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Abstract

Roll Printed Electronics: Development and Scaling of Gravure Printing Techniques
by
Alejandro de la Fuente Vornbrock
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Vivek Subramanian, Chair

To realize the potential cost savings promised by printed electronics, high-speed, large-volume
manufacturing methods must be established. Rotary printing techniques such as those used in the
graphic arts are ideal candidates. However, very little research has been done on utilizing these
techniques for printed electronics because digital processes such ink-jet printing have offered
researchers a low-cost flexible solution for demonstrating the printability of their materials, despite the
fact that these processes may be difficult to scale for large-volume manufacturing.

In this thesis, gravure, a printing process which offers the highest resolution, highest speed, and
largest volume production in the graphic arts is demonstrated as a viable technique for printed
electronics. In order to make laboratory-scale research with this technique possible, a custom table-top
gravