrate
printed with the line test layout shown in (A)

For the manufacturing of TFTs, the bottom-gate bottom-contact architecture was chosen. The
software Clewin (WieWeb Software Inc., Netherlands) was employed for the development of the
print pattern layout’ consisting of four separated layers that were printed consecutively: (i) silver
nanoparticle ink for the gate electrode, (ii) organic dielectric, (iii) silver nanoparticle ink for the S-
D electrodes, and (iv) OSC. The layers were printed with different print resolutions, making it
possible to control the amount of material deposited per area. For example, the silver as well as

fThe design of the TFTs with the software Clewin was carried out within the project TDK4PE by the Printed Microelectronics Group
at CAIAC, Universitat Autbnoma de Barcelona, Bellaterra, Spain (Director: Prof. Dr. Jordi Carrabina; head of the group: Dr. Eloi
Ramon).
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the dielectric ink were deposited with 508 dpi, 564 dpi, 635 dpi and 726 dpi using the SE3 printhead
with a nominal droplet volume of 35 pL. 1270 dpi with 10 pL nominal droplet volume printheads
were applied for the OSC. The variation of print resolution of the S-D electrodes also results in a
variation of the width of the fingers and thus in a variation of channel length of the transistor. The
S-D electrodes were designed as interdigitated finger electrodes. The ratio of channel width W to
channel length L (W/L) was varied to have different active area sizes and different numbers of
finger electrodes. The following ratios were designed: 20, 40, 80, 100, 140, 180, and 240. Figure
15 shows a scheme of the architecture of the TFTs from (A) top view and as (B) cross-sectional
view. The sizes are not true to scale. However, the dielectric layer area is by intention very large

compared to the other areas, for example, compared to the OSC layer.

I [B] Gate electrode
Source electrode
[D] Drain electrode == b s &
=
] Dielectric
| G |
S D [] osc
(A) (B)

Figure 15: Architecture of the printed TFTs as (A) top view and (B) cross-sectional view; the
electrodes are based on silver nanoparticles, the dielectric and the OSC are organic materials
(adapted from 76)

3.4 Post-processing

For solution-based deposition technologies such as inkjet printing, post-treatment or post-
processing plays an important role in obtaining deposits with the desired functionalities. These
processes comprise, for example, the drying, curing, and/or sintering steps. Different tools are
available to perform the post-treatment of the deposits.

No special post-treatment tool was required for the printed colloidal nanospheres. The ejected
droplets dry either during their flight to the substrate or directly on the substrate. The water simply
evaporates in ambient conditions and a stable nanosphere configuration remains due to strong
van der Waals forces between the substrate surface and the nanospheres, as well as among the
nanospheres themselves. Potentially remaining residual traces of water from the ink formulation

itself or the ambient humidity in the menisci between adjacent nanospheres, as well as
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nanospheres and substrate, contribute to an enhancement of these adhesion and cohesion
forces. 1%

For the field of printed electronics, post-treatment methods are mostly essential to obtain the
desired functionality of the layer. Drying and sintering of the silver nanoparticle deposits for the
TFTs was done in an oven at 135 °C for 30 min. The cPVP dielectric films were dried inside a
fume cupboard at room temperature for 20 min. Afterwards, the curing and crosslinking was
performed at 150 °C for 40 min in a low vacuum. UV curing of the dielectrics Sun Chemical
EMDG6415, Tritron Hyperion Black ProWet and Tritron V Photon Clear NonWet was performed
with a BlueWave 75 UV Curing Spot Lamp (Dymax, Torrington, USA) and a SubZero 085 ES
system (Integration Technology, Upper Heyford, UK). The OSC film was dried at 100 °C for 20 min
in an oven. Storage of the TFTs was done in dark and low vacuum (< 0.09 mbar). All printing and
characterization steps were carried out in ambient conditions. Further or deviating process

parameters are explained when necessary in Chapters 4 to 6.

3.5 Optical, morphological and functional characterization

The printed deposits were analyzed by scanning electron microscopy (SEM) using a Hitachi TM-
1000 (Hitachi High-Technologies Cooperation, Tokyo, Japan), a Nova NanoSEM 200 (FEl,
Hillsboro, USA)?, and a Zeiss Auriga 60 (Zeiss AG, Jena, Germany)". To avoid charging effects,
most of the samples were coated with an approximately 18 nm thick layer of platinum by sputtering
at 40 mA for 120 s using a BAL-TEC SCD 050 (formerly BAL-TEC AG, Balzers, Liechtenstein)'
electron microscope preparation system. Optical microscopy analysis was carried out on a Leica
DM 4000 M (Leica Microsystems CMS GmbH, Wetzlar, Germany) and a Zeiss Axio Imager M2m
(Carl Zeiss Microscopy GmbH, Jena, Germany).

Microreflectance spectroscopy was performed using the mentioned Zeiss microscope coupled
with a TIDAS S MSP 800 spectrometer (J&M Analytik AG, Esslingen, Germany). The light source
of the microscope was used to illuminate the sample through the microscope objective lenses.
The reflected light was collected by the same lenses and guided to the spectrometer by optical

fibers. At the same time, the microscope is coupled to a CCD camera, making it possible to

€ The SEM analysis with the Nova NanoSEM 200 was performed at the Department of Solid Surface Analysis at Technische

Universitat Chemnitz together with Torsten Jagemann (head of the department: Prof. Dr. Michael Hietschold).

h The SEM analysis with the Zeiss Auriga 60 was performed at the Micro Materials Center at Fraunhofer ENAS in Chemnitz together

with Dirk Rittrich and Iris Hobelt (head of the department: Prof. Dr. Sven Rzepka, head of the institute: Prof. Dr. Thomas Gessner).

i The sputtering system was ceded for use by at the Department of Solid Surface Analysis at Technische Universitat Chemnitz (head
of the department: Prof. Dr. Michael Hietschold).

47



precisely define the measurement position. The measurement area for the spectroscopy is
adjustable by a manual aperture. A wavelength range of 200 nm — 980 nm is detectable. However,
due to the lenses, further microscope optics and the halogen light source, the reliably usable
wavelength range is about 380 nm — 900 nm. The angle of incidence and measurement was kept
constant for all the measurements with the spectrometer at 0 °. The consistent operation of the
spectrometer was confirmed by spot checks with the same spectrometer coupled to the Leica DM
4000 M, and by using a similar spectrometer (A.S. & Co. GmbH, Minchen, Germany) coupled
with two different Zeiss microscopes. In some cases, the raw data of the measurement system
was used to plot the graphs. However, the data of some samples showed clearly identifiable
interference effects and noise. These data were smoothed with the Savitzky-Golay filter with a
second-order polynomial considering a moving window of 100 data points.

To determine thickness and roughness of the printed deposits, profilometry scans were performed
with a Dektak 150 (Veeco Instruments, New York, USA). In addition, the 3D laser scanning
VK9700 (Keyence, Osaka, Japan)’ was employed for profile scans and 3D profiles of deposits.
Usually, the raw data from both measurement systems was used to plot the graphs. However,
averages profiles of the inks EMD5603 and UTDAgIJ1 applied in Chapter 6.1 were normalized
and equalized based on the simple moving average method using 300 neighboring values to
smoothen the data.

Sheet resistance measurements were carried out according to the method of van der Pauw (by
placing for point probes in the shape of a square (3 mm x 3 mm, 4 mm x4 mm or 5 mm x 5 mm)
with the manual probe system PM5 (Suess MicroTec, Garching, Germany) connected to a
Keithley SourceMeter 2612 (Keithley Instruments, Cleveland, USA) on the layers.

Electrical characterization of the TFTs* was carried out with a semi-automatic Cascade Microtech
Summit Series 12000 probe station (Cascade Microtech, Beaverton, USA) using a semiconductor
parameter analyzer Keithley 4200 (according to the IEEE 1620 standard?®? for test methods) for

the characterization of organic transistors and individual layers.

J The laser scanning system was provided by the Department of Conveyers at Technische Universitat Chemnitz (head of the

department: Prof. Dr. Klaus Nendel).

k The TFT characterization was done within the project TDK4PE by the Printed Microelectronics Group at CAIAC, Universitat

Autonoma de Barcelona, Bellaterra, Spain (Director: Prof. Dr. Jordi Carrabina; head of the group: Dr. Eloi Ramon), by the
Department of Integrated Circuits and Systems (ICAS) at the Institute de Microelectronica de Barcelona IMB-CNM (CSIC) (head of
the department: Prof. Dr. Lluis Teres, director: Prof. Dr. Carles Cane) and by the Organic Electronics Group at Universidade do
Algarve, Faro, Portugal (head of the group: Prof. Dr. Henrique Leonel Gomes). The semi-automatic characterization system is
located in INB-CNM. Detailed studies on individual TFTs were performed by the Organic Electronics group in Portugal.
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4 Inkjet printing of colloidal nanospheres: Evaporation-driven self-

assembly based on ink-substrate interaction

The film formation of an inkjet-printed droplet or layer is determined by the interaction between
substrate and ink, as well as by evaporation kinetics. The inkjet deposition of colloidal ink
formulations with monodisperse dielectric nanospheres serves as a model system for
understanding the film formation based on evaporation-driven self-assembly. In addition, one can
obtain optically functional material structures with repeating regions of low and high dielectric

constant, which are qualified to control the propagation of light.

4.1 Single droplet deposit morphology: Interaction of substrate and ink

The shape of the deposited liquid droplet and thus the morphology of the finally dry deposit
depends on the interaction of substrate and ink as explained in Chapter 2.3. Inward- and outward-
directed transport flows (mainly initiated by the evaporation of the solvent) cause an assembly and
agglomeration of the nanospheres. The dry deposit morphology of inkjet-printed single droplets
was studied as a function of substrate surface treatment method and ink/suspension composition.
Figure 16A shows a plot of the measured water contact angle and droplet deposit diameters as a
function of the differently treated substrates using the suspension DS300 (0.1 wt%) and BS305
(2.0 wt%).

As expected, the higher the water contact angle on the substrates, the lower the diameter of the
resulting deposit. The different surface treatments also strongly affect the morphology of the
deposits, as indicated in Figure 16C-G. At low water contact angles (i.e., higher surface energy of
the substrate), capillary flows transport the nanospheres from the center of the evaporating droplet
towards the edge where they agglomerate.®® This phenomenon is described as the coffee-ring
effect (see Chapter 2.4). At higher contact angles (i.e., lower surface energy of the substrate), no
coffee-ring can be observed but the nanosphere particles are stacked in multilayers.%8.138 Even
colloidal hemispheres (described as printed domes, as shown in APPENDIX A in Figure A1) can
be obtained by printing or dispensing if the substrate has a very low surface energy, enabling a

high receding contact angle and thus a freely sliding three phase contact line.%:134.137,138,143
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Figure 16: (A) measured water contact angle and measured droplet diameter of the inkjet-printed
deposits of the suspensions BS305 and DS300 as a function of surface treatment method;
(B) schematic cross-sectional view of the principle morphology of the inkjet-printed deposits;
(C)-(G) are SEM images of typical deposits using the suspension BS305 of the highlighted (color
code) data points of (A) (all adapted from %)

The maijor principle of the formation of a droplet deposit as a function of the surface energy of the
substrate, characterized by the static water contact angle, is shown in the scheme in Figure 16B.
The area coverage with nanosphere particles of single, isolated inkjet droplets (determined on the
basis of image processing by calculating the ratio of the number of pixels circumscribed by the

deposited particles and the number of pixels making up the total droplet footprint marking the
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deposit area) varies with the surface treatment.®® The lower the water contact angle and the higher
the spreading of the inkjet-printed droplet on the substrate, the lower the particle area coverage.®®
A coverage of 100 % was obtained for BS305 on HMDS- and OTS-treated substrates. Thus, a
continuously covered area with at least one monolayer of nanospheres was achieved. The
coverage decreases for BS305 to about 20 % to 40 % using corona-treated substrates.®®
Obviously, the substrate properties also strongly affect the circularity of the deposits.?® An almost
ideal circularity with a very low eccentricity of about 0.2 ym (corresponding to about 1.6 %
eccentricity) was obtained on OTS-treated substrates (see Figure 16D-G), whereas deviations
from the circularity become more obvious for the deposits on corona-treated and surfactant-
treated substrates. The drop-to-drop variation in diameter was determined for 20 sequentially
printed droplets of BS305 on OTS-treated substrates. The drop diameter was about 12.6 ym and
the drop-to-drop variation in diameter was about 4 %.%8.1%5

The influence of the substrate treatment method on the morphology of the single droplet deposits

is summarized qualitatively in Table 6.%

Table 6: Qualitative summary of main trends of single droplet morphology based on correlations
between printing results and varying printing parameters®

Particle area
coverage of the
circumscribed
deposit area
Low High Low Low High Low
High Low High High Low High

Water |Diameter Circularity of Number of Degree of

contact |of the y stacked layers manifestation of
. the deposits -

angle deposits of nanospheres | coffee-ring effect

Deposits with multiple layers are obtained preferably on substrates that form a high contact angle
with the deposited droplet. However, multilayer stacks can be also obtained on substrates that
form a low contact angle with the droplet ,simply by inkjet printing a second droplet onto an already
deposited and dried droplet deposit. These multilayer stacks are interesting for several reasons,
specifically for the development of photonic crystals based on parallel stacks of layers of different
dielectric constant, which in turn form a photonic band gap in a single direction.®® These 1D
photonic crystal structures can be applied as nanoparticle-based Bragg reflectors®8.234,

One further point of interest is the adhesion of the nanospheres to the substrate and among each
other. If the adhesion is low, the solvent of the second droplet impinging in a wet-on-dry multi-
pass printing set might re-disperse the deposited nanoparticles and rearrange them, perhaps into
a different morphology.®® Figure 17 shows deposits of this experiment of printing a second drop

onto an already dried drop deposit. Figure 17A and Figure 17C represent single droplets printed
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on cleaned glass with and without the coffee-ring morphology (BL280 was diluted to 2 wt% solids
content and formulated with 60 wt% formamide to compress the coffee-ring effect).”® After the
deposition of the first droplet, the samples were kept on the substrate holder of the DMP 2831 for
several minutes to allow for the evaporation of the solvent. Then, the same suspensions were

printed as single droplets on top of the dried deposits (see Figure 17B and Figure 17D).%

Figure 17: Deposits of inkjet-printed colloidal suspensions on cleaned glass slides; the deposit (A)
was obtained with one droplet of the BS305 and (B) with printing two droplets of BS305 on top of
each other; (C) was obtained with one droplet of BL280 diluted to 2 wt% and formulated with
60 wt% formamide and (D) with printing two droplets of this suspension on top of each other; (E)
is a side-view of (D) at about 85° substrate inclination®

Figure 17E is a side-view of Figure 17D at about 85° substrate inclination. The second droplets
do not seem to dissolve and re-disperse the underlying nanospheres.®® However, a clearly
distinguishable second layer on top of the first was established. The morphology of the second
deposit follows the morphology of the first deposit quite well, and the coffee-ring becomes more
pronounced in Figure 17B due to the assembly of most of the nanospheres of the second drop on
top of the already existing coffee-ring deposit.?® Although the evaporation time (and thus the
available time for a re-dispersing of nanospheres) is increased for the suspension with formamide
(as a consequence of a higher boiling point than water which results in longer evaporation time),
the second drop seems to form a separate layer without dissolving the first deposit, as indicated
in Figure 17D and Figure 17E.%8 Thus, the adhesion between the individual nanospheres as well
as the adhesion between the nanospheres and the substrate can be considered to be very high.%
Figure 18 provides an overview of the packing characteristics of the nanospheres in the deposits.
Usually, the nanospheres are close-packed and highly ordered with some line and point defects,
as demonstrated in Figure 18A-B and D. This close-packed arrangement of particles is both

desired and beneficial for many applications in the field of photonics?3®, such as for optical devices
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(e.g., Bragg reflectors?34) and coatings (one example is the application of ordered layers for
enhanced light-trapping in solar cells?*) or structural colors'®. However, research on non-close-
packed colloidal arrays?37-2% and disordered photonics?® (e.g., photonic glasses) has also been
attracting increasing interest over the last few years.?® Here, a perfectly ordered arrangement of
particles is not required but rather a completely random arrangement, making it possible to control
the light scattering.?® Diethylene glycol was employed as an evaporation agent to control the

ordering process of the nanospheres in order to obtain a more random nanosphere arrangement.®®

Figure 18: (A) single-droplet deposit using 2 wt% BS305 on cleaned glass, and (B) a detailed
section of (A) showing the high ordering of the particles in hexagonal arrays with a few point and
line defects; (C) shows an inkjet-printed deposit with randomly arranged nanospheres obtained by
addition of 6.25 wt% diethylene glycol to the 1.5 wt% BS305 suspension; (D) close-packed two-
dimensional colloidal array with hexagonal structure by addition of 2.5 wt% formamide
(adapted from %8)

An aqueous suspension consisting of 1.5 wt% of PS particles of BS305 and 6.25 wt% diethylene
glycol was inkjet-printed on HMDS-treated substrates as single droplets. Deposits with randomly

arranged nanospheres, similar to the photonic glasses reported by Garcia et al.?*°, were obtained
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as shown in Figure 18C.%8 In contrast, deposits with arrays of remarkably high order in a
hexagonally close-packed structure (see Figure 18C) were obtained by adding 2.5 wt% formamide

to the aqueous suspension with 1.5 wt% PS particles of BS305.%8

(Parts of this chapter are published in reference '%° and reference %)

4.2 Optical properties of inkjet-printed single droplet monolayers and multilayers

The optical properties of the different colloidal inkjet-printed deposits based on microreflectance
spectra are presented in Figure 19A-D. The spectra were measured for monolayers as well as
multilayers of nanospheres. A typical measurement position for one of the deposits is shown in
Figure 19E. Most of the measurements show specular reflectivity peaks which can be assigned to
photonic stop bands. Figure 19E shows one of the single droplet deposits (BS305) discussed
previously in Chapter 4.1 using reflected light microscopy. It appears in intense red coloration,
indicating photonic properties due to the interaction of the ordered nanospheres with the light of
the microscope. The crystal-like order of the nanospheres causes Bragg reflection of light with a
wavelength defined by the nanosphere size and material. This is called structural color. Disorder
of the nanospheres contributes to a non-resonant broadband scattering of light, appearing
microscopically as bright whitish area (see Figure 19G and H)."%°

No individual nanospheres can be seen with light microscopy, but some line defects are already
visible. The measurement area and position for the microreflectance spectroscopy is indicated in
Figure 19E. A typical SEM image of the single droplet deposit is depicted in Figure 19F. It reveals
that the color is a consequence of the highly-ordered particles arranged in a monolayer. A
multilayer sample is presented in Figure 19G. A large number of stacked layers results in a bright
white reflective color due to broadband scattering. There seems to be a shift from the red color of
the monolayer area to a darker reddish-purple color for thicker layer of nanospheres to a white
color for very thick layers. The multilayers are stacked on top of each other in a kind of terrace
structure, as indicated in Figure 19G. Figure 19H is a magnified view of the section in Figure 19G
using light microscopy and Figure 19J is a SEM image of the same section. The sample in Figure
191 was printed using PSC221 as colloidal suspension. A multilayer stack was obtained and a
typical spectrometer measurement position and area for the multilayers is indicated. The color
appears blue to green with some purple areas for PSC221, which is a noticeable contrast to the
reddish color predominant when using BS305.

A theoretical approximation for the wavelength A of the reflection peak of a photonic crystal can

be made based on Braggs law using the Equation 2 provided in Chapter 2.4.
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Figure 19: (A)-(D) are microreflectance spectra of the inkjet-printed deposits using (A) BL280, (B)
BS305 (2 wt%), (C) BS305 & BL280 and (D) PSC221; (E) shows a single droplet deposit (BS305)
with reflected light microscopy (the measurement position for the spectroscopy is indicated) and
(F) a similar deposit by SEM; (G) shows a printed deposit comprising multilayers as well as a
monolayers (BS305); the white bright part of the multilayer is shown in higher magnification in (H)
and as SEM image in (J); (I) is a light microscopy image of a multilayer deposit using PSC221
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The calculated wavelengths based on Equation 2 are 614 nm for BL280, 727 nm for BS305, and
526 nm for PSC221. The measurement data depicted in Figure 19A-D is generally in agreement
with the calculated reflection peaks and the sample color appearing using light microscopy. The
calculated peaks are in all cases within the wavelength range between the measured monolayer
and multilayer peaks. Deviations might occur, for example, due to a certain disorder in the
assemblies and due to the size distribution of the nanospheres.

The intensity of the reflectance of the multilayers is higher than the intensity of the monolayers,
because multilayer samples consist of a higher number of repeating units. The wavelength gap or
relative stop band width ANA, where A corresponds to the maximum peak wavelength and AA
corresponds to the full-width at the half-maximum (FWHM) of the peak wavelength for the main
peak within one spectra was calculated.?*° The multilayers using BL280, BS305 and PSC221 have
a relative stop band width of about 19 % (second peak), 26 % (first peak) and 20 % (second peak)
for BS305, and 18 % (first peak), respectively.

A second reflection peak is visible for most of the multilayer reflectance measurements. This can
happen for different reasons, for instance, disorder in the crystal-like assembly, which results in
unselective scattering of light or grating diffraction effects, or simultaneous Bragg diffraction from
different crystal planes can cause an interference of waves and thus multiple Bragg peaks. 59169
Other possible causes are discussed in further detail in Chapter 5.5.

The reflectance peak position shifts as a function of the size of the nanospheres. As the size of
the nanospheres increases, the position of the reflectance peak shifts to longer wavelengths,
implying that the photonic band gap shifts to lower energies.

There is no clear peak and thus no clear Bragg reflection for the samples with the binary
suspension of BS305 & BL280 (Figure 19A-C), indicating too few repeating units with insufficient
periodic refractive index variation. Although the layers deposited with the binary suspension have
arrays of a remarkably high order and with a hexagonally close-packed structure, the different
nanospheres consisting of PS and Si are not homogenously distributed. Moreover, they are
randomly distributed in small array islands, as shown in SEM images obtained with back-scattered
electron (BSE) mode in Figure 20. These deposits do not have a long-range order. The analysis
of the deposits based on the BSE mode allows a visual indication of material properties since
materials with a high atomic number will appear brighter than materials with a low atomic number.
PS nanospheres have a lower density compared to the SiO2 nanospheres. Dark and bright

nanospheres can be easily distinguished in Figure 20A and in the contrast-enhanced image in
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Figure 20B. Energy-dispersive X-ray (EDX)' analysis was performed (as shown in Figure 20C on
the same position as in Figure 20A) to confirm that the grayscale (dark and bright) difference is a
result of the nature of the nanosphere material. The blue color refers to SiO, and the red color to
PS nanospheres. The measurement confirms that the greyscale difference in BSE mode can be

employed to assign the corresponding material to the nanospheres.

Figure 20: SEM images in BSE mode of deposits using the binary suspension BS305 & BL280, (A)
monolayer with hexagonally close-packed structure, (B) enhanced contrast of the image obtained

by the BSE mode and (C) EDX mapping of the same image position displayed in (B)
(adapted from %4)

(Parts of this chapter are published in reference '5* and reference %)

1The EDX analysis was performed in cooperation with Torsten Jagemann at the Department of Solid Surface Analaysis at
Technische Universitat Chemnitz (head of the department: Prof. Dr. Michael Hietschold).
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5 Inkjet printing of colloidal nanospheres: Evaporation-driven self-

assembly of SCAs independent on substrate properties

5.1 Inkjet printing of spherical colloidal assemblies and their identification

All of the printed deposits discussed previously have one characteristic in common: the
morphology strongly depends on the interaction between substrate and ink (see Figure 16). As a
consequence, ink/colloidal suspension and substrate need to be precisely geared to each other
in order to obtain the desired size and structure of the deposit consisting of nanospheres.
However, independence of the substrate-ink interaction in inkjet printing can be obtained by
relocating of the evaporation-induced self-assembly process from the sessile droplet on a solid
surface to the droplet in flight. Thus, the substrate properties do not affect the final morphology of
the deposit anymore. However, the shape of the droplet will define the shape of the final deposit.
Specifically, the shape of the final deposit is prescribed by the shape of the droplet in flight given
by a spherical geometry (ball-shaped) due the comparable high surface tension of the
suspensions (see Table 3). Thus, the air-ink interface directs the assembly and determines the
final shape of the aggregation. The tiny droplets ejected by inkjet printing act as a confined
geometry for the nanospheres inside. Due to the solvent evaporation, the nanospheres are self-
assembled and consolidated during the flight upon shrinking of the droplet. The evaporation of the
water in the droplet leads to a colloidal crystallization by a reduction of free volume. Finally, the
nanospheres are packed into stable SCAs, and before the ejected droplets impinge on the
substrate, most of the solvent will have evaporated.154.166.241

The only method to reliably differentiate SCAs from monolayer and other multilayer deposits on
substrates was found to be a reliance on images captured by SEM. The sample to be investigated
with SEM needs to be tilted. However, the procedure of sample preparation for SEM and the
identification of the small features is challenging. Figure 21 particularly shows the procedure to
identify SCA employed in this thesis.

Figure 21A is a top-view image captured with incident light microscopy in bright-field mode of a
characteristic assembly of six SCAs. Figure 21B is the same assembly, but the top-view image
was captured by SEM. At this moment there is still no clear indication that the deposits are SCAs.
The sample under investigation needs to be tilted in the SEM (as depicted in Figure 21C) to about
60 °. The dimensionality of the deposits can be seen and the magnified image in Figure 21D

confirms that SCAs were obtained. However, light microscopy can also be used for the
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identification of SCAs to a certain extent. In incident light mode with bright-field activated, the
SCAs are difficult to identify, but have a very characteristic spherical shape. In addition, there

might be a slight coloration.

o
E
-
(A) v “20m

Figure 21: Inkjet-printed SCAs based on BS305 on cleaned glass substrates, (A) is a top-view
incident light microscopy image in bright-field mode with a 50x magnification objective, (B) the
corresponding top-view SEM image, (C) SEM image with tilted view (about 60 °) and (D)
magnification of the centered SCA of (C) with 60 ° tilt

When changing the focus of the microscope a few uym, the monolayer and multilayer deposits
become blurry. In contrast, SCAs do not change in their appearance since they are usually several
um in diameter.'® These considerations are indicated in Figure 22A. The monolayer/multilayer
deposit is blurry and hard to see while the SCAs have a clear reddish appearance. In dark field
mode (incident light), the SCAs usually appear as bright white spherical spots due to diffraction of
light, while monolayer deposits, for instance, show a characteristic color as result of Bragg
reflection (see Figure 22B and C and see also Chapter 4.2).">* The image section shown in Figure
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22A is depicted in Figure 22B in dark field mode. Therefore, the bright-field mode in combination
with the dark-field mode allow for a clear visualization of the SCAs.

As a result, optical microscopy can be employed to identify printed SCAs, and hence limits the
efforts related to SEM sample preparation and SEM analysis. This procedure was applied for the

identification of the SCAs and the statistical analysis introduced in the next chapters.
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Figure 22: Light microscopy images of deposits obtained using BL280, (A) top-view with incident
light mode, (B) the same sample position as (A) but in dark field mode; (C) shows the different
appearance of SCAs and normal monolayer and multilayer deposits (adapted from 154)

5.2 Fine-tuning of the waveform applied to the printhead

As explained in Chapter 2.2, the waveform is one of the most important parameters to control the
characteristics of the drop ejection, and hence the shape of the material deposits. The waveform
is also most important in relocating the evaporation-induced self-assembly process from the
sessile droplet on a solid surface to the droplet in flight. The relocation can be done by increasing
the nozzle-to-substrate distance. However, depending on the solvent and the size of the ejected
droplets, several meters of distance might be required'®®. A more convenient method is to fine-
tune the waveform applied to the printhead. The aim is to generate tiny droplets with a high solids
content thus decreasing the evaporation time. Then, a nozzle-to-substrate distance of about 1 mm

was found to be sufficient for the generation of SCAs."%
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Figure 23 shows the three differently designed complex polar waveforms (denoted as A, B, and
C) which were applied to the printheads of the DMP 2831.
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Figure 23: Three differently designed waveforms applied to the inkjet printheads for the deposition
of the colloidal suspensions'5

The three waveforms are completely different in terms of maximum voltages, rise times, dwell
times, and fall times. The main differences between the waveforms are the time duration of the
voltage signal, which was applied to the piezoelectric printhead, and the duration of the maximum
voltage plateau indicating the highest deformation of the piezoelectric actuators.’>* Waveform C
is characterized by a very long dwell time of the maximum voltage plateau and by the lowest jetting
voltage compared to waveform A and B. Waveform A can be considered as a standard waveform,
which is frequently used as a basis for the development of other waveforms for the DMP 2831.
This waveform allows for the ejection of storybook inkjet droplets on a trajectory perpendicular to
the nozzle plate and with a characteristic ball shape as shown in Figure 24A-C. Figure 24A depicts
the waveform A, and Figure 24B is a scheme of the droplet ejection using waveform A. Figure
24C represent the droplet ejection captured with the drop-watcher camera of the DMP 2831 using
BS305.15%4

The resulting deposit of such a droplet ejection on a glass substrate is shown in Figure 24D. The
nanospheres form a coffee-ring deposit as a result of the interaction between the surface energy
of the substrate and the surface tension of the suspension according to the theoretical basics
given in Chapter 2.3 and the experimental findings presented previously in Chapter 4.1. Therefore,
the properties of the substrate are a major influencing factor on the final structural architecture of

the deposit when applying waveform A.154
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In contrast, a completely different morphology was obtained by applying waveform B, as presented
in Figure 24H (waveform C results in similar deposits as waveform B). Here, SCAs appeared,
despite the fact that the same substrate (glass) and suspension (BS305) was employed.'®* This
indicates that the waveform is the determining factor for the different deposit morphologies. The
waveform was configured contrary to the usual goal in inkjet printing to generate a satellite-free
single droplet with a controlled trajectory and shape.'®* Satellite drops or droplet mists are
generally not intended in graphical as well as functional inkjet printing due to droplet placement
accuracy issues and thus quality aspects in printed patterns.’® Consequently, most previous
research efforts on droplet formation in inkjet printing were aimed at avoiding satellite drops and
droplet mists, and improving the droplet generation process towards creating a well-defined, single
and stable ball-shaped droplet ejection.?4>244 According to my knowledge, the exploitation of
usually unintended satellite droplets or a mist of droplets in inkjet printing has not yet been reported

in the literature.'%4
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Figure 24: Influence of the waveform applied to the inkjet printhead on the droplet ejection and the
resulting deposit on the substrate; (A) and (E) depict two classes of waveforms (both driven with a
frequency of 3 kHz), (B) and (F) are schematics of the basic principle of the droplet ejection based
on waveform A and B (waveform C shows similar drop ejection as Waveform B); (C) and (G) show
the droplet ejection captured with the DMP 2831 built-in drop watcher camera corresponding to the
two different waveforms; (D) and (H) are SEM images showing the different final deposit
morphologies obtained on the substrate as a result of waveform A and B (adapted from 15%)
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When applying waveform B (or C), no primary droplet can be identified using the built-in
stroboscopic drop watcher camera of the DMP 2831, but a large number of small droplets with
similar sizes — all ejected by a single firing pulse (Figure 24G)."** Phenomena such as satellite
droplet formation in inkjet printing have been extensively investigated by Wijshoff®'. Wijshoff®!
classified satellite droplet formation into (i) mist of droplets, (ii) Rayleigh breakup, (iii) fast satellites,
and (iv) slow satellites.'>* However, the droplet formation process presented here using waveform
B or C does not match any of these types of satellites, because Wijshoff considered satellite drops
as additional droplets in close vicinity to a main droplet.'%*

Obviously, the image of the drop watcher camera in Figure 24G and the scheme in Figure 24F do
not show a clearly distinguishable main droplet, but rather a mist or spray of small droplets
characterized by a higher material concentration at the front of the fluid ejection than at its back.'>*
It must be mentioned that the scheme in Figure 24F is idealized, and a very intense mist ejection
has been selected as image for representation. Indeed, much less intense mists can be generated
with a much lower amount of material.’® However, these smaller mists are already close to the
resolution limit of the built-in drop-watcher camera, and are difficult to identify when capturing the
image. 5

Song et al.?*® also studied different phenomena in inkjet printing with a focus on droplet ejection.
Song et al. described one of the observed effects as ink spray, which is very close to the effect
that | observed with the drop watcher upon application of waveform B or C. Song et al.?> assumed
that partially clogged nozzles either by (i) an emerging dried deposit build-up of ink adhering to
the nozzle orifice, or by (ii) particle agglomerations and larger particles cause the observed spray
or mist of droplets in inkjet printing.’* However, partially clogged nozzles might be a reason for a
mist of droplets ejected by inkjet printing that takes place suddenly, undesirably, and also
uncontrollably from a formerly regular jetting and non-clogged nozzle.'® This is a big difference to
the approach introduced here, because the mist of droplets can be induced intentionally using a
fine-tuned waveform in a controlled and reproducible manner.'® The novel method for the
manufacturing of SCAs is a contrasting approach to the previously reported manufacturing of
dome-shaped colloidal assemblies using inkjet printing'34.137.138,143246 - or SCAs using a ultra-
micropipette and superhydrophobic substrate surfaces'’. In these cases, the self-assembly
process takes place on the substrate and the shape of the droplet template is a result of the
surface energy of the substrate.’ Only a high contrast between the surface energy of the
substrate and the surface tension of the droplet liquids will lead to dome-shapes or spherical
assemblies.’® The newly developed method using inkjet printing relocates the self-assembly
process from the substrate to the free-flying droplet, so that the interaction between the liquid

droplet and the ambient gas phase becomes decisive. '
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The reliability of the developed process for the manufacturing of the SCAs was studied in detail,
specifically using the suspension BL280 with varying solids contents (1 wt%, 2 wt% and 4 wt%).">4
The other suspensions behave similarly.’ The focus was set on the influence of the different
waveforms on the process. SCAs were obtained only with waveform B and C. Waveform A did
not result in any SCA."** | found that a solids content of 4 wt% of the nanospheres with a diameter
of about 280 nm is an upper limit for the inkjet printing process.'>* The relatively high concentration
of nanospheres in conjunction with their size results in limited jetting performance, such as
frequently interrupted droplet jetting due to clogged nozzles.'> The dynamic viscosity of BL280
was determined to about 1 mPa-s for all three solids contents, and the surface tension of BL280
decreased with an increasing solids content.'®* Both physical ink parameters are basically within
the range of inkjet-printable ink formulations. Thus, the comparatively large nanosphere diameter
and the solids content are the major reasons for the problematic jetting behavior. Therefore, BL280
with 4 wt% solids content was not considered for the detailed reliability study.’>*

Figure 25 presents data regarding the reliability of the developed manufacturing process for SCAs

using inkjet printing as a function of the applied waveform and solids content of the suspension.'5
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Figure 25: Reliability of the manufacturing method of SCAs using the DMP 2831 represented by (A)
the manufacturing yield, and (B) the number of manufactured SCAs per area as a function of
applied waveform and solids content of the suspension; the print pattern was defined as rectangle
with an area of 0.35 mm? at 5080 dpi (adapted from '54)

The vyield of the manufacturing process is shown in Figure 25A. The yield was determined by
printing 10 rectangular areas each of 0.35 mm? in size with a print resolution of 5080 dpi per
suspension formulation and per waveform, on cleaned glass substrates, and by counting the
number of samples on which SCAs were obtained.* The number of SCAs was determined by

64



using light microscopy and calculating the average of the counted assemblies per suspension and
applied waveform. If SCAs were found in all 10 rectangles, the yield is rated as 100 %. If no SCAs
were found in the 10 rectangles, the yield is 0 %.">* The higher the solids content, the higher the
yield of the manufacturing process, and also the higher the number of SCAs. In total, 10 rectangles
were printed with waveform A. However, no SCAs were found in any of the 10 rectangular areas.'*
In all cases, mono- or multilayer deposits appeared but no colloidal assemblies with spherical
shape were observed. As a consequence, the manufacturing yield for SCAs is 0 % when using
waveform A. SCAs were achieved with a high yield for waveform B and C. The yield obviously
depends on the solids content, since 1 wt% results in a manufacturing yield of about 70 % and
2 wt% in a manufacturing yield of about 90 %.%* The number of manufactured SCAs per 0.35 mm?
was about five times higher using the 2 wt% solids content suspension compared to the 1 wt%
suspension, as indicated in Figure 25A. Waveform B results in a higher number of SCAs, but also
a much higher standard deviation compared to those obtained with waveform C.'5* The number
of assemblies for waveform C was about 510 £ 60 for an area of 0.35 mm?, deposited with a print
resolution of 5080 dpi."® This implies a quite stable and reproducible manufacturing process,
which | found quite similar for the other suspensions as well. Thus, it is indeed possible to exploit
unintended droplet formation in inkjet printing for the stable manufacturing of SCAs. "5

The developed process is highly productive because several hundreds of SCAs with a similar size
can be manufactured within some seconds on any substrate, as demonstrated in Figure 26.1%*
Figure 26 shows a light microscopy image (bright field mode, incident light) of manufactured SCAs
based on BS305 & BL280.

Each of the small dark round dots represents one SCA. Larger dots are most probably dust and
dirt particles or normal monolayer or multilayer deposits. Figure 26B is a magnified image section
of A. Some of the SCAs are marked for indication. However, nearly all of the dots are SCAs. This
was confirmed by spot-checks using SEM.

| could not observe any clear influence of the applied waveform on the size of the SCAs. However,
the solids content has a very strong influence on the size.'* For instance, the average diameter
of the SCAs using the suspension with 1 wt% solids content was about 5.0 £ 0.3 um, and the
average diameter with 2 wt% was about 8.2 + 0.6 um. Thus, a higher solids content clearly results
in larger SCAs since the number of nanospheres per ejected droplet increases with the solids

content of the suspension.'®*
The major drawbacks of this process developed are the SCA placement accuracy, and that there

are not only SCAs but usually also some planar deposits. As indicated in Figure 24F and G, the

spray ejection trajectory is not oriented orthogonally to the nozzle plate. Consequently, the droplet
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position is difficult to predict and depends strongly on the direction of the spray. Surprisingly,
however, the spray direction was the same in most of the more than 200 hundred printing
experiments. The direction was either 10 o’clock and/or 2 o'clock with respect to the printed
rectangle. It is difficult to determine the positioning accuracy; however, it was roughly
approximated to be about £ 1200 um. In some tests the displacement was on average up to about
1 2500 pm.

e e I (B). i

Figure 26: (A) large field with small dark dots, each of the dots represents an SCA; (B) is a
maghnified section of (A), some of the SCAs are marked and presented in the inset at higher
magnification — in general most of the dots shown here are SCAs

(Parts of this chapter are published in reference 1%, reference 1% and reference 7°)

5.3 Interaction of substrate and ink

The process developed for the manufacturing of SCAs is independent of substrate properties.
This is a key finding of this thesis, because film formation in inkjet printing is usually based on the
interaction of substrate, ink and printhead — the so called inkjet triumvirate?2. In this research work,
| demonstrate that the substrate has no influence on the formation of the SCAs due to the
relocation of the self-assembly process from the substrate to the droplet in flight.

Glass substrates with different surface treatments were applied to prove the substrate-
independent formation of SCAs. The measured water contact angles on these treated substrates
are shown in Table 4. Since the contact angles were measured with deionized water that has a

surface tension of about 72 mN/m, the contact angles expected to be formed with the colloidal
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suspension will be much lower as a consequence of their lower surface tension (as listed in Table
3) compared to deionized water.

Figure 27A is a scheme indicating the expected shape of a sessile droplet of the colloidal
suspensions (here BS305) on the differently treated substrates. The lower the contact angle of
the droplet with the substrate, the larger the droplet diameter and the lower the height of the droplet
will be. Without fail, the development of SCAs is not possible based on the DSA process (as
introduced in Chapter 2.5) when taking into account these different droplet shapes. These droplet
shapes are not qualified for the development of SCAs. However, as shown in Figure 27B-F, SCAs
were obtained on all the substrates with the developed in-flight self-assembly process based on

inkjet printing.'66
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Figure 27: Development of SCAs based on BS305 independent on substrate surface properties;
(A) is a scheme indicating the expected wetting states formed by sessile droplets of the colloidal
suspensions with the differently treated substrates; (B)-(F) are top-view SEM images of SCAs
obtained on the differently treated substrates proofing that the formation of SCAs is independent
on the substrate properties (adapted from "¢6)

&

The decrease in size of the SCAs from top to down in Figure 27B-F could indicate a certain
dependency, but in fact, this is not the case, because the selection of images was done

haphazardly, and both larger as well as smaller SCAs were found on all of the substrates. The
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selection of the images displayed in Figure 27B-F was mainly done with regard to the image
quality.

Although the expected shape of a sessile droplet is similar to a flat disc for the corona- and
surfactant-treated substrates, SCAs were still obtained; this indicates that the formation of SCAs
is independent of any surface properties.'®® Due to the in-flight formation of the SCAs based on
evaporation-driven self-assembly, the particular wettability and surface morphology of the
substrate no longer influences the morphology of the deposits. SCAs were also developed on
further substrates with a different surface energy compared to the treated glasses employed in
Figure 27.1%6 Among others, silicon wafers, aluminum, PTFE, glasses coated with gold, and silver
were applied as substrates as well. SCAs were observed on all of these substrates.

The major disadvantage of the DSA methods for the preparation of SCAs is the strong
dependence on surface properties of the substrate as well as the interaction of the colloidal
suspension and the substrate. The method presented in this thesis makes it possible to use any
kind of substrate, and thus increases the flexibility regarding the solvent and the materials used

for the colloidal suspensions.'6

(Parts of this chapter are published in reference %)

5.4 Structures, morphologies and materials of SCAs

According to the literature'3247, SCAs can be divided into three categories depending on the
number of constituent nanospheres forming the SCA: (i) high-order clusters (N < 100), (ii)
supraparticles (N > 100), and (iii) supraballs (N > «).154 Figure 28 shows the size variety of the
SCAs manufactured by inkjet printing using exemplarily BS305. Figure 28A is an example close
to the category of higher-order clusters (see APPENDIX B, Figure A2 for a higher-order cluster
with larger image magnification), Figure 28B an example of a supraparticle, and Figure 28C a
typical example of a supraball.’

Larger SCAs have a very regular hexagonal ordering of the nanosphere particles at the surface
comparable to the surface of SCAs as reported in the literature'93:172.174.247-259 '\which are based on
other manufacturing methods. However, there are also some point and line defects, such as grain
boundary scars?6%.261 visible at the surface of the spheres.’* A deviation from the spherical shape
can also be observed, indicating a high influence of defects for SCAs with smaller diameters in
the range of 1 um (e.g., Figure 28A).'%* Defects are intrinsic for colloidal assemblies with spherical
shapes due to their surface curvature.'®262 | could not derive any influence of printing parameters

on the formation of the above-mentioned defects.’®* A reduction of defects might be obtained in

68



principle by two approaches: (i) usage of smaller nanosphere particles and their assembly to larger
SCAs, and (ii) the application of specially designed nanosphere particles with soft shells,
facilitating a crystal structure formation with low defect density in a very short time (e.g., as
reported by McGrath et al.?63 and Cui et al.’39).'%* As shown in Figure 28, some of the SCAs are
surrounded by planar assemblies of nanospheres (monolayers or multilayer), as already explained
previously. This demonstrates that usually both types planar as well as 3D assemblies exist
simultaneously due to the manufacturing process based on inkjet spray.'%*

Figure 28: Tilted view by SEM of SCAs based on BS305 with changing number of constituent

nanospheres: (A) N =140, (B) N = 1900, (C) N = 31800; (D) and (E) show variable sizes of the

assemblies obtained in a line arrangement as well as randomly distributed as a result of one
individual droplet spray signal, (F) presents the line-up of particles with similar size'>*

The number of constituent nanospheres was calculated with Equation 5, assuming a hexagonal
or face-centered cubic order of the nanospheres with a packing density of about 74 %.'5% Since
the fcc order is considered to be the most energetically stable structure for colloidal crystals, |
assume that the manufactured SCAs exhibit the fcc structure or a mixture of fcc and hexagonal
order."521%4 According to the results shown in Figure 28, a broad variety of SCA sizes can be
manufactured depending on (i) the volume of the ejected droplets in the droplet spray, and (ii) the
number of nanosphere particles contained in a single ejected droplet.'> The droplet volume is
correlated with the waveform and frequency applied to the printhead, while the number of particles

is mainly a function of ink formulation.’* However, SCAs with a changing number of constituents
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also appear sometimes without any alteration of the waveform signal or ink formulation based on
a single driving pulse, as depicted in Figure 28D and E."5*

The droplet spray can contain droplets of different volume, and more importantly, with different
numbers of nanospheres depending on the drop formation dynamics.'%* Reasons for the different
sizes could be also build-ups of dried deposits of nanoparticles adhering to the nozzle tip or particle
agglomerations that temporarily clog the nozzle, as observed by Song et al.?*®> Although similar
SCAs have been demonstrated using other preparation methods, the development of
monodisperse, micro-scale small and uniform SCAs (as shown in Figure 28F) is still a
challenge.?5425% The highly monodisperse SCAs can be obtained by repetition of the voltage signal
to the piezoelectric transducer, resulting in the formation of similar droplet sprays with droplets
having similar volumes and a similar number of constituent nanospheres (see APPENDIX B,
Figure A3).1%4

Other colloidal suspensions (e.g., BL280) were tested as well, and show very similar behavior
concerning the formation of SCAs."* Suspensions with smaller particle sizes using PSC221 were

also printed and SCAs of a similar shape were obtained (see APPENDIX B, Figure A3)."%

Interestingly, the manufacturing concept developed for SCAs based on dielectric materials can be
transferred to other classes of materials as well. For instance, printing tests with dedicated
waveforms enabling a spray ejection were performed with silver nanoparticle inks such as Harima
NPS-JL. This ink formation contains silver nanoparticles with an average size of about 7 nm. The
shape of the nanoparticles is spherical; thus, they are similar to the PS or SiO; nanospheres, but
with a lower circularity. Figure 29 presents SCAs developed based on silver nanoparticles.
Obviously, the characteristic spherical shape is obtained also for other material classes and
particles sizes, proving the flexibility and applicability of the developed method for various
materials and ink formulations.

The SCA shown in Figure 29A was printed with the DMP 2831 and dried at 60 °C for several hours
to remove the solvent. The surface of the SCA seems to be very homogeneous as a result of the
low silver nanoparticle size. In addition, soft organics used to stabilize the ink (with the aim to
avoid agglomeration and fast sedimentation) might still be located on the surface of the
nanoparticles, contributing to a high packing which in turn leads to a homogeneous and smooth
surface appearance. Figure 29B depicts a SCA after a sintering process of 200 °C for 20 min. The
smooth surface changes to a furrowed topology as a result of the sintering process initiating a
volume loss, as well as a particle grain growth by neck formation. However, the spherical shape

remains.
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Figure 29: SCAs based on silver nanoparticles using the ink NPS-JL from Harima; (A) is a SCA
which was inkjet-printed and subsequently simply dried at 60 °C for several hours; (B) is a SCA
which was dried at 60 °C and subsequently sintered on hot plate at 200 °C

The same ink was used with another waveform to print planar layer deposits, for instance for
electrodes of TFTs (see Chapter 6.2). | could not observe any SCA. This example is a proof of the
concept that the developed process based on waveform-engineering and in-flight self-assembly
can be applied to various materials, various ink formulations and various nanoparticle sizes —
perhaps even for nanoparticles with shapes strongly deviating from spheres, such as wires, tubes,

cuboids and others.'%4

The previously shown images of the SCAs consisting of PS or SiO2 nanospheres (e.g., shown in
Figure 28), do not reveal the internal structure. However, given the visible surface, one can
assume that the SCAs are completely filled with nanospheres.'®* This is in contrast to the hollow
assemblies of nanoparticles described in the literature as capsules or colloidosomes?64265. Some
of the printed SCAs were broken by a simple micro-force apparatus consisting of two plates with
plane surfaces, one of which contained the SCAs on its interior.'® These plates were supplied
with a low manual force directed vertically. Thus, the SCAs were clamped in between the two
plates; the aim was to break them up to reveal the inside structure.’®* It turned out that the SCAs
were either deformed or broken in a few big parts, as it is indicated in Figure 30.154.166

They were usually not completely destroyed by disordering all constituent nanospheres.'>* These
observations assume strong van der Waals forces among the nanospheres. The relatively high
stability of the SCAs is interesting for biomedical applications, such as drug delivery or
biomolecular screening and detection.54.253,266,267

As shown in Figure 30, the inside of the SCAs (here based on BS305) is completely filled with
nanospheres.'%1% However, it is difficult to derive any order from the broken areas of the SCAs

in Figure 30. Therefore, some of the SCAs were cut to obtain a cross-sectional image of the
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resulting hemisphere. The cutting was performed using a focused ion beam (FIB)™ of a gallium
source within an evacuated SEM chamber. Platinum was deposited locally by means of an
electron beam and assisted by an ion beam as a protection layer.'®* The angle of the SCAs relative
to the electron and ion beam source was varied during the platinum deposition in order to ensure
proper embedding of the SCAs."** One of the SCAs is depicted in Figure 31A as the top-view and
Figure 31B as the side-view before the FIB process was carried out. The diameter of the SCA is
approximately 10 ym.

Figure 30: Internal structure of SCAs based on BS305 revealed by the micro-force apparatus; (A)
top-view of a broken SCA, and (B) side-view at 60 ° substrate tilt of the SCA of (A); (C) is a
deformed SCA, the opened area is shown with higher magnification in (D) (adapted from 154.166)

Figure 31C is a magnified section of the surface of the SCA showing a well-ordered hexagonal

packing structure of the nanospheres with uniform pores between the nanospheres, as well as

™ The FIB cut and the SEM analysis was performed at the Micro Materials Center at Fraunhofer ENAS in Chemnitz by Dirk Rittrich
(head of the department: Prof. Dr. Sven Rzepka, head of the institute: Prof. Dr. Thomas Gessner).
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some line and point defects as a result of the spherical shape.'® The FIB cut was performed in a

plane close to the center of the SCA.

—

fexagonal” g~
fpacking
order

Figure 31: Structure of an inkjet-printed SCA based on BS305; (A) is a top-view and (B) a side-view
of a SCA that was cut by FIB; (C) is a magnified section of (A) highlighting the hexagonal packing
order of the nanospheres on the surface of the SCA; (D) is a cross-section view on the
hemispherical area resulting from the FIB cut, the marked rectangles are depicted with higher
magnification in (E) and (F) (adapted from '5¢)

The cross-section of the resulting hemispherical area with the build-up of the platinum protection

layer at its outside is shown in Figure 31D."%* Figure 31E and F are magnified sections of Figure
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31D. The surface texture at the cut plane is depicted clearly, but the inner structure is a little blurry
due to charging effects.'>* The FIB cuts the nanosphere particles at different positions so that
cross-sections of the nanospheres appear with different cross-sectional area.'™ Indeed, this
makes it difficult to derive any order from the images. However, in combination with the images of
Figure 30, it can be concluded that the printed SCAs are completely filled with nanospheres and
that the nanospheres are most probably arranged in a mixture of close-packed fcc and hexagonal
structure.’™ Considering the convective assembly hypothesis of Norris et al.’® (although the
hypothesis is based on planar opal growth), | assume that the fcc order outweighs the hexagonal
order in the inner part of the SCAs.'%* The theoretical interplanar spacing D111 for the (111) planes
in the fcc lattice was determined for the SCAs in Figure 30 and Figure 31 with Equation 4 to about
249 nm.1%4

Figure 31F depicts a cross-sectional image of the outside area of the SCA. The arrangement of
the lower nanospheres directly at the interface of the SCA is especially interesting, since they are
more or less in one plane.'®* According to the image, there seems to be a slightly higher order at
the shell than in the center of the SCA.">* This was also confirmed for further SCAs prepared by

inkjet printing, and is in general in agreement with findings reported in the literatures®.

The mechanical stability of the SCAs is remarkable as indicated with Figure 30, which depicts the
broken SCAs. The adhesion of the SCAs to the substrate was tested by two simple abrasive micro-
mechanical methods.'®* Rinsing with deionized water (moderate rinsing with standard narrow neck
dash bottle for up to 5 seconds) and purging with compressed air (1 bar for up to 5 seconds) were
used to invoke a detachment of the SCAs from the substrates.'** Some of the SCAs were perhaps
removed. However, upon further study with light microscopy, most of them remained on the
substrates after the treatments, indicating a good level of adhesion.'>* This can be explained by
the fact that the SCAs are attached to the glass substrate via strong van der Waals forces.156:253

Aside from inkjet-printing of SCAs consisting of only one specific nanosphere material, such as
PS, SiOy, or silver, one can also manufacture SCAs composed of two and potentially even more
types of nanosphere materials. The suspension BS305 & BL280 was inkjet-printed using
waveform B and C as driving signals to develop binary SCAs composed of organic and inorganic
nanospheres.’ The deposition of monolayers and multilayers with waveform A based on this
binary suspension has already been discussed in Chapter 4.2 (e.g., see Figure 20). The binary
suspension showed stable jettability because both kinds of nanospheres SiO; and PS exhibit a
negative charge, indicated by the zeta potential measurement (see Chapter 3.2)."* The zeta
potential value of the binary suspension indicates nearly equal proportions of SiO; and PS

nanospheres. For monolayer and multilayer deposits, the two different nanosphere materials were
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randomly ordered without any preferential arrangement.'® Using SEM in BSE mode allows one
to differentiate between the two materials by the different brightness of the nanospheres.
Figure 32 depicts a top-view image obtained by SEM in BSE mode of a close-packed SCA with a

diameter of about 6 um, containing both SiO, and PS particles."*

Figure 32: Top-view images of inkjet-printed SCAs based on the binary suspension BS305 &
BL280 imaged by SEM in BSE mode; (B) is the same SCA as shown in (A) but with intensified
contrast to indicate the distribution of PS and SiO2 nanospheres (adapted from 154)

The packing quality seems to be similar to the SCAs that are composed of one type of nanosphere
material only.' Figure 32B is a contrast-intensified version of Figure 32B by image processing,
indicating the distribution of the particles on the surface of the SCA. There is also no preferential
order visible."** EDX analysis of the SCA was performed, but did not gave results since the SCAs
were displaced by a few tens of micrometers due to the intense electron beam. However, the
displacement did not result in any obvious damage to the SCAs."** Some samples of the binary
SCAs were heated in a furnace at 300 °C for 5 h with the aim of removing the PS nanospheres.
A scheme of the preparation concept is displayed in Figure 33A.

A depolymerisation process of the PS is initiated, resulting in styrene and finally in the thermal
decomposition of the organic materials.'>* Afterwards, the samples were sputtered with platinum
and characterized by SEM in order to analyze the SiO2 nanosphere arrangement of the formerly
binary SCAs in more detail.

The images in Figure 33B-D show the skeletons of the remaining SiO2 nanospheres after removal
of the PS nanospheres from the SCAs.'®* The sizes of the depicted SCAs correspond to the
classification given before of higher-order clusters, supraparticles, and supraballs. Again, the
stability of the assemblies is remarkable.'>* Although the PS nanopsheres are removed and only
the skeleton of SiO, particles remain, they are still stable without any obvious nanosphere

distortion. This observation implies a well-mixed architectural structure of the nanospheres. Upon
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removal of the PS nanospheres, the porosity increases dramatically. This could potentially qualify

these structures for applications such as drug delivery.'54

Inkjet-printed SCA with PS and SiO» Selective removal of PS nanospheres Skeleton of SCA consisting only of
nanopheres in furnace by thermal decomposition SiOy nanospheres

PS
nanosphere

SiOy
nanosphere

SiOy
nanosphere

(A)

Figure 33: (A) scheme of the selective removal of PS nanospheres from the initially binary SCAs
by heating in a furnace; (B) to (D) are spherical skeletons of SiO2 nhanospheres obtained by the
removal of PS from the inkjet-printed SCAs with different numbers of constituent nanospheres

representing initially (B) higher-order clusters, (C) supraparticles and (D) supraballs'>*

(Parts of this chapter are published in reference '%* and reference 1%%)

5.5 Optical properties of SCAs

The previously presented ordered packing of the nanospheres within the SCAs results in periodic
refractive index variation, resulting in photonic properties. Microreflectance spectroscopy was
carried out to investigate the optical properties of the SCAs and to determine the photonic stop
bands. Figure 34 shows the UV-VIS reflectance spectra of SCAs based on BL280, BS305 and
PSC221. The spectra were normalized and smoothen with the Savitzky-Golay filter for better
visibility and comparability. A comparison of raw data plot, a smoothen plot and a normalized plot
is provided in APPENDIX D in Figure A4.

The spectra clearly show reflectivity peaks, which can be assigned to photonic stop bands. These

peaks correspond to the Bragg reflection resulting mainly from the (111) planes of the SCAs. 15
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The SCAs printed with BL280 and PSC221 have one characteristic stop band at about 623 nm
and about 530 nm, respectively. The measured stop bands are within the expected wavelength
regimes calculated with Equation 2 (Chapter 2.4). The calculated wavelength for BL280 is 614 nm
and 526 nm for PSC221."%* Thus, the measured reflection peaks are in good agreement with the
calculation. The reflectance spectrum of the SCAs of BS305 show two significant peaks,
hypsochromically and bathochromically shifted with respect to the theoretically expected peak
position at 727 nm based on Equation 2.'%* Thus, the calculated peak position for the SCAs of
BS305 corresponds quite well with the measured second peak of the reflection spectrum, but not
with the first peak.'

The spectra of the SCAs in Figure 34 are also quite similar to the spectra of the multilayers
presented in Figure 19A-D. The relative stop band width of the SCAs was determined based on
the non-normalized data. The SCAs using BL280, BS305 and PSC221 have a relative stop band
width of about 20 % (second peak), 19 % (first peak) and 14 % (second peak) for BS305, and
31 %, respectively.’® The intense peaks and relative band widths confirm the interaction of the
SCAs with light. They can be considered as indicators for the high ordering of the particles within
the SCAs. 154
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Figure 34: Normalized microreflectance spectra of representative SCAs based on BL280, BS305
and PSC221 (adapted from 54

Based on the reflectance spectrum of SCAs of BS305, it seems that there are two stop bands. '
A very small second peak also appears for BL280. However, this one is not as significant as the

one for BS305. There are only a few examples in the literature available which discuss SCAs with
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a comparable reflectance spectra having two significant reflectance peaks.'* In general, if one
kind of material with the same size is used for the constituent nanospheres, only one reflection
peak occurs. Multiple peaks might be a consequence of multiple materials, for instance arranged
in a core-shell structure of the SCAs based on different nanosphere diameters. 154253

Liu et al.?%® prepared core-shell SCAs consisting of PS particles used for the core and SiO; for the
shell. They detected a spectra similar to the spectra shown here with BS305, having two significant
stop bands as a result of the material architecture of their SCAs.'>* However, the suspension
BS305 consists of only one material and the nanospheres are highly monodisperse. However, two
significant reflection peaks were clearly obtained, as displayed in Figure 34. As discussed before
in Chapter 4.2, this can be because of many different reasons, and mostly heuristic explanations
are given in the literature. For example, the two peaks can appear due to a disorder in the crystal-
like assembly, causing unselective scattering of light or grating diffraction effects as well as
simultaneous Bragg diffraction from different crystal planes. This in turn could cause an
interference of waves and thus multiple Bragg peaks. Mechanical deformation and/or compression
of the soft, non-cross-linked PS nanospheres might appear as a result of strong capillary forces
during the solvent evaporation. This can lead to an alternation of the volume ratio between PS
and voids, and possibly to a variation of the dielectric constant, resulting in different reflectance
peaks. All these possible reasons are partially addressed in the literature'37.157.159.169.269  The
identification of the causes for the two detected peaks with BS305 as shown in Figure 34 is beyond

the scope this thesis.

The wavelength of the reflection peaks for the SCAs based on BS305 varied during several
measurements. The spread was approximately 480 + 25 nm for the first peak and 670 + 45 nm
for the second peak. The peak reflection wavelength as well as the reflectance intensity is a
function of the number of constituent nanospheres of the SCAs. Figure 35 shows the spectra of
three SCAs with different numbers of constituent nanospheres to be categorized as higher-order
clusters, supraparticles and supraballs.

The higher the number of constituent nanospheres (and thus, the larger the diameter of the SCAs),
the higher the reflection intensity. According to Figure 35, both the first peak and the second peak
shift to slightly shorter wavelengths as the size of the SCAs decreases. The reason for these shifts
is not yet clear, but | suppose a decrease in packing quality along with the decreasing size on
account of the increased importance of surface effects. This causes a lower volume fraction of
particles, and thus a shift of the reflectance peak to lower wavelengths. A lower packing quality

with a decreasing diameter of SCAs was also observed by Marin et al.'”? A perfect close-packed
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arrangement with a volume fraction of 0.74 was found for very large assemblies, and a volume

fraction of less than 0.64 was found for smaller ones.
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Figure 35: Reflectance spectra of SCAs based on BS305; SCAs with different number of
constituent nanospheres were measured representing the three categories higher-order cluster,
supraprticle, and supraball

(Parts of this chapter are published in reference %)
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6 Inkjet printing of TFTs: Process development and process reliability

6.1 Influence of print layout design

The influence of different printing parameters on morphological properties of printed deposits has
been demonstrated many times before in the literature using model inks consisting of dissolved
polymers. However, a change of morphology also usually causes a change in performance of the
layer, for example, in terms of electrical conductivity. The print layout has a strong influence on
the morphology of printed deposits, and thus on the functionality of the layer. In standard inkjet
printing, all print patterns are deposited in a line-by-line raster-scan process.®® This is the inherent
principle of inkjet printing.®¢ Regardless of the orientation of the pattern to be printed, the printing
process will be performed in all cases in this line-by-line manner.®® This procedure presents
challenges, since the overall printing time for a pattern element of the same size (assuming a print
pattern size larger than the print swath width) will depend on its orientation angle to the printing
process. In addition, prepress issues such as pixelation (which are well known from traditional
graphic industries), will come into play, and impose challenges when deviating from simple
orientation angles B such as 0 ° (along the printing direction) and 90 ° (perpendicular to the printing
direction).'®% These challenges will be investigated by inkjet printing of silver lines with a varying
orientation angle B to the deposition process.? Specifically, two commercially available silver
nanoparticle inks were employed for the study: (i) Sun Chemical EMD5603), and (ii) UT Dots
UTDAgIJ1 (see Table 5 of Chapter 3.2 for further information). Sun Chemical EMD5603 is a well-
known and well-established ink formulation in the field of inkjet-printed electronics and has been
used by many researchers, for instance in the references 210231270273 The solvent is mainly based
on ethanol and ethylene glycol. Therefore, the nature of the ink is hydrophilic. The UTDots ink is
less common in the field of printed electronics, and the solvent is based on hydrocarbons that
have generally hydrophobic characteristics.%

The print layout introduced in Figure 13A was printed with both of the inks using the DMP 2831
on cleaned float glasses at a print resolution of 847 dpi, 1016 dpi, and 1270 dpi, respectively. The
waveform and images of the droplet ejection, as well as a photograph of the printed patterns, can
be found in the APPENDIX E in Figure A5 and Figure A6. After the deposition process, the layers
were dried and sintered at 180 °C for 30 min in an oven.% Both the morphological characteristics
as well as the electrical conductivity of each line were studied. As an outcome of the study, | found

three main parameters that influence the morphology and the electrical performance of inkjet-
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printed silver line deposits as a function of their orientation angle to the deposition process: (i)
variation of number of pixels in the print layout file, (ii) number of droplets per printing pass, and

(iii) pixelation at the edge of the print pattern.®®

Variation of number of pixels

Bitmap files are required for the printing process. The bitmap data format is a pixel-based format.
Problems such as pixelation issues arise in the digital prepress of the printing workflow when the
printed line orientation angle B # 0 °, 90 °.% This is mainly caused by the fixed cell grid pattern,
which is constant for each orientation angle of the elements.® The schematic in Figure 36A
particularly represents this problem. Figure 36A shows a rectangular print element with
B=0° (=180 °). The pixel grid is indicated in the left part of the scheme in the color yellow. The
print element consists of 85 px to be printed. As shown exemplarily in Figure 36B, the number of
pixels to be printed reduces to 77 for B = 22.5 °.%5 The print pattern area and the pixel grid remain
constant as before in Figure 36A. Obviously, depending on the orientation angle 3, the number of
pixels can vary.® This variation depends on the overall number of pixels for a defined pattern
element, the pattern shape, and the method used for preparing the print pattern, for example
breaking a vector graphic down to pixels. The variation of the number of pixels results in a variation
of the number of droplets, and thus in a variation of the volume of material deposited. As a result,
the printed patterns show a variation in morphology, and for conductive materials, a variation of
electrical performance.®® The graph in Figure 36C displays the determined number of pixels for
the lines of the print pattern layout as defined in Figure 13A as a function of orientation angle and
print resolution. The higher the print resolution, the higher the number of pixels will be.®® The
horizontal lines marked in green indicate the reference which is the number of pixels for § =0 °
for each print resolution. Thus, the distance of the data points to the horizontal lines show the
deviation. As expected, 0 °, 90 ° and 180 ° line orientations result in the same number of pixels.®®
The maximum deviation is obtained for 3 =45 ° and B = 135 ° with a print resolution of 1270 dpi
and 1016 dpi and for § =22.5 °, 67.5 °, 112.5 ° and 157.5 ° with a print resolution of 847 dpi.
Interestingly, the deviation of the two line patterns with 1270 dpi and 1026 dpi is positives while
the line pattern with 847 dpi causes a negative deviation.®> The reason for this is the low print
resolution and the method of preparation of the print layout file using the mesh as explained in
Chapter 3.3. A smaller print resolution results in a higher distance between pixels to be printed,
and depending on the threshold value set for the transfer of an n-bit image file format to a 1-bit
image file format (default: 50 %), dots are considered to be outside of the print element more

frequently.®® A different method or a different pattern size might result in another deviation. Due to

81



the specific algorithms of each software, this deviation might differ from the deviation shown here.

However, in any case a deviation will result.®®

The deviations displayed in Figure 36C seem to be quite high, especially for the highest print

resolution of 1270 dpi. But taking into account the entire number of pixels to be printed, the relative

deviations are < 3 % per orientation angle 3.%
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Figure 36: (A) and (B) are schematics showing exemplarily the influence of the orientation of a line
pattern on the number of pixels; as indicated in the scheme, the angle of the pixel grid is constant,
as well as the desired print pattern area which corresponds to the line area; (A) represents a print
pattern element with a fixed print resolution and an orientation angle B = 0 ° consisting of 85 px;
(B) shows the same line element having exactly the same area size and the same pixel grid but
with B =22.5°, here the number of pixels reduced to 77; (C) is a graph with the calculated number
of pixels for the print pattern layouts at different print resolutions of Figure 13A (only the line
elements are considered, not the measurement pads), green horizontal lines in the graph indicate
the reference which is the defined number of pixels for § = 0 ° for each print resolution (adapted

from %)

Number of droplets per printing pass

Another important factor that dramatically influences the deposit morphology is the number of

droplets deposited per printing pass.®® The number of droplets deposited per printing pass is a
function of the orientation angle B.°° The dramatic influence of the printing direction in inkjet

printing on the morphology of the 1D film deposits (lines with a width of 1 px) is demonstrated in
Figure 37 for B = 0 ° and B = 90 °.% The measured line widths and line peak heights of the ink

CSD-32 from Cabot are plotted. The deposition was done with laboratory cartridge printheads on
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silicon wafers with a print resolution varying between 508 dpi and 5080 dpi, with p = 0 ° and
B =90 °. As shown in Figure 37A, the line width increases and the peak height decreases with
increasing drop space. Figure 37B depicts lines with a different print resolution printed at 3 =0 °

(first row) and B = 90 ° (second row).
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Figure 37: (A) average line widths and line peak heights of inkjet-printed 1D film deposits as a
function of print resolution and orientation angle B (please note: the axis for the line peak height is
inverted to avoid overlaying of the data plots); (B) exemplarily depicts microscopic images of the
printed lines with a print resolution of 2540 dpi, 847 dpi and 564 dpi at B = 0 ° (first row) and
B =90 ° (second row) (adapted from )

The morphology of the lines printed at B = 90 ° is described by Soltman and Subramanian'® as
stacked coins. Obviously, the line widths are quite comparable, and remain nearly constant at the
different print resolutions. However, the peak heights of the lines show a dramatic decrease as
the print resolution decreases. The opposite appears for B = 0 °.%° The peak height values remain
comparably constant while the values for the line width undergo a large variation. The smaller the
drop space, the higher the line width will be. It was assumed, that the droplets deposited at = 90 °
start to dry before subsequent drops can coalescence with the already deposited droplets, as in
the case of lines printed at B = 0 °. Many more axis movements of the printer and thus a much
longer time duration is required to print the lines oriented at B = 90 ° than at 3 = 0 °. Therefore, the
time delay between subsequently deposited droplets and as a consequence the evaporation
dynamics were found to be the major parameter causing the differences in morphology. Based on
these finding, further investigations were performed to study the influence of the orientation angle
on much larger 2D films, which are more frequently applied in the field of printed electronics. The

question was whether layers with a higher number of droplets follow the trend found for 1D films.®5
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The influence of the number of deposited inkjet droplets per printing pass on the time duration is
illustrated schematically in Figure 38. To simplify the illustration, one printing pass will result in a
deposition of two droplets in width.®® It becomes obvious that the number of printing passes is
much higher for the line with an orientation of 3 = 90 ° (Figure 38B) than = 0 ° (Figure 38A). As
indicated in Figure 38, with one printing pass, about 40 % of the droplets of the line element
oriented along the printing direction are deposited, while only 12 % are deposited for the element
oriented at 90 °.°® Thus, the deposition process will take more time for lines with a 90 ° orientation
and the number of droplets deposited per printing pass is lower.% Of course, the movement of the
printhead is much shorter for the lines oriented at B = 90 ° compared to the lines with B = 0 °.
However, this shorter movement is of little account in terms of time compared to the movement
required for another printing pass (e.g., due to acceleration distance and stopping distance of the
printhead).%®
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Figure 38: Schematic illustration of the influence of the pattern orientation angle 3 for exemplarily
(A) B=0°and (B) B =90 ° on the deposited number of droplets per printing pass; the number of
droplets per printing pass is much higher for the line pattern element with § = 0 ° than g =90 °;
therefore, the deposition of the print pattern element in (B) requires much more printing passes
and thus longer time duration than in (A) (adapted from %)

Since the formation of the final deposit morphology in inkjet printing of solvent-based inks on non-
absorbent substrates is a result of the evaporation processes®, the number of droplets per printing
pass is of high relevance.®® The higher the number of droplets, the higher the volume and the
higher the duration of the evaporation. This leads to a longer “open time” duration, allowing the

deposited liquid to spread and to reach its equilibrium state of spreading based on the surface
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energy of the substrate and the surface tension of the liquid.®® After deposition of the droplets,
they are far from their equilibrium state, and the droplet will move until the equilibrium contact
angle between the liquid and the substrate is reached.'®% According to the spreading law, also
known as Tanner’s law, the radius of a droplet on a solid substrate is a function of time.'%27* On
the other hand, the evaporation-induced volume loss is a function of the liquid volume and the
surface unit area that is wetted by the liquid.%"275276

As a result, the evaporation time for the deposited droplets per printing pass for line elements
oriented at B = 0 ° will be much higher than for B = 90 °, which in turn leads to a higher droplet

spreading and thus to a higher line width.%

Pixelation at the edge of the print pattern

A change of the orientation angle § can result in a change of the drop space directly along the
edge of a printed line element. This can cause pixelation issues of the print pattern edges.®> The
schematics in Figure 39A and C indicate a variation of the edge shape formed by the outer pixels
(marked in red) of the line element upon a change in 3.%

For B = 0 °, a perfect rectangle is formed with a constant drop space at each position when
connecting the outer pixels with a straight red line (Figure 39A). Deviation from the perfect
rectangular shape becomes obvious when connecting the outer pixels with straight lines for
B =22.5 ° (Figure 39B).% Here, the distance of the pixels located directly at the edge of the line
element (s¢) is different from sqrep. FOr § =0 °, 90 °, 180 °, s¢ is constant and corresponds to the
drop space Sarop Of the pixel grid. For f =45 ° and 135 °, sc can be determined by multiplying the
drop space of the grid Sgrop With V2. 9

The determination of s of the printed line element for other orientation angles is much more
complex.®® However, in all cases se > Sarop, and the lower the print resolution, the higher the value
of se. The microscopic images in Figure 39B and D demonstrate the previously explained edge
effect for the printed patterns (Sun Chemical EMD5603, DMP 2831).°> Obviously, smooth line
edges appear for =0 °, while rough line edges (i.e., edges with pixelation) appear for
B =22.5 °.% This finding is of high relevance for the area of printed electronics, for instance, when
designing layouts for devices such as thin-film transistors. Rough and wavy edges (e.g., in the
case of S-D electrodes), will dramatically increase the risk of short circuits.®> Furthermore, the
edge roughness can influence the performance of printed devices.!'® According to these results,
it is advisable to orient the source-drain electrode print pattern along the printing direction.%
Different orientations might cause device performance problems or even a performance

breakdown of the transistors due to open or short circuits.'7®
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Figure 39: (A) and (C) are schematics showing exemplarily the influence of the orientation angle 8

on the shape of the edges (marked red) of the printed elements; (B) and (D) are the corresponding

microscopic images of the lines printed using EMD5603 from Sun Chemical at a print resolution of
847 dpi (adapted from %)

Influence of B on layer morphology and layer resistance

Figure 40 presents the measured line widths and line profiles of the silver inks EMD5603 and
UTDAgIJ1 as a function of the orientation angle 3 (profiles were smoothen as described in Chapter
3.5, since the UTDAgIJ1 ink formulation resulted in a very rough surface morphology; further
details are found in APPENDIX F, Figure A7). The line width data displayed in Figure 40A and B
has a very high symmetry between the data points from=0°to=90°and =90 °to 3 = 180 °,
indicating high accuracy of the printing process and the measurement procedure.®®

The print resolution has a strong influence on the line width. As expected, the higher the print
resolution, the higher the line width.% Interestingly, both ink formulations result in lines within a
similar line width range, despite the contrasting nature of the solvents.®® The standard deviations
for the lines printed with EMD5603 are much higher than for UTDAgIJ1, and they scale
approximately with the print resolution. Larger standard deviations were obtained at high print
resolutions, for instance, due to bulging effects’3190.1% The digital print pattern was initially
designed with a line width of 500 um for both of the inks. Obviously, higher line widths were
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obtained in both cases due to ink spreading.® Line patterns with B = 90 ° which were printed with
847 dpi conform best to the digital print pattern size.%

As shown in Figure 40A and B, the line width usually decreases from =0 °to § =90 °, and then
increases from 90 ° to 180 °. The lowest line width was obtained for g = 90 °, although the number
of pixels and therefore the number of deposited droplets is equal for =0 °, 90 ° and 180 ° (see
Figure 36C).% This result is in line with the result for 1D films (see Figure 37). Taking into account
the distribution of the pixels as indicated in Figure 36C, one would expect a similar shape in the
graph, since there should be a correlation between the number of pixels and the line width.®®
Surprisingly, this is not the case. Many more droplets are deposited next to each other within one
printing pass of the printhead for the lines with = 0 ° than for the lines with = 90 °.% Specifically,
the ratio of deposited droplets per printing pass for a print resolution of 1270 dpi is about 1000
droplets for =0 °to 50 droplets for f =90 ° (assuming the usage of two nozzles for the
deposition, as depicted in Figure 38). This results in a ratio of approximately 20:1. Depositing 1000
droplets next to each other will lead to a fast droplet coalescence (see Chapter 2.1) and to a
comparable high volume of ink.®® Mainly the interaction between the surface energy of the
substrate and the surface tension of the deposited ink defines the spreading of the ink, and thus
also the lateral and vertical size of the deposit®® (see also Chapter 4.1). Firstly, the evaporation of
the solvent of a deposited volume of 1000 droplets requires a much longer duration of time than
for 50 droplets.?® Thus, spreading of the deposit with higher ink volume can proceed more
extensively with time according to Tanner’s law'%?74 than the deposit with lower ink volume.
Secondly, the deposition will result in a cylindrical bead morphology of the ink with the substrate
for contact angles 6 < 90 °.%° The cross-section of the cylindrical bead is equal to a spherical cap
shape as long as the surface tension dominates over gravitational forces.?’® The increase in height
of the spherical cap is more limited (e.g., by gravitational force and the interaction with the surface
of the substrate) than the increase of the diameter (e.g., limited by the pinning of the ink at the
three phase contact line), which corresponds to the width of the wetted area, and thus finally to
the line width.%

In other words, printing hundreds or thousands of droplets on top of each other on a fixed area
will not result in a continuous growth in height of the layer for the partial wetting state. At a certain
point, gravitational force and the spreading tendency of the ink will become more dominant,
resulting in a larger wetted area.®®

The two previously explained dependencies, (i) higher ink volumes require longer time duration to
evaporate than lower ink volumes, and (ii) higher spreading tendency of the higher volume
deposits compared to smaller ones due to more limitation to increase in height such as

gravitational force), clearly dominate the line width formation presented in Figure 40A and B over
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the entire number of droplets deposited per line pattern as indicated in Figure 36C.°° The data set
of EMD5603 printed with 847 dpi is obviously an exceptional case, since it behaves differently
(Figure 40A). Here, the line widths for § =0 °, 90 ° and 180 ° are quite similar. | assume that a
critical limit related to the number of droplets for this specific ink formulation has been reached.%
Non-continuous film formation was obtained for patterns printed with lower print resolution (e.g.,
726 dpi). Therefore, a print resolution of 847 dpi is a threshold for droplet coalescence. The low
print resolution of 847 dpi results in less spreading and bulging of ink, since also much less volume
of ink compared to higher print resolutions is deposited.®® These liquid films are much closer to
their equilibrium contact angle with the substrate directly after the deposition than the films
deposited with a higher print resolution. The layers will evaporate faster, avoiding excessive
spreading, and the drop coalescence might result in a slight contraction of ink, thus equalizing the
line widths for =0 °, 90 ° and 180 °.%

Figure 40C and D show the averaged surface profiles obtained by profilometry of the inkjet-printed
silver lines with a print resolution of 1016 dpi as a function of orientation angle 3. The profiles of
the EMD5603 ink formulation are very smooth, forming a nice plateau at the center, and can be
considered as an excellent example for printed electronics applications, such as for the
manufacturing of multi-layer stacks, as required for capacitors or transistors.%® The profiles of the
ink UTDAgIJ1 are characterized by a high layer thickness at the edges compared to the center
part, and by high surface roughness in general (see APPENDIX F, Figure A7 for raw data profiles
for a better comparison).®® Figure 40E and F present the maximum heights of the averaged surface
profiles in Figure 40C and D using the same color code for better visualization.®> The lowest
average profile height is obtained for both ink formulations at § =0 ° and 8 = 180 °. The highest
average profile height was determined at B = 90 ° for EMD5603 and 8 = 135 ° for UTDAgIJ1.%
However, one would expect in both cases at 90 ° orientation the maximum layer height. The
deviations can be explained in terms of the roughness of the UTDAgIJ1 layers and the more
complex, not completely symmetrical shape of the profiles, and the averaging of the profile heights
done for both of the inks, as well as the height measurement at the exact same middle position.
One must also note that the difference in height of the ink UTDAgIJ1 between =90 ° and
B =135 ° is only about 30 nm. Overall, the values of the line height in Figure 40E and F could be
roughly correlated with the line width displayed in Figure 40A and B. This is not true in all cases —
there are obviously deviations that | consider as measurement uncertainty; however, generally if
the line width is high, the line height is usually low and vice versa.®

As expected, the print resolution also has a strong influence on the average height of the lines.
The higher the print resolution the higher the average line height will be. Further details about the

line heights and line profiles as a function of print resolution are found in APPENDIX F, Figure A8.
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Figure 40: Average line widths of inkjet-printed lines (2D films) of (A) EMD5603, and (B) UTDAgIJ1
as a function of orientation angle B and print resolution; layer profiles obtained with profilometry

T T T T T T T T T T T T T T T T T
0.0 225 450 67.5 90.0 112.5135.0 157.5 180.0
Line orientation [°]

of (C) EMD5603 and (D) UTDAgIJ1 at a print resolution of 1016 dpi (adapted from °%); (E) and (F)

present the maximum heights for EMD5603 and UTDAgIJ1 of the profiles of (C) and (D) as a
function of orientation angle
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Figure 41A and B show the measured average line resistance. Obviously, the line resistance
varies with the changing line orientation angle B for the EMD5603 ink formulation, while the
resistance is relatively constant for the UTDAgIJ1 ink.% It is difficult to derive any trend for lines
printed with the UTDAgIJ1 ink shown in Figure 41B.%° The average line resistances are more or
less constant — though somehow independent of the line orientation angle 3 — and have very high
standard deviations in the range of 20 % to 30 %. The average resistances taking into account all
orientation angles 8 for 1270 dpi, 1016 dpi, and 847 dpi are 4.28 + 0.12 Q, 4.62 + 0.09 Q, and
5.66 £ 0.16 Q, respectively.®> The overall highest resistance was obtained for lines using the
EMD5603 ink with a print resolution of 874 dpi, and the lowest with EMD5603 deposited with
1270 dpi. As expected, the higher the print resolution, the lower the line resistance.®® This is
because more ink volume and thus more conductive silver is deposited at higher print
resolutions.?® The standard deviations increase as the print resolution decreases for both of the
inks. However, the effect is more pronounced for the EMD5603 ink. The data plots of the EMD5603
ink show a very clear trend that is exactly the mirrored counterpart of the number of pixels per line
orientation angle B (see Figure 36C).°® This result is comprehensive, since the number of pixels
defines the amount of silver to be deposited on the substrate, and the higher the amount of silver,
the lower the resistance.?® Only the resistance of EMD5603 with a print resolution of 847 dpi
behaves again differently. Here, the graph is not the mirrored counterpart of the graph with the
number of pixels in Figure 36C, but it shows the same trends. However, it corresponds well with
the line width plot in Figure 40A. | explain this difference due to the fact that the print resolution of
847 dpi is — as already explained — very low, and at a lower limit to obtain continuous lines.%
Taking into account the cross-sectional areas determined by calculating the integral of the
determined line profile graphs (see Figure 40C), a conductivity of up to 20 % of bulk silver for the
lines with the UTDAgIJ1 ink and about 15 % conductivity of bulk silver for the lines printed with
EMD5603 ink can be approximated.®® Figure 41C is an idealized comparison of the line
parameters as a function of the orientation angle B of all the printed lines investigated in this
contribution. The color code qualitatively indicates a range from low (light colors) to high (dark
colors) with respect to the parameters under comparison.®® Although it is idealized and not
absolutely reliable in all cases, it summarizes the main results of the influence of 8 on line width,
line edge roughness, line height, and line resistance. These results demonstrate that the
orientation angle is of high importance in inkjet-printed electronics.%

The discrete droplet-by-droplet nature of the inkjet printing process imposes challenges on the
control of printed patterns such as the simple lines (2D films). The film formation process of inkjet-
printed materials is inherently different from many other liquid deposition methods.% Therefore,

designing devices for inkjet-printed electronics requires a detailed understanding about the
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process and all parameters that influence morphological or functional characteristics of the

deposits, such as orientation of the print layout pattern to the deposition process.%
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Figure 41: Average line resistance of lines inkjet-printed with (A) EMD5603, and (B) UTDAgIJ1 as a
function of print resolution and line orientation B; (C) is an idealized comparison of the main
parameters investigated as a function of line orientation, the color code indicates qualitatively a
range from low to high with respect to the parameters under comparison (adapted from %)

These investigations of both morphological and functional characteristics of inkjet-printed silver

lines with different orientation angles B can be considered as a basic contribution allowing design

and printing engineers to deposit desired, optimized and arbitrarily shaped, complex pattern

features. This can finally lead to an improvement of printed electronic devices.%

(Parts of this chapter are published in reference °® and reference %)

6.2 Selection of materials and inks

TFTs consist of (i) three electrodes separated from each other, (ii) a semiconductor, and (iii) a

dielectric layer (see Chapter 2.6 and Chapter 3.3). S-D electrodes are separated from each other,

thus forming the active TFT channel due to the contact with the semiconductor layer. S-D
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electrodes are separated from the gate electrode due to the dielectric layer. Therefore, functional
and morphological requirements exist for each of the components of the TFT, along with
processing requirements for the ink formulations. For instance, the electrodes need to have a
certain conductivity to transport charges. A certain work function is required for the S-D electrodes
in the interplay with the OSC to efficiently inject and collect charges. On the other hand, the
dielectric layer should have a high dielectric constant, and the OSC a low amount of dopants to
limit current flow of the TFT when it is in off-mode. The surface energy of the deposited and solid
layers should be adequate to allow the deposition of further layers on top, which are required to
complete the TFT stack. This presupposes that the deposited layers do not get dissolved in
contact with the inks deposited on top of them. For this reason, a high compatibility between the
different layers is required. In addition, comparable smooth layer surfaces (preferably average
roughness < 200 nm) without high spikes (preferably < 300 nm) are required to avoid connections
between the different layers (values are derived from experience). If layers are desired to be
continuous, they should be continuous after printing without any areas uncovered, for instance, to
avoid open circuits or short circuits. Since the deposition is done on flexible PEN substrates, there
are also limitations in temperature. All these issues (along with many others) have to be
considered for the selection of the materials and inks, if the aim is to develop a process for the
manufacturing of TFTs based entirely on inkjet printing. Different studies and general
considerations will be presented in the following section for each component of the TFTs,
indicating the selected materials and inks; and the importance of the selection process will be also

considered.

Substrate

Flexible plastic substrates are preferred in the field of printed electronics in order to meet the
growing demand for flexible, light-weight, large area, and shapeable electronic devices. There are
many polymer materials available that are discussed in detail by MacDonald et al.?’7, Choi et al.?"8,
and Zardetto et al.?’®. Polymers, such as polypropylene (PP), polyvinylchloride (PVC), polyether
sulfone (PES), polyimide (Pl), polycarbonate (PC), polyethylene terephthalate (PET), and
polyethylene naphthalate (PEN) are the most frequently used.?8® Without a doubt, the last two
polymers mentioned are the major materials used nowadays as substrates for printed and flexible
electronics.?™®

Despite the high transparency of PET and PEN substrates employed in printed electronics, PET
and PEN are classified as semi-crystalline thermoplastic polymers substrates, and thus have high
resistance against solvents.?’® The main issue of PET, PEN, and in general low cost polymer

substrates in printed electronics is their low glass transition temperature Tg4. The value or the range
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of T4 defines the feasible post-treatment methods and treatment temperatures, and thus helps to
identify the materials that can be deposited and post-treated on the substrate. PEN (T4 of about
120 °C) shows a higher temperature stability than PET (T4 of about 78 °C), but at the same time
a lower UV stability due to the presence of naphthalene rings instead of benzene rings.?827° Both
PEN and PET are also available as heat-stabilized substrates with T4 > 140 °C, allowing the
deposition or post-treatment processes at temperatures up to 200 °C or even higher as
demonstrated by Zardetto et al.?”® for heat-stabilized PEN278.

Superior thermal properties, excellent surface smoothness, and well-defined surface energy due
an adhesion-promoting chemical treatment are the major reasons that the heat-stabilized Teonex
Q65FA/QB65HA PEN films were chosen as substrates for the development of the TFT

manufacturing process.

Electrodes

Conductive materials required for the creation of electrodes are the basis for all electronic devices.
Organic as well as inorganic materials for the electrodes of printed TFTs have been used. The
organic conductors usually have comparably low conductivities (< 1500 S/cm; also sometimes
higher values up to 3400 S/cm are reported in the literature?8'282), Additionally, especially
polymeric conductors such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) have a high sensitivity, for instance towards humidity, UV light and oxygen, and
thus suffer from performance degradation over time. However, the benefit of the organic materials
is that the post-processing of the deposited layers is quite simple (e.g., hot plate drying to remove
the solvents). Furthermore, they are usually cheaper than metal inks and easier to handle and to
print_83,111,281—285

Organic conductors based on carbon, such as carbon nanotubes with metallic conducting
behavior (CNTSs), graphene, or simply carbon black, are very interesting materials. However, there
are still major challenges in implementing them in printed TFT devices. Carbon black is a very
cheap material and is already used in conventional pigmented printing inks for graphic
application.?®¢ Recently, there have also been inkjet ink formulations with carbon black
nanoparticles available, which are dedicated to the area of printed electronics.?®” However, the
electrical conductivity of the layers is very low (usually < 100 S/m), and not well-suited to TFT
electrodes. The liquid deposition of graphene or CNTs usually results in nano- or even micro
porous layers characterized by a percolation network structure of individual graphene flakes or
CNTs.'08288 \While the intrinsic transport of charge carriers within single CNTs or graphene flakes

is highly efficient, the charge carriers undergo a hopping mechanism from one individual CNT or
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graphene flake to the other. In this case, the charge carrier transport efficiency is limited, resulting
in an decrease of conductivity.?8? Furthermore, the deposition of homogeneous layers of preferably
aligned graphene flakes or CNTs using printing technologies is a big challenge.83290-292
Inorganic materials based on metal nanoparticles or metal-organic decomposition inks have
significantly higher conductivities than that of organic materials and have been widely studied. 292
Silver nanoparticle inks have been, and still remain, the most commonly used conductive material
in printed (and especially inkjet-printed) electronics.?®> However, copper as metal deposited by
inkjet printing is attracting increasing attention.293-2%

Today, there is a large amount of commercialized silver nanoparticle inks for inkjet printing
available. Many of the available inks are listed in Table 5 in Chapter 3.2. Obviously, there is no
standard concerning the ink formulation chemistry since different solvents, particle sizes, and
particle wt% are used. As a consequence, each of the inks will behave differently during the jetting
process and on the substrate. The development of a dedicated waveform is required for each of
the inks. It is assumed that each of the inks show different spreading behavior and film formation
behavior as a result of their different composition. The different spreading behavior will result in
different line widths. However, the geometric line width is of high importance in printed electronics;
for instance, for the deposition of S-D electrodes. Here, the line width should be as low as possible
to allow a high integration of finger electrodes per area. In addition, the edge sharpness of the
lines should be as high as possible to prevent short circuits. All of the inks listed in Table 5 were
inkjet-printed with the DMC printheads, which eject droplets with a nominal volume of 10 pL. A
dedicated waveform was developed for each of the inks and the print pattern presented in Figure
14 was employed (all the lines are 1D films with the print pattern orientation angle =0 °). The
print pattern makes is possible to determine the line width of the inks at different print resolutions.
The obtained line width can be considered as a qualitative parameter for the spreading of the ink,
and the standard deviation acts as a parameter for the edge sharpness. All prints were done on
Teonex Q65FA and Q65HA, which was heated to about 50 °C to ensure stable conditions.
However, one must note that the inks are made by the manufacturer for different applications, and
that they maybe recommend different substrates and different substrate temperature. The
substrate Teonex Q65FA and Q65HA and the substrate temperature of 50 °C were chosen as a
reference standard, which meets the processing recommendations of most of the ink formulations
quite well.

Figure 42A shows the results by plotting the measured line width of each of the ink formulations
listed in Table 5 in Chapter 3.2 as a function of print resolution. Figure 42B is a sectional view of
Figure 42B from a line width of 0 yum up to 140 um to improve the readability. Obviously, there is

a clear trend which is already visible in the exemplarily depicted image in Figure 14B. The higher
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the print resolution, the higher the line width, because more droplets are deposited per length.
Most of the inks have a line width in the range of 30 um to 140 um. ANP DGP 40LT-15C,
PVnanocell I150T-11, PVnanocell 130TD-102, Bando OJ30-1 and Harima NPS-JL show a higher
spreading, and line widths close to 700 um were obtained at 1693 dpi. These ink formulations are
not suitable for the development of highly integrated S-D electrodes. The Bando OJ30-1 has an
especially high standard deviation, indicating high edge roughness, and thus a high probability of
causing short circuits if applied as ink for S-D electrodes with short channel length.
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---®-- Sun Chemical EMD5603 --<«--- PVnanocell I30EG-1

---4&-- Sun Chemical EMD5730 PVnanocell 150T-11
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Figure 42: (A) measured line widths of commercially available silver ink formulations as a function
of print resolution and drop space; (B) is a sectional view of (A) up to a line width of about 140 ym;
all of the inks were printed with the Fujifilm Dimatix DMC printheads (10 pL nominal droplet
volume) on PEN substrates which were heated to about 50 °C

In some cases, continuous line formation did not occur at a certain print resolution. The surface
tension of the ink dominated over wetting forces and prevented the formation of continuous lines
at a lower print resolution. For example, the ink PVnanocell I30EG-1 and Novacentrix JS-B25HV
can be used only up to a print resolution of 1016 dpi. Lower print resolutions will result in non-

continuous line formation (i.e., non-continuous area coverage). Bayink TPS C, PVnanocell
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1125EGD-101 and PVnanocell 1125EGE-100 can be used up to 847 dpi before interruptions in the
lines appear.

The ink formulation Harima NPS-JL is clearly very different to other inks. It shows intense
spreading on the PEN substrate, resulting in an area increase which strongly deviates from the
digital print layout. The lowest line width obtained was about 400 pym, which is approximately 10
times higher than other silver ink formulations. This has to be considered when designing TFTs
for inkjet printing. The area increase as a function of print resolution is proportional to the number
of deposited droplets. Further information can be found in APPENDIX G in Figure A9.

For the application of the silver inks as S-D electrodes in TFTs, the standard deviations given in
the data points in Figure 42 are the most important. The standard deviation is the square root of
the average of the squared deviations from the mean value, and thus is a measure for the spread
of values in a certain value distribution. As mentioned before, the standard deviation can be
considered qualitatively as a parameter for edge sharpness. Edge sharpness is basically a
roughness of the edge profile of a line that can be calculated, for example, as average roughness
or root mean square roughness (i.e., square root of the sum of the squares of the individual minima
and maxima of the mean). Therefore, the higher the standard deviation, the higher the deviation
from a straight line edge, and thus the higher the degree of roughness. A high roughness in turn
indicates a higher risk of short circuits between the S-D electrodes. The bar chart in Figure 43
shows the average standard deviation per ink formulation.

The average standard deviation was determined by taking into account the standard deviation of
each line at each print resolution for the individual silver inks and calculating their average, and
then again by taking the standard deviation of the standard deviation. Thus, the bar chart is an
indicator for the edge sharpness and the homogeneity of the printed silver ink lines. The standard
deviations of the average standard deviation in Figure 43 represent the spread between the
different print resolutions. This graph was chosen in order to assess the edge sharpness, allowing
for the selection of appropriate ink formulations, which are qualified for the development of
homogenous and straight S-D electrodes. The lowest average standard deviations were obtained
for the inks Sun Chemical EMD5603, Cabot CSD-32, Sun Chemical EMD5730, and Genes'’ink
CS01121. As a result, Sun Chemical EMD5603 was preferred as a silver ink formulation for the
development of the S-D electrodes of the TFT manufacturing process. After all of the silver inks
listed in Table 5 in Chapter 3.2 were inkjet-printed, a pre-selection was done based on the line
width measurements, the average standard deviation of the line widths, and on the jettability and
layer formation properties of the different ink formulations.

96



Il Sun Chemical EMD5603
[ ] cabot CSD-32

[ Sun Chemical EMD5730
[ Genes'ink CS01121
Il Xerox XNC-NS32

[ Harima NPS-JL

[ Bayink TPS C

[ PVnanocell 1125EGE-100,
[ IMethode 9102

[ Novacentrix JS-B25HV
I UTDots UTDAgIJ1

Il PVnanocell 1125EGD-101
Il PVnanocell 130TD-102
[ PVnanocell 150T-11

[ Pvnanocell I30EG-1

[ IKTS Ag-LT-20
[l Bando 0J31-1

[ Hisense Jet-600C
[ ANP DGP 40LT-15C
[ Bando 0J30-1

Average standard deviation of line width [um]
3
1

Silver ink formulation

Figure 43: Average standard deviation of the line width measurements of the inkjet-printed silver
inks as indicator for the edge sharpness of the lines; all of the inks were printed with the Fujifilm
Dimatix DMC printheads (10 pL nominal droplet volume) on PEN substrates heated to about 50 °C

The layer formation is influenced by many parameters, and can be considered as evaporation-
driven self-assembly (or in general, evaporation-driven material transportation) as discussed in
Chapter 2.3. Several examples of influencing factors were given in Chapter 4.1 and Chapter 6.1.
The final layer morphology is of high interest, especially if it is necessary to print something on top
of this layer (e.g., a dielectric as separator to further electrodes). Most of the inks show comparable
layer deposit morphologies that are, in principle, qualified for the development of TFTs. However,
it was found that the layer morphology strongly depends on the area of the deposited layer, despite
the fact that all the printing parameters remained constant.

One example is shown below in Figure 44, using the ink formulation PVnanocell I30EG-1. Figure
44A is a photograph of printed gate electrode metal patterns on PEN films which were partially
covered with the dielectric cPVP. Figure 44B and D are detailed microscopic images of sections
having a small area printed of about 750 ymx 750 um and a larger area of about
1000 um x 1200 um. The surface of both of the rectangles is obviously quite different, although
the same printing system and the same print settings were used. The small rectangle in Figure
44B appears homogeneous and the surface profile obtained with the laser microscope in Figure
44C confirms this assumption. The edges have a slightly higher thickness, with a peak height up
to 5 um, indicating the occurrence of the coffee-ring effect. However, overall it is sufficiently
homogeneous. In contrast, the larger rectangle shows a high inhomogeneity in its center. There
are even holes in the layer. The 3D scan in Figure 44D reveals high peaks in the center and a
ring-like structure. These peaks were found to have thicknesses of up to 20 um. It is an extreme

example for counter coffee-ring effects (i.e., inward-directed convection flows), since a lot of
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material is accumulated in the center of the pattern. The preparation of a bottom gate TFT with

this rough layer is not possible due to the formation of short circuits as a result of the silver peaks.
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Figure 44: (A) inkjet-printed silver gate electrode pattern using PVnanocell I30EG-1, (B) and (D) are
detailed microscopic images of different rectangles having an area of 750 x 750 ym? and
1000 pm x 1200 pm, (C) and (E) are 3D profiles done by laser microscopy
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Finally, the 14 most promising inks were used to print squares with 1270 dpi for the measurement
of sheet resistance. Drying and sintering of the printed silver inks were carried out in an oven at a
temperature of 160 °C for 30 min. It is important to note that a drying and sintering in oven at
160 °C for 30 min was used as a reference parameter to allow better comparability. However, the
recommendations of the ink manufacturers might deviate.

The measured sheet resistances of the inks are shown in Figure 45. One must note that the inks
have different silver nanoparticle sizes and different wt% of silver which affects the result. In this
sense, the sheet resistance is not normalized to the obtained thickness of the layers. Based on
layer thickness data obtained by cross-sectional SEM images and profilometry measurements on
silicon or glass, an average layer thickness range for all of the inks between 300 nm — 1200 nm
can be assumed. Given this assumption, the layer thickness among the silver inks can be quite
different up to a factor of four. Table 5 might also provide indications for the varying layer
thicknesses, since the solids content and the size of the nanoparticles is given for most of the inks.
Determining the layer thickness after the drying and sintering on the polymer substrate was quite
difficult due to the waviness of the substrate. Therefore, Figure 45 is not normalized to the
thickness, since the measured thicknesses of the silver layers were not reliable.

Moreover, | consider the print resolution to be one of the most important parameters in inkjet

printing. Inkjet printing is performed based on the parameter print resolution rather than on layer
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thickness. Thus, | selected the print resolution as a parameter of interest for the comparison of
sheet resistance.

Most of the ink formulations have a sheet resistance lower than 0.1 Q/O. However, two inks from
PVnanocell have a much higher sheet resistance (i.e., they required higher sintering temperature).
The previously chosen ink formulation Sun Chemical EMD5603 has a sheet resistance of about
0.3 Q/O0, which is definitely sufficient for the development of TFTs.

In general, the sheet resistance strongly depends on the print resolution as well as on the
temperature and time duration of the drying and sintering process.'® The higher the print
resolution, the lower the sheet resistance. This is due to the increase in cross-section available
for the charge carrier transport. The higher the drying and sintering temperature, the lower the
sheet resistance. This is as consequence of a more intense, and thus more efficient sintering
process. These already well-known dependencies are displayed in APPENDIX G in Figure A10,
particularly for the ink formulations Sun Chemical EMD5603 and Harima NPS-JL.
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Figure 45: Comparison of sheet resistance of the inkjet-printed silver ink formulations; printing
was done at 1270 dpi (corresponds to 20 um drop space) on PEN substrate and drying and
sintering at 160 °C for 30 min (sheet resistance not normalized to layer thickness)

Dielectric

The main question of this chapter is which kind of dielectric ink is more useful for application in
TFTs: UV curable or solvent-based ink formulations? There are many nanoparticle inkjet inks
available to form conductive electrode patterns as presented in the section before. However, there

are rarely dielectric inkjet inks available designed for use in printed TFTs. Dielectric layers are
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large band gap materials characterized by the absence of charge carrier transportation, which
results in insulation against electrical conduction.’”® To obtain a stable, thin and smooth inkjet-
printed dielectric layer with a high dielectric constant (relative permittivity) is considered to be one
of the biggest challenges in forming an operating inkjet-printed TFT. The dielectric ink and the
layers formed with it using inkjet printing are very critical to the operational performance of the
TFT. The following bullet points indicate the major challenges of dielectric inks and the dielectric
layer that were identified during my doctoral research, based on printing tests with several
dielectrics:
= Difficult processing of existing dielectric inks with inkjet printing, for instance, limited
jettability due to high viscous ink formulations (most of the dielectrics were designed for
spin coating and are adapted to inkjet printing by dilution)
= Bad dielectric layer formation, for instance, due to wetting and de-wetting problems or
issues related to convectional material transportation flows
= High dielectric layer thickness (e.g., > 3 pm, based on UV curable inks) which decreases
the TFT performance
= Difficulty to print on top of the dielectric, for instance, due to low surface energy of the
dielectric layer but usually the high polarity of the solvents of the conductive inks
= Chemical nature of the dielectric, for instance, hydrophilic or acid groups that limit the TFT
performance due to charge trapping
= High leakage current (e.g., > 50 nA) due to inhomogeneous dielectric morphology or
material properties after the printing
= Stability and compatibility of the dielectric layer, including dissolubility in solvents used for

ink formulations printed on top of the dielectric

UV curable dielectrics are usually preferred in inkjet printing. In comparison to dielectric ink
formulations based on solvents, UV curable inks result in layers with homogeneity and
smoothness. Furthermore, a fast curing process at low temperature is possible which is attractive
for web-fed processing. The application of solvent-based dielectric inkjet inks on nonabsorbent
substrates leads in most cases to inhomogeneous layers due to convectional flows during the
solvent evaporation. The film formation is mainly determined by evaporation kinetics and the
interaction of the ink with the substrate (see Chapters 2.3 and 4.1 ). For UV curable inks, no
evaporation takes place, and therefore convectional flows have no effect on layer formation.20!

Nonetheless, the layer formation process can undergo several wetting and spreading dynamics,

although no convectional flows take place. One example is shown in Figure 46.
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Here, the dielectric ink Sun Chemical EMD6415 was deposited as a square pattern with a size of
2 mm x 2 mm on the gate electrode (dried and sintered Sun Chemical EMD5603 silver layer). The
size of the square is chosen to fit to the minimum magnification level of the optical microscope
Leica DM 4000 M. Figure 46A shows the percentage area coverage of this layer as a function of
time passed after its deposition using the DMP 2831 with six nozzles activated. The graph
indicates an area decrease, and thus a lateral shrinkage of the layer from about 100 % coverage
to about only 30 % coverage after 3.5 min.

Obviously, a strong de-wetting takes place and most of the deposited ink material contracts to less
than half of the initially designed area. Figure 46B depicts the de-wetting processing as a function
of time. For the measurement of the area increase, the darker part of the ink was considered as
edge and the circumventing area was subtracted from the 2 mm x 2 mm area to obtain the
decrease. The images are displayed such that printing started at the top left corner and proceeded
down to the bottom right corner. De-wetting starts at the top of the rectangle and generally follows
the printing process. A very thin film of the ink maintains the original shape. However, this part of
the film is very thin, not continuous and inhomogeneous. This thin film does not provide sufficient
dielectric properties when applied in a TFT stack. Most of the dielectric material contracts to a
hemispherical shape at the bottom right corner of the print patterns. These effects result in very

thick and inhomogeneous layers which are not suitable for the development of inkjet-printed TFTs.
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Figure 46: (A) percentage area coverage of Sun Chemical EMD6415 printed as 2 mm x 2 mm
square on Sun Chemical EMD5603 silver layer indicating decrease/lateral shrinkage due to ink
contraction; (B) microscopic images showing the inkjet-printed layer and the contraction at
different time periods after the deposition

A representative cross-sectional view of a TFT stack with a very thick dielectric layer using Sun
Chemical EMD6415 is shown in APPENDIX H in Figure A11. A very fast deposition and curing

might mitigate the effect of ink contraction and thus the increase in thickness. However, this is
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difficult to achieve in the batch process with the DMP 2831. There are of course other UV curable
dielectric ink formulations, such as the inks from Tritron, which behave differently. These inks form
smooth layers and very homogeneous and continuous films. However, they also have a big
disadvantage, which they share with all UV curable inks without volatile components. The
thickness of the printed layers is very high compared to solvent-based ink formulations. Figure
47A shows the average thickness of layers with an area of 15 mm x 15 mm using the dielectric
ink Tritron V Photon Clear NonWet. A further decrease in print resolution towards 508 dpi results
in inhomogeneous and non-continuous films. The calculated thickness was determined by dividing
the droplet volume by the drop space squared. The droplet volume was determined to be about
8 pL with the installed drop watcher camera. The measured layer thickness is in good agreement
with the calculation. Most remarkable is the very high thickness of more than 35 ym obtained with
inkjet printing, depositing one layer only at 1693 dpi. Any other UV curable ink formulation will
behave similarly, and the layer thickness will be in a similar micrometer range. This might be a
disadvantage for usage as a gate dielectric, but the high layer thickness is perfect for applications

such as reinforcement patterns for microsieves?'%2%, as well as encapsulation or passivation?%’.
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Figure 47: (A) average layer thickness of the dielectric ink Tritron V Photon Clear NonWet as a
function of print resolution/drop space; inkjet printing of squared print patterns with 15 mm x 15
mm area size was performed with the SX3 printhead and the DMP 3000; (B) Cross-sectional view of
the dielectric layer embedded between silver gate and silver drain electrode (adapted from 2°1)

Figure 47B shows a cross-sectional view of the Tritron dielectric layer, printed with a print

resolution of about 726 dpi and embedded between silver gate and silver drain electrode. The
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cross-section was obtained by a FIB cut®. The entire sample was sputtered with a 40 pym-thick
layer of platinum in order to avoid charging effects. The cross-section confirms the range of the
measured and calculated average layer thickness. The dielectric layer is very continuous and
smooth, without any obvious defects. It is about 20 times thicker than the silver electrode layers.
This ratio is well represented in Figure 47B. A high thickness of the dielectric layer causes high
operating voltages for TFT devices, and thus limitations if they are used in integrated circuits.?"’
Usually, high gate capacitances are desired in TFTs because higher charge densities are induced
at lower voltages.'82%2% For instance, with the dielectric ink formulation from Tritron,
capacitances > 550 pF/cm? were obtained for layers with about 6 um thickness. The approximated
dielectric constant is 3.8. As expected, a very high gate voltage up to hundred volts is required to
modulate the current between the S-D electrodes.?""

Thinner dielectric layers with higher dielectric constants are needed to increase the capacitance,
and thus to decrease the threshold voltage and operating voltage of TFTs. However, another
important parameter comes into play for dielectrics with low thickness: leakage current. The
challenge is that leakage currents scale exponentially with the layer thickness. The thinner the
dielectric layer, the higher the leakage current. These considerations imply that both the (i)
thickness as well as the (ii) material properties themselves — especially towards the parameter

leakage current — must be precisely defined and controlled.”®

Printing of very thin and at the same time homogenous, uniform, continuous, and defect-free
layers is one of the major visions in inkjet printing, and in general in the field of functional printing.
However, it is also one of the major challenges experienced by many researchers during the past
decade.?° Solvent-based ink formulations with high dilution were applied to obtain thin layers
using polymers such as PVP, polyimide, or poly(methyl methacrylate). The final shape of the
printed layers is mainly determined by evaporation kinetics, which induce material flows within the
films due to the high solvent content. Layer morphologies ranging from ring-like patterns via the
coffee-ring effect, central bumps, or a number of further deposit patterns in between have been
demonstrated, and were found to be problematic for the development of TFTs. In the literature,
many researchers aimed to suppress the effects responsible for the non-uniform layer formation
by optimizing the ink formulation, the deposition methodology and/or the post-processing.®
However, another approach is to design the layers in such a way that the inhomogeneous parts
of the dielectric layer arising from evaporation kinetics are located outside of the active area of the

" The FIB cut and the SEM analysis was performed at the Micro Materials Center at Fraunhofer ENAS in Chemnitz by Iris Hobelt
and Dirk Rittrich (head of the department: Prof. Dr. Sven Rzepka, head of the institute: Prof. Dr. Thomas Gessner).
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TFTs.3" This is a quite simple and ingenious approach. Additionally, evaporation effects can
contribute to thin and homogeneous layer morphologies. The idea is to take advantage of the
coffee-ring effect to reduce the dielectric layer in the center area of the deposit.>°" This approach
has also been recently applied by Graddage et al.3® The center of the dielectric layer will be
designed in the region of the active area, whereas the coffee-ring is located outside the active TFT
area. Thus, the coffee-ring does not affect the performance of the TFT.3°" The challenge of this
idea is to precisely control the coffee-ring effect aiming to allow a high reliability and to “scale-up”
the coffee-ring effect from single droplets and lines (1D films) to areas of several millimeters
consisting of thousands of inkjet-printed droplets (2D films).30

For the ink formulation, the solvent PGMEA was chosen, since it has a high boiling point of about
145 °C which allows all droplets to coalescence into a film on the substrate over time. Furthermore,
PGMEA dissolves PVP and the crosslinker PMFM, and was found to work well with the inkjet
printheads. Printing was performed mainly with the SE3 printhead with as many nozzles as
possible, and at jetting frequencies > 5 kHz using the DMP 3000. The dielectric layer was designed
as a very large print pattern of about 3700 um x 3750 um to ensure that the coffee ring edge is
outside the active area (see also Figure 15A).30

Figure 48A shows the obtained dielectric layer as part of the layer stack of the TFT (only the OSC
is missing for better visibility). As explained, the dielectric layer has a very large area so that the

coffee ring does not affect the active area.3"
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Figure 48: (A) layer stack of silver gate electrode, dielectric cPVP layer and silver S-D electrodes;
the dielectric is designed such that the coffee ring is outside the active TFT area; (B) is a profile of
the dielectric layer morphology nearby the measurement position indicated in (A)
(adapted from 3°1)
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From the microscopic image, the dielectric layer appears quite homogeneous in its center area.
This is a result of the optimization of several printing parameters, mainly the deposited material
per area and timeframe, and the temperature of the substrate.3°" Further information can be found
in APPENDIX I'in Figure A12. Figure 48B shows the surface profile of the dielectric layer measured
close to the indicated measurement position in Figure 48B. The surface profile implies a strong
coffee-ring effect during the evaporation process of the volatile ink components.®! The valley area,
with an average height of about 1 ym, is comparably uniform, and its center part is used for the
active area of the TFT.3%! The coffee-ring edges are significantly higher with peak heights of about
6 um.3%" However, due to their height and width they contribute to the reduction of the layer
thickness in the center area. With this approach, smooth layers with a thickness of down to 300 nm
were successfully and reliably printed.?" This is only a fraction of the layer thickness obtained with
the UV curable ink formulation. Therefore, the solvent-based ink formulation resulting in a thin

cross-linked cPVP layer was preferred over the UV curable dielectrics.

A cross-sectional view of the TFTs (obtained by a FIB cut®) based on the dielectric cPVP is shown
in Figure 49. All layers were printed with the DMP 2831. Sun Chemical EMD5603 was used for
gate as well as S-D electrodes with a print resolution of 847 dpi. cPVP was employed as dielectric
and printing at 1270 dpi. The OSC was also printed with a print resolution of 1270 dpi.

Figure 49A depicts a section of the TFT with a single drain electrode. The width of the electrode
is about 40 um, and the electrode profile shows a coffee-ring shape. The dielectric of this section
is very homogeneous in thickness, but has some nanometer-sized defects in form of inclusions
which are most probably simple voids (i.e., gas bubbles). These defects are located in all images
very close to the gate electrode. In all cases, they also have the size range which is indicated
below in Figure 49A. These bubbles might be caused by the drying and curing process, which
takes place at a relatively high temperature of 150 °C for 40 min inside the hot plate oven. The
cross-sectional images confirm the smoothness of the dielectric layer in the center area of the TFT
as it was already determined by profilometry in Figure 48B.

Figure 49B is a magnified section of Figure 49A showing the edge of the drain electrode and the
structure of the silver layers. Obviously, the drying and sintering process forms a nano-porous
silver layer structure. The porosity is a function of the drying and sintering process conditions, and
was studied elsewhere for copper?®®2® and silver3®? ink formulations more in detail. A S-D

electrode height profile was obtained by profilometry. It is presented in Figure 49C with a scheme

° The FIB cut and the SEM analysis was performed at the Micro Materials Center at Fraunhofer ENAS in Chemnitz by Iris Hobelt
and Dirk Rittrich (head of the department: Prof. Dr. Sven Rzepka, head of the institute: Prof. Dr. Thomas Gessner).
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indicating the measurement direction. The S-D electrodes have a thickness of approximately
300 nm, which is confirmed by the SEM images as well. The coffee-ring shape appears more

pronounced here as a result of the scale of the x-axis.
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Figure 49: Inkjet-printed TFT using cPVP as dielectric; (A) cross-sectional view on the TFT layer
stack; (B) is a magnified image section of (A) and (C) is the surface profile of the S-D electrodes
printed on top of the cPVP dielectric, the schematic inset shows the measurement direction

osC

The OSC ink formulation FS0096 from Flexink consists of a p-type conjugated aromatic ordered
polymer dissolved in mesitylene. Mesitylene was chosen instead of tetralin or toluene, because it
was reliably jettable. The deposition of the OSC was performed with 16 nozzle laboratory cartridge
printheads in order to reduce material waste, since the dead volume of the laboratory DMC
printheads is much smaller than that of the industrial SE3 or SX3 printheads.'"®

The development process from an irregular OSC layer shape up to a continuous and comparable
regular OSC layer is shown in Figure 50.'76 Only the substrate temperature was varied to improve
the layer morphology. All other parameters remained constant (print resolution 1270 dpi, 16
nozzles with 5 kHz jetting frequency). The print pattern was designed as a square with 3 mm edge
length (see white dotted line in Figure 50). Figure 50A depicts the printed OSC layer on PEN at a
substrate temperature of about 20 °C (room temperature).'”® Obviously, the shape of the printed
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layer deviates largely from the designed layer shape (i.e., white dotted line). The deposited ink
contracts and forms a bulge due to the movement of the receding contact line during solvent
evaporation.'”® The contact angle hysteresis is close to zero and contributes to the formation of a
circular planform droplet shape.'® Soltman et al.'%303 investigated the phenomenon of layer
formation for squared shapes in detail. Methods such as fine-tuning of the print layout or
application of substrates with rough surfaces are presented to compensate the contraction of the
inkjet-printed ink formulations. Here, a very simple alternative approach was chosen by heating
the substrate to compensate the contraction of the ink.'"6

In Figure 50B, the substrate was heated to about 30 °C contributing to a remarkable reduction of
the contraction. Nearly no contraction takes place when the substrate is heated to 60 °C as shown
in Figure 50C."7¢ Figure 50D depicts the transfer of the OSC layer to the final TFT layer stack. The
OSC layer was printed on the cPVP layer with the S-D electrodes patterned on top at a substrate
temperature of 60 °C."7® The obtained layer shape improved a lot compared to Figure 50C. The
shape is close to a square with comparable tight corners. However, the thickness of the OSC layer
is obviously not very homogeneous. The center appears a little darker in color, indicating a higher

layer thickness.'”®
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Figure 50: Inkjet-printed OSC layers with a print resolution of 1270 dpi on PEN substrate at (A)
20 °C substrate temperature, (B) 30 °C substrate temperature, (C) 60 °C substrate temperature and
(D) at 60 °C substrate temperature deposited directly on the Gate/dielectric/S-D electrode layer
stack to complete the TFT (white dotted lines indicate the designed layer size for the OSC layer)'’®

Further optimization can be done by adjusting the ink formulation. However in general, the ink can
be printed with inkjet printing and shows a very good and stable jetting performance. Layers with
adequate quality are formed and since it is a p-type OSC, the handling is much simpler compared
to an n-type OSC.'76

The FS0096 is not considered as a high performance OSC, but it is quite stable in ambient
conditions over several weeks. After a couple of months in ambient conditions, the OSC degrades
resulting in an increase of the TFT threshold voltage.?’® The long time period where the OSC is

stable makes it possible to process the ink by inkjet printing in ambient conditions, and furthermore
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to perform an adequate electrical and morphological characterization of the TFTs in ambient

atmosphere.7®

(Parts of this chapter are published in reference ', reference ?°' and reference ')

6.3 Manufacturing workflow and electrical TFT parameters

A manufacturing workflow for the all-inkjet-printed TFTs was developed under consideration of the
influence of the print layout design (see Chapter 6.1) and by using the inks, materials, and
equipment which were previously defined (see Chapter 3 and Chapter 6.2.). A scheme of the

workflow is shown in Figure 51.
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Figure 51: Scheme of the developed manufacturing workflow for all-inkjet-printed TFTs

The deposition of each of the layers of the TFTs consists of five consecutive process steps.
Process step . and Il. require about 2.5 h — 8 h when using the DMP 3000 equipped with industrial
inkjet printheads. If all the printing parameters are known, a time duration of 2.5 h is feasible for
the preparation. If one starts from scratch with a new ink, it might take 8 h or even longer
depending on the efforts to optimize the entire process. The time duration of the printing process

itself (lll.) depends mainly on the desired printing area, print resolution, jetting frequency and
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number of activated nozzles. However, compared to the process steps I. and Il., it is much faster.
For instance, printing an area of about DIN A4-size (i.e., 924 TFTs) with a print pattern resolution
of 635 dpi using 50 activated nozzles jetting at 5 kHz will take about 12 min. The post-treatment
method employed was a simple thermal treatment in an oven. The time duration depends on the
printed ink and ranges between 20 min — 40 min. Cleaning of industrial printheads in the field
functional printing usually requires a disassembly of all parts in order to avoid contamination of
other inks used with the same printhead or printhead parts. The complete disassembly and
cleaning is quite time consuming (2 h — 4 h) since it should be carried out carefully and in a clean
environment, similar to the assembly of the printhead in order to prevent dust and dirt particles
from clogging the nozzles of the printhead. For each subsequent ink (and thus, for the deposition
of a subsequent layer), each of the process steps have to be carried out again.

The printing needs to be performed for each of the inks repetitively on a large area to increase the
efficiency of the manufacturing process. As a result, the most elaborated process steps I., Il., and

V. are minimized proportionally to the printing process (lll.).

Figure 52 shows further details of the developed manufacturing process. Figure 52A is a
photograph of 924 TFTs arranged in six arrays printed on a PEN DIN A4 sheet.'”® The sequential
layer-by-layer approach of the explained manufacturing workflow is presented in Figure 52B-E.
The silver gate electrode (Sun Chemical EMD5603) depicted in Figure 52B was deposited directly
on the PEN substrate. The layer thickness on average ranges from 600 nm — 900 nm (564 dpi,
SE3 printheads with 35 pL nominal droplet volume).'7®

After the post-treatment of the deposited silver layers in an oven, the sheet resistance was
determined to be about 0.35 Q/0O0, which corresponds to about 4 % - 6 % of the conductivity of bulk
silver.’”® The dielectric layer in Figure 52C was printed as a large rectangular pattern on top of the
gate electrode. The coffee-ring effect was exploited to obtain a smooth layer with low thickness,
as explained before in Chapter 6.2. The S-D layer is, next to the dielectric layer, the most critical
one.'"® Figure 52D shows the formation of well-defined interdigitated S-D electrodes on top of the
cPVP layer. The electrodes were deposited along the printing direction (8 =0 °), taking into
account the considerations about the print pattern orientation of Chapter 6.1. The challenges for
an optimal deposition of the S-D electrodes are (i) a good alignment accuracy with respect to the
gate electrode (preferred accuracy + 10 ym), (ii) a smooth dielectric cPVP layer, (iii)) a well-
adjusted interaction of surface energy of cPVP and surface tension of the silver ink, and (iv) well-

adjusted printing parameters.'”6
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Figure 52: (A) 924 all-inkjet-printed TFTs arranged in six pattern arrays on a PEN DIN A4 sheet, (B)-
(E) layer-by-layer manufacturing approach for the all-inkjet-printed TFTs: (B) silver gate electrode,
(C) cPVP dielectric layer deposited on gate electrode, (D) silver S-D electrodes printed on the cPVP
dielectric with overlap to the gate electrode and (E) OSC printed as last layer to complete the TFT
(adapted from 176)

Even small changes of printing parameters for the S-D electrodes can result in defective TFT
devices, for instance, due to short circuits or open circuits.'”® Short circuits can appear when the
contact line of the deposited liquid ink is allowed to move due to spreading (e.g., when bulging of
the ink appears). The substrate was heated to 50 °C to counteract excessive spreading and
bulging of the deposited ink. Open circuits can easily appear due to jetting problems. The finger
electrodes are designed as 1D films, thus having a width of one droplet only. A missing droplet
will inevitably result in a non-continuous film formation and hence to an open circuit. Figure 52E
shows the deposited OSC layer on top of the pre-printed layer stack. The printing direction was
along the S-D electrodes (B =0 °) with the optimized procedure discussed before in Chapter
6.2.176

All of the TFT arrays were manufactured on PEN films with a maximum processing temperature
of 150 °C. All deposition processes were carried out in a standard laboratory in ambient
conditions.’”® A low vacuum was applied only for storing of the samples in the time between the
deposition of the individual layers or shipping to project partners, and for the drying and curing of
the cPVP dielectric layer to improve the interface of dielectric and OSC due to the reduction of

surface charge traps.'7®
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The electrical properties® of the TFTs depend strongly on the ink materials and printing parameters
used. Most of the electrical properties are summarized in references 176.201,202213,301 " However,
these references also include materials which are not considered in this thesis. The main results
of the electrical TFT performance based on the materials and printing parameters explained in
this thesis are listed here:

= Threshold voltage of about -14 V

* lon/lorr of about 102 to 103

» Field effect mobility up to 0.02 cm?/(V-s)

= Drain-source current Ips up to 3 yA

Figure 53 shows the electrical performance of the printed TFTs. A typical transfer curve and output
current-voltage characteristics measured in the saturation regime of a TFT with a W/L of 140 are
plotted. The S-D electrodes were deposited with a print resolution of 508 dpi, and the dielectric
cPVP layer with 564 dpi.'”® The data plots in Figure 53C-F are based on about 400 functional
TFTs. The field effect mobility shown in Figure 53C is about 0.02 cm?(V-s) with a very slight
decrease with increasing WI/L ratio.'”® In addition, the standard deviations seems to decrease with
increasing W/L. At a W/L of 240, the variation in mobility was found to be about 30 %, which is
comparable to values reported recently by Fukuda et al.'8 for fully solution-processed TFT arrays
(among others, spin-coating is used). The decreasing standard deviation with increasing W/L can
be explained by the area of the OSC layer.'”®

The number of interdigitated electrodes is increased in order to increase W/L. Therefore, the
influence of some process failures are much more significant if only a relatively low number of
droplets is deposited.'”® A higher number of droplets, and thus a large and/or thick layer, will allow
one to compensate for process failures better than for smaller-sized and/or thinner layers.176:301
The reduction of the field effect mobility with increasing W/L ratio was also found in other printing
trials performed within the project TDK4PE. Defects in the OSC forming boundaries for the

electrons are possibly one of the major reasons for this trend.”®

P The TFT characterization was done within the project TDK4PE by the Printed Microelectronics Group at CAIAC, Universitat
Autonoma de Barcelona, Bellaterra, Spain (Director: Prof. Dr. Jordi Carrabina; head of the group: Eloi Ramon), by the Department of
Integrated Circuits and Systems (ICAS) at the Institute de Microelectronica de Barcelona IMB-CNM (CSIC) (head of the department:
Prof. Dr. Lluis Teres, director: Prof. Dr. Carles Cane) and by the Organic Electronics Group at Universidade do Algarve, Faro,
Portugal (head of the group: Prof. Dr. Henrique Leonel Gomes). The semi-automatic characterization system is located in INB-CNM.
Detailed studies on individual TFTs were performed by the Organic Electronics group in Portugal.
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Figure 53: Typical (A) transfer characteristics and (B) output characteristics, exemplarily for a TFT
with a designed channel length of about 100 um (W/L = 140) using 508 dpi print resolution for the
S-D electrodes and 564 dpi print resolution for the cPVP dielectric layer; (C)-(F) Electrical
characteristics of about 400 functional TFTs: (C) charge carrier mobility, (D) lon/loer, (E) threshold
voltage and (F) maximum drain-source current as a function of W/L (adapted from 7€)

The plot in Figure 53D shows the current ratio of lon and lorr (lon/lorr). The on-current is defined

as the drain-source current (Ipos) measured in the saturation region (Vps =-30 V and Vg =-20 V),
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and the off-current as the current passing through the TFT without any applied gate voltage
(Vbs=-20 V and Vg = 0 V). lon/lorr seems to increase as WI/L increases.'”®

Here, we can also see a high variation in the currents. The lowest variation can be determined to
be about 20 % for the TFTs with a W/L of 240. However, the on-current increases nearly linearly
with the W/L ratio. The off-current, which should be ideally as low as possible, is therefore one of
the major reasons for the data variation.'”6

The threshold voltage is shown in Figure 53E and is on average about -14.3 £ 1.1 V, with a slight
positive drift (towards 0 V) at the W/L of 20 and 240. The variation is about 8 %.'76

Figure 53F depicts the maximum drain-source current as a function of W/L. There is a clear, near
linear, trend. As expected, the higher the value of W/L, the higher the maximum current due to an

increase of the active TFT area.!”®

(Parts of this chapter are published in reference "7 and reference 2'3)

6.4 Manufacturing yields and failure origins

The manufacturing yield depends on many parameters, but particularly on the print layout and on
the printing parameters. A few influencing parameters will be presented here.

The print resolution has a strong influence on the morphology of the deposits. This was
demonstrated, for instance, in Figure 37 and Figure 42 for 1D films. The higher the print resolution,
the higher the width of the lines. The same strategy was applied for the S-D electrodes of the
TFTs. For this reason, TFTs with a varying print resolution of the S-D electrode layer (Sun
Chemical EMD5603) were designed. All other parameters were kept constant.'”®

Figure 54 shows the result of this investigation considering 616 TFTs. The percentage of short-
circuited S-D electrodes and the measured channel length are shown as a function of print
resolution in Figure 54A.176

The higher the print resolution, the lower the channel length and the higher the amount of short-
circuited S-D electrodes.'”® Figure 54B-E show microscopic images of the S-D electrode layers
(printed on top of the dielectric and gate electrode) with the different print resolutions under
consideration. Figure 54B corresponds to 726 dpi."”® Obviously, there are no individual electrode
fingers visible. The high print resolution causes coalescence of the finger electrodes so that a
rectangular block is obtained, short-circuiting the S-D electrodes. All S-D electrodes printed with
726 dpi were short-circuited independent of the number of fingers."”® Decreasing the print
resolution to 635 dpi results in a channel length of close to 40 um with about 70 % of short-circuited

S-D electrodes.'”® One of the functional S-D electrodes printed with 635 dpi is depicted in Figure

113



54C. All the fingers are separated from each other. The print resolutions 564 dpi and 508 dpi
behave similarly, and the channel length increases accordingly, which limits the risk to create short
circuits. Figure 54A indicates that the lowest channel length obtained is just below 40 uym. This is
not true, since the graph considers only four different print resolutions.'”® There is no further
differentiation between 635 dpi and 726 dpi which could result in a further channel length
reduction. Shorter channels can be also obtained by fine-tuning the print pattern layout, for
instance, by a reduction of the channel length in the design.'”® This will result in a channel length
of just below 10 ym. Further information is found in APPENDIX J in Figure A13. A similar strategy
was applied in references 2°1202, for the manufacturing and electrical characterization of all-inkjet-

printed TFTs with a channel length in the range of 10 um.
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Figure 54: (A) percentage of S-D electrodes short-circuited and measured channel length as a
function of print resolution; (B)-(E) are microscopic images of the TFT S-D electrodes for each
print resolution considered in the graph (A) (adapted from 75)

The yield of the inkjet-printed S-D electrodes does not depend only on the print resolution, but
also on their size represented by the ratio of channel width W to channel length L (W/L).'7® Each
of the manufactured TFT arrays consists of TFTs with seven different sizes due to a variation of
W. For this investigation, L was kept constant at about 80 um since the S-D electrodes were
deposited with a print resolution of 508 dpi.'7®

Figure 55A shows the percentage of functional (i.e., not short-circuited) S-D electrodes as a

function of W/L and Figure 55B-H microscopic images of TFTs with the corresponding W/L."76

114



©
©
1

98

97 4

Percentage of functional
Source-Drain electrodes [%]

96

95

>

Figure 55: (A) percentage of functional S-D electrodes as a function of W/L (about 132 TFTs were
considered per WIL); (B)-(H) are microscopic images showing the inkjet-printed layer stack of gate
electrode, cPVP dielectric and S-D electrodes with varying W/L: (B) 20, (C) 40, (D) 80, (E) 100, (F)
140, (G) 180, (H) 240 (adapted from 7€)

132 S-D electrodes were considered for each W/L ratio in this graph. The lower the size of the
TFTs the, higher the manufacturing yield. One of the reasons for this trend is the increasing
number of pixels, and therefore the increasing number of droplets with increasing W/L.""® The
higher the number of droplets, the higher the risk of creating short circuits, for instance, due to jet
straightness/droplet placement accuracy or inhomogeneous cPVP layer behavior.'”® As shown in
Figure 55A, 100 % of the S-D electrodes with a W/L of 20 and 40 were functional. Starting with a
WIL of 80, the percentage of functional S-D decreases, but remains at a relatively high value of
close to 98 %.17¢

The dielectric layer imparts the highest risk to obtain non-functional TFTs. Usually, about 10 % of
the TFTs are short-circuited between the gate and the source and/or drain electrodes.'”® Thicker
dielectric layers result in higher dielectric resistance, and thus in a lower probability of short
circuits. Similar to the S-D electrodes, the dielectric layer was printed with different print resolutions
(726 dpi, 635 dpi, 564 dpi, and 508 dpi). These print resolutions resulted in a layer thickness in
the center area of approximately 950 nm, 760 nm, 570 nm, and 620 nm, respectively."”® The
leakage current for the highest layer thickness was in the range of 5 £ 2 nA and the lowest
thickness results in about 27 + 3 nA."7® Thus, the leakage current is a function of print resolution,
and subsequently, the leakage current is a function of layer thickness of the dielectric. It was found
that the higher the WI/L, the higher the probability of short circuits through the dielectric layer.'7®
The process yield for 924 all-inkjet-printed TFTs (print resolution of S-D electrodes was 508 dpi
and for the dielectric 635 dpi) was determined and is shown as a function of W/L in Figure 56.17¢
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Figure 56: Yield of 924 all-inkjet-printed TFTs indicated by the percentage of functional TFTs as a
function of W/L'7®

TFTs were classified as functional based on the following criteria: (i) no short circuits between S-
D electrodes, (ii) no short circuits between gate and S-D electrodes (resistance > 1 GQ), (iii) no
open circuits in S-D layers (measurement of S-D current at -30 V; open circuit if current in the
range of nano to pico ampere and no proportional to the resistance of the OSC), (iv) transfer curve
of the TFTs have a monotonic behavior and a positive slope, and (v) ratio of lon/logs > 20.176:301
Obviously, the trend is quite similar to the data presented previously. The number of functional
TFTs decreases with increasing W/L, because larger active areas imply a higher amount of
deposited droplets with a higher risk of layer problems.176:301

The highest process vyield for the developed all-inkjet-printing process in ambient conditions is
about 82 % for the devices with a W/L ratio of 20.'76 Process yields > 90 % were obtained through
further process optimization, such as simply printing the dielectric layer twice. This high yield is
remarkable, taking into account that all TFTs were manufactured entirely by inkjet printing on
flexible PEN substrates, on a relatively large area (DIN A4), and in ambient conditions without a

cleanroom environment.17®

Examples of defective TFTs having failures related to the printing process are depicted in Figure
57. They can be classified in five different failure categories: (i) wetting issues (Figure 57A-C), (ii)
satellite droplets (Figure 57D-E), (iii) droplet jetting oddness (Figure 57F-G), (iv) dirt and dust
particles (Figure 57H-1), and (v) missing droplets (Figure 57J-L).3°" The digital, idealized layout is
depicted in the middle as a reference (see also Figure 15).
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Figure 57: Overview of failures detected in inkjet-printed layers of the all-inkjet-printed TFTs; (A)-
(C) are failures due to wetting properties of the deposited ink on the printed surface, (A) depicts a
printed gate electrode with intense spreading on PEN, (B) shows intense ink spreading of the S-D
electrodes on cPVP resulting in a short-circuit and (C) depicts inhomogeneous layer formation of

the OSC due to the surface energy contrast between cPVP layer and S-D silver electrodes; (D)

shows satellite droplets of silver ink and (E) is a magnification of the marked area in (D); (F) and
(G) represent short-circuited S-D electrodes due to odd droplet jetting; (H) is an example of a short
circuit between S-D and (F) between drain and gate electrode due to dirt and dust particles; (J) and
(L) present TFTs with an open circuit due to missing droplets in the gate and the S-D layer, and (K)

shows the dielectric layer with missing lines due to inkjet nozzle clogging (adapted from 3°1)
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Wetting issues can appear for all the layers of the TFT. However, they are most critical for the S-
D electrodes. Wetting issues of the silver ink on the dielectric layer can cause an intense spreading
of the S-D electrodes and a short circuit, as shown in Figure 57B.3°! The reason is largely due to
the interaction of the surface energy of the cPVP layer and the surface tension of the silver ink. Of
course, wetting problems can also appear for the gate electrode and the OSC layer.30!

Some of the printed silver gate electrodes have intense, irregular lateral spreading, as shown in
Figure 57A. The reason might be a locally high hydrophilicity of the substrate attracting the highly
polar silver ink — for instance, due to electrostatic charging.3°' Figure 57C shows dewetting of the
OSC due to the surface energy contrast between S-D silver electrodes and the dielectric cPVP.
This results in a non-continuous layer formation.3%!

| also found several TFTs that were classified as functional, but have satellite droplets close to the
printed pattern. The satellites appeared mostly for the silver ink, as shown in Figure 57D-E. These
occasionally generated extra droplets can have a negative impact on the printed layers by, for
example, forming short circuits between the S-D electrodes.?' However, there was rarely any
influence of the satellite drops on the functionality or performance of the TFTs, since the satellites
were mostly located outside the active area.3"

Droplet jetting irregularity, also called droplet jetting oddness, is another issue in inkjet printing
resulting in droplet placement errors that can cause short circuits as shown in Figure 57F-G.301
The short circuits can appear directly between the S-D finger electrodes or at the electrode
busbars, depending on the direction of the jetting oddness.3" Droplet jetting oddness resulting in
droplet placement errors is one of the main reasons for the short circuits. A droplet trajectory
orthogonal to the nozzle plate is preferred in inkjet printing, typically within a 0.6 ° accuracy?®'.
However, the 0.6 ° angle accuracy strongly depends on the printhead as well on the interplay
between printhead and ink, and is usually according to my experience difficult to obtain in printed
electronics.3®" Droplet jetting oddness can be caused, for instance, by air bubbles or particle
agglomeration in the ink, or material build-ups of the ink on the nozzle plate or at the nozzle orifice,
causing unstable droplet break-off.3! Other influencing factors for jetting oddness are electrostatic
charges or aerodynamic effects, such as soft draughts resulting from the movement of the
printhead, the movement of the droplets or from the exhaust system, or printhead defects/nozzle
failures in general.'®30" Based on observations with the drop-watcher, it was found that the silver
ink was mostly affected by jetting oddness — although new printheads were used for its deposition.
An example of intense jetting oddness is shown in Figure 58. The dotted blue lines indicate the
droplet trajectory, the red lines the optimal droplet trajectory orthogonally to the nozzle orifice, and
the green lines different vertical positions. The distance between the nozzle and the substrate is

usually about 1 mm and indicated with the solid green lines. For the given example, the jetting
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oddness causes in the worst case a droplet displacement > 100 ym. Taking into account the
dimensions of the TFTs (e.g., the S-D electrodes), a placement error of 100 um will most probably
cause a short circuit as shown in Figure 57F-G. Thus, a lot of efforts were focused on the
optimization of the jetting behavior by, for instance, frequent application of cleaning cycles, filtering
and degassing of the inks, priming of the printheads, etc.

Inkjet printing was performed in a standard laboratory in ambient conditions without a high level
of cleanliness.®®'" The handling of the substrate and the printed samples, such as positioning in
the printer, or removal of the substrate after the ink deposition and its transportation to the oven
under a change of the laboratory, was also carried out in a standard laboratory environment
without facilities for improved cleanliness. Dirt and dust particles were recognized frequently on
the PEN substrate.3°' These particles in the ym range were found to be an important reason for
short circuits between the S-D electrodes as shown in Figure 57H.3°" Here, a fiber-like dirt particle
connects S-D due to the intense coalescence of silver ink along the particle. Particles can also

short circuit the gate electrode with the S-D electrodes as it is shown in in Figure 571.301
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Figure 58: Example of jetting oddness of Sun Chemical EMD5603 using a D128/10 DPN printhead

in the DMP 3000, the image was obtained with the build-in drop-watcher camera, the colored lines
were added to make the different droplet trajectories and distances more clear

However, the most prominent device failures appeared to be due to missing droplets.3°! Usually,

simple nozzle clogging due to solvent evaporation causes a complete breakdown of the jetting,
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and thus results in missing droplets on the substrate.3°' There could be many further reasons,
such as air bubbles in the ink, which promote missing droplets. Figure 57J shows a missing line
in a printed gate electrode, and Figure 57L a TFT with missing lines in the S-D electrode contact
pads.3?" Both result in open circuits. The missing lines appeared most frequently for the electrode
layers. For only a few devices, missing lines appeared in the dielectric layer causing a short
circuit.®%" It is much more difficult to identify missing droplets by one or more nozzles appearing
irregularly somewhere in the printed layer. No missing lines can be observed in these cases, but
the layer thickness could vary laterally.3%" For the dielectric layer, a low thickness due to missing
droplets causes a high probability of pinholes, and ultimately results in low dielectric resistance,
high gate leakage currents under device operation, or even short circuits between the gate and
source or/and drain electrodes.3’
The local distribution of different failures of the all-inkjet-printed TFTs on the DIN A4 substrate was
investigated. The following failures were considered:

= Short circuits of S-D electrodes

= Short circuits of gate and source and/or drain electrodes

= Open circuits in the S-D electrodes

= High leakage current through the dielectric

The first three failures are caused by physically defective regions. These failures are usually
clearly related to the printing process. They are caused by, for instance, missing nozzles, wetting
issues of the ink, dirt and dust particles, and other environmental impacts as previously
explained.®®" High leakage current can be caused as well by a physically defective region.
However, this defect can be also be described as an operational instability of the TFT.30" Tunneling
currents or soft-dielectric breakdowns across thinner or structural defective dielectric regions lead
to leakage currents.3°" The currents leaking through the dielectric layer might be tolerable to a
certain extent, and do not result into a total device failure.>*' The leakage current is determined by
the measurement of the gate leakage current from the transfer characteristics. The current
between gate-drain at a voltage of -30 V is compared to the current between S-D electrodes at the
same voltage.3?! If the gate-drain current is higher than the S-D current, the TFT is classified into
the high leakage current category, and thus marked as defective. Short circuits appear due to
electrical contact between any of the electrodes.3®' This defect is detected by measuring the
current between the S-D and gate and the source and/or drain electrodes under a fixed bias of
-10 V.31 If the measured current exceeds 10 mA, the TFT is classified into the short circuit
category and thus marked as defective. Open circuits are defined by measuring the S-D current

from the transfer characteristics, similar to the procedure for leakage currents but instead using a
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voltage of -30 V.30" TFTs with currents in the range of nano- to pico ampere are classified into the
open circuit category.30'

Figure 59A shows the distribution of the mentioned defects for 942 TFTs in a position map. The
basis of the map is an optical scan using a standard flat-bed office scanner of the DIN A4 substrate
with all the inkjet-printed TFTs.3%" Thus, the printed silver layers appear dark-green to black due
to the high reflectance of their surface. Next to the TFTs, small test areas, alignment marks, and
other test patterns, as well as an indication of the print origin and the printing direction, are shown
in Figure 59A.3%" The scan also makes it possible to identify the spatial uniform size distribution of
TFTs within the six arrays that are marked with frames and grids, which have been laid on top of

each of the arrays.30!
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Figure 59: (A) position map of inkjet-printed TFTs; each color pixel represents the position of a
defective TFT: the red pixels indicate TFTs with S-D short circuits, the blue pixels TFTs with gate-
source and/or drain short circuits, grey pixels open circuits and cyan pixels high leakage currents
through the dielectric; (B)Y is a schematic of the different defects under consideration, and (C) is a
histogram based on the position map showing the number of defective TFTs as a function of W/L

(adapted from 3°01)

Based on the grids, the defective TFTs can be marked by coloration of the respective pixel in the

grid. Thus, a colored pixel represents the position of a defective TFT. Here, pixels that are marked

9 The schemes in Figure 59B were prepared by Carme Martinez-Domingo from the Department of Integrated Circuits and Systems
(ICAS) at the Institute de Microelectronica de Barcelona IMB-CNM (CSIC) (head of the department: Prof. Dr. Lluis Teres, director:
Prof. Dr. Carles Cane) in the frame of the preparation of a joint manuscript for publication.
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red represent TFTs that have short-circuited S-D electrodes, blue pixels represent TFTs with
short-circuited gate-source/drain electrodes, grey pixels are TFTs with open circuits, and cyan
pixels are TFTs with high leakage currents.30!

Obviously, the arrays A1, B1 and C1 are more affected than the areas A2, B2 and C2.3%" |n
addition, most of the failures appear in A1. Several DIN A4 substrates using the same TFT design,
as well as other TFT designs, were manufactured using similar printing parameters to confirm this
behavior. | found that the trend is highly reproducible and similar every time.3*' Most of the failures
are located in A1, B1 and C1, each time. In the arrays A1, B1 and C1, the printing process starts
moving to A2, B2 and C2, and finally moving back and restarting. Thus, A1, B1 and C1 represent
the parts that are printed first (before A2, B2 and C2) after a longer period of non-jetting when the
printhead is moving back from the end of the substrate to the starting point. This period of non-
jetting causes instabilities in the droplet formation process. Some of the droplets are not formed
at all, or are not formed properly.3°!

Volatile ink components will start to evaporate at the nozzle orifice during the non-jetting period.
The evaporation process will be supported by the heated substrate table, causing an increased
evaporation rate.3°! This can result in an increase of viscosity and a difference in surface tension
at the nozzle orifice and its close proximity. However, the energy level of the acoustic pressure
waves generated by the piezoelectric transducer of the inkjet printhead that is required for drop
ejection strongly depends on the viscosity of the fluid.3!

The higher the viscosity of the fluid, the higher the energy required to eject a droplet.3°! Therefore,
a higher driving amplitude of the waveform is usually applied to the piezoelectric printhead if inks
with higher viscosities are used.?°' Since the maximum driving amplitude of the jetting waveform
remains constant during the deposition process, the generated acoustic pressure waves might be
not be powerful enough to eject the droplets, due to the increasing viscosity of the ink at the nozzle
orifice when the printhead returns to the idle state at the printing start position.3°' Nanoparticles
will undergo agglomeration during the evaporation of the solvent. That is why the application of
nanoparticles in the ink formulation, such as silver nanoparticles, additionally contributes to nozzle
failures. The evaporating solvent causes material buildup in the printhead, especially at the nozzle
orifice and nozzle plate, negatively influencing the drop ejection.3’

This phenomena is described in the literature as the “first drop problem”.3%" It has been well-known
in the field of inkjet printing for many years and has already been addressed by several
researchers in review articles or experimental studies®3:69.74.84242304-307 The duration of an ink
remaining idle at the nozzle orifice of a printhead before droplet ejection is no longer possible is
termed as latency'. It has been reported that even for short non-jetting periods of about 1 s a

droplet speed degradation and thus a negative influence on droplet jetting can occur for water-
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based ink formulations.'® The first ejected droplets of an inkjet deposition sequence were in detail
investigated by Famili et al.3°6 and Verkouteren et al.3%”. They observed significant differences in
terms of droplet shape and volume as well as droplet velocity and trajectory for the first ejected
droplets compared to those droplets that follow later in the sequence.?' Besides evaporation
effects at the nozzle orifice or on the nozzle plate, acoustic and fluid resonances causing acoustic
instability3°6397 in the printhead can contribute to the first drop problem.3*" Thus, according to the
literature the first drop problem is a result of a combination of different effects.3?' For graphic inkjet
applications, the first drop problem has been reduced to a minimum nowadays. The inks are
usually ready to be printed at all times in high quality.3°' The printheads, inks, waveforms applied
in jetting and idle state, and cleaning procedures are perfectly coordinated with each other and
standardized as a result of many years of development and optimization works by several
companies.®%" However, in the field of functional inkjet printing and especially in the field of printed
electronics, these components and parameters need still to be harmonized, because they are
usually not intentionally designed for each other.3®! Printhead manufacturers very recently
developed printheads designed specifically for applications in the field of printed functionalities.?
Most functional fluids for printed electronics are still under development and are quite complex,
for instance, due to their chemical and rheological properties combined with functional
nanoparticle ingredients.3' Many of the ink manufacturers aim for high functional performance of
the layer, such as high conductivity for metal inks. However, reliable jettability with long-term
stability should also be a future focus of the ink manufacturers.3!

The histogram in Figure 59C shows the defective TFTs as a function of the TFT size given by
WI/L. As shown before (see Figure 56), TFTs with larger W/L are more frequently affected by
defects than TFTs with smaller W/L.3%" The probability of defects increases with the size of the
TFT, because larger TFTs have (i) a higher number of finger electrodes, which increases the risk
of a short circuit between them, and have (ii) larger overlapping electrode areas that should be
separated by the dielectric, increasing the risk of short circuits through the dielectric.3" Overall,
the number of devices with short circuits, open circuits and high leakage current is reasonably low
and other failures related to the operational performance dominate. These failures are not the

scope of this thesis, but are reported in detail in reference 3°'.

(Parts of this chapter are published in reference 17 and reference 3°1)
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7 Summary and conclusion

Inkjet printing technology evolved from a technology initially geared towards simple one-color
coding and marking to a worldwide consumer market technology, and ultimately to an industrial
graphic and functional printing technology for the deposition of versatile materials for various fields
of applications.

This thesis addressed functional inkjet printing based on two focus topics: (i) inkjet printing of
colloidal suspensions to study the fundamental principles of deposit formation and to develop
deposits with photonic properties, and (ii) the development of a reliable manufacturing process for
TFTs highlighting the importance of materials and inks, prepress (digital print pattern layout
preparation), and the interplay between ink, substrate and printing conditions.

This thesis emphasized an alternative understanding of functional inkjet printing based on the
bottom-up manufacturing approach and evaporation-driven self-assembly — generally termed
evaporation-driven material transportation. The work presented within this thesis demonstrates
the value of approaching functional inkjet printing from the perspective of evaporation-driven self-
assembly. The interplay between substrate, ink and inkjet process was highlighted, and printed
deposits of different materials were studied to explain the processes leading to their formation. It
was demonstrated that evaporation-driven self-assembly processes and evaporation-driven
material transportation in general are inherent phenomena in inkjet printing, and that they

determine the pattern and structure formation of the printed deposits.

Inkjet printing of colloidal nanospheres

Colloidal suspensions were applied as a model ink to study the layer formation processes of inkjet-
printed deposits on non-absorbent substrates. It was found that desired droplet deposit
morphologies can be obtained, for instance, deposits with a coffee-ring shape, highly ordered
monolayer deposits with close-packed colloidal arrays, randomly arranged particles, multilayer
stacks, and even SCAs. Is was demonstrated that inkjet printing can lead to micro- and
nanoscopically engineered morphologies of deposited layers.

The presented findings highlight the importance of a tuned interaction between ink, ink ingredients
and inkjet printing process parameters, such as the waveform applied to the piezoelectric
printhead, or specific process conditions, such as the orientation angle of the print pattern layout
related to the printing process.
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The control signal for the piezoelectric printhead was found to be one of most important
parameters influencing the final morphology of the printed deposits. Based on sophisticated
control signals, SCAs were successfully and reliably manufactured. Thus, the thesis demonstrates
a novel and alternative process for the manufacturing of SCAs. The manufacturing process is
based on inkjet printing, and turned out to be highly productive as well as applicable for other
nanomaterials and potentially different particle shapes. SCAs can be assembled “ready-to-use” in
dry environments and ambient conditions within seconds. In contrast to other methods, the
developed approach is completely independent of the surface properties, and does not require
pretreated substrates or ordinarily essential subsequent processes (e.g., demulsification or liquid
elimination). The formation of the SCAs takes place in flight. As a consequence, the particular
wettability and surface morphology of the substrate does not influence the formation mechanism
of the SCAs.

Based on the developed method, finite, ordered SCAs were manufactured in a reproducible
manner with variable diameters, and thus different number of constituents, using both SiO» and
PS nanospheres. The SCAs exhibit a well-ordered packing of nanospheres which qualifies for
photonic properties. | could confirm the theoretical stop bands by performing microreflectance
measurements of the SCAs. The size of the nanospheres and their periodical arrangement, which
was mainly caused by the evaporation-driven self-assembly process, are compatible for future
photonic applications in optoelectronics, photovoltaics, and sensors, as well for biomedical

applications and microfluidics.

Inkjet printing of TFTs: Process development and process reliability

This thesis describes the successful development of a deposition process for the manufacturing
of TFTs based entirely on inkjet printing. For the first time, industrial relevant printheads were
applied for the manufacturing process. The amount of printed devices and their analysis based on
the developed and up-scaled process is an important achievement, and allowed the investigation
of process yields and origins of device failures, as well as to perform a statistical analysis.

The influence of different parameters such as the print layout design, the selected inks and printing
process settings on the morphology and/or performance of the printed functional layers was
demonstrated. The importance of the orientation angle of the print pattern layout related to the
deposition process was introduced. Geometrical as well as functional variations were found as a
function of the orientation angle. This finding is a basic contribution not reported before in the
literature, and will allow design and printing engineers to deposit desired, optimized and arbitrarily
shaped, complex pattern features for the field of functional printing such as printed electronics. |

was introducing different examples to demonstrate that the discrete droplet-by-droplet nature of
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the inkjet printing process imposes challenges in the control of printed patterns. As a result,
designing devices for inkjet-printed electronics requires a detailed understanding of the process
and all parameters that influence morphological or functional characteristics of the deposits, such
as the selection of appropriate materials.

The future application of inkjet printing technology for the manufacturing of electronics has great
potential. This thesis demonstrated the successful development of a batch to batch process based
on inkjet printing for TFTs. All printing processes were performed in ambient conditions, and
flexible polymers were applied as substrates. Finally, it was demonstrated that the technology is
able to obtain quite high manufacturing yields (> 90 % for TFTs with low W/L ratio).

The important role of evaporation-driven material transportation within the liquid deposits was
presented, for instance for the electrode layer and for the dielectric layer of the TFTs. The electrical
and morphological analysis of the TFTs revealed several device failures, which arise from the
manufacturing process itself, or from the materials used. Different origins for these failures, mainly
related to the inkjet printing process, were introduced and discussed in detail. This will allow for

the optimization of the process in the future in order to obtain even higher manufacturing yields.
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APPENDIX A

Formation of colloidal hemispheres on hydrophobic PTFE substrates

Figure A1: Inkjet-printed colloidal hemisphere using BS305 (adapted from 54)
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APPENDIX B
Inkjet-printed higher-order cluster with N < 100 using BL280

Figure A2: Inkjet-printed higher-order cluster
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APPENDIX C

Inkjet-printed SCAs based on BS305 with similar sizes and inkjet-printed SCA based on PSC221
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APPENDIX D
Microreflectance spectra of SCAs and the processing of the spectra using the Savitzky-Golay filter

with a second-order polynomial and a moving window of 100 data points

T T T T T T T T T T T T T T T T T
526 nm = BL280 1 | 530 nm — B280 |
1 —BS305 i ——BS305
— PSC221 — PSC221
El | 5 ] ]
S, S,
8 s
3 . 3 i
E K
T T T T T T T T T T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength [nm| Wavelength [nm]
(A) gth [nm] (B)
T T T T T T T T T T T
471 nm 530 nm 623 nm e B 280

7 e BS305 7
e PSC221

Reflectance [a.u.]

T - T - T . I T T
300 400 500 600 700 800 900
(C) Wavelength [nm]

Figure A4: Influence of data processing on microreflectance spectra of inkjet-printed SCAs based
on BL280, BS305 and PSC221; (A) plot of the raw data as obtained from the spectrometer
software; (B) plot after data smoothing using the Savitzky-Golay filter with a second-order
polynomial considering a moving window of 100 data points and (C) after normalizing the

reflection
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APPENDIX E

Waveform, drop ejection and photographs of the printed patterns of Sun Chemical EMD5603 and
UTDots UTDAgIJ1
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Figure A5: (A) waveforms applied to the inkjet printhead of the inks from Sun Chemical and
UTDots, (B) shows the drop ejection of the Sun Chemical ink and (C) shows the drop ejection of
the UTDots ink (the droplets moving upwards are a mirror image of the silicon nozzle plate of the
printhead), both captured with a drop-watcher camera of the DMP 2831 by applying the
corresponding waveform depicted in (A) (adapted from %)
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Figure A6: Photographs of the inkjet-printed pattern layouts with (A) EMD5603 and (B) UTDotAglJ1
ink at a print resolution of 847 dpi; the EMD5603 ink appears black in the photograph due to its
smooth highly reflective silver surface®
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APPENDIX F

Smoothening of profiles obtained by profilometry of EMD5603 and UTDAgIJ1 and dependency of

print resolution of layer height
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Figure A7: Comparison of raw data line height profiles of the printed inks (A) EMD5603 and (B)
UTDAgIJ1 at exemplarily 1270 dpi and the smoothened profiles based on the moving average
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Figure A8: Averaged surface profilometry scans of the inkjet-printed lines using (A) EMD5603 and
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APPENDIX G
Percentage of area increase based on a 4 mm x 4 mm digital print pattern using the ink Harima

NPS-JL and influence of print resolution and post-treatment temperature on sheets resistance

Figure A9: Area increase and number of deposited droplets of an inkjet-printed square pattern with

Figure A10: Sheet resistance as a function of print resolution and drying and sintering temperature
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APPENDIX H
Cross-sectional view of a TFT stack printed with the dielectric Sun Chemical EMD6415 that shows

high layer thickness due to ink contraction after the deposition as presented in Figure 46

i drain elect
Silver drain electrode Sputtered platinum

Sun Chemical EMD 6415

dielectric \

Silver gate electrode PEN substrate

B

Figure A11: Cross-sectional view of a TFT printed with the DMP 2831 using Sun Chemical
EMD6415 as dielectric material
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APPENDIX |

Influence of printing parameters on the dielectric layer applied in the TFT

(B)

Figure A12: The evaporation process determines the final morphology of the cPVP dielectric layer
and needs to be adjusted precisely; (A) shows a cPVP film with multi coffee-rings in the center
area due to inhomogeneous drying resulting from a slow printing process (16 nozzles, 10 pL
nominal droplet volume and the substrate was heated to 40 °C - too less material deposited per
area and time leading to premature drying so that evaporation is inhomogeneous) (adapted
from '76); (B) is a optimization of (A) with reduced multiple coffee-ring effect due to faster material
deposition (27 nozzles, 10 pL nominal droplet volume and the substrate heated to 35 °C)
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APPENDIX J
Reduction of channel length by decreasing the S-D electrode channel length in the print pattern

layout
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Figure A13: (A) channel length obtained by measurement using light microscopy images as a
function of designed channel length in the print pattern layout file; (B)-(E) are microscopic images
of the S-D electrode channel at a designed channel length of (B) 0 pm, (C) 2 pm, (D) 12 pm and (E)

30 pm; the printing was performed with the DMP 3000 equipped with SE3 printheads, Sun
Chemical EMD5603 and a print resolution of 635 dpi
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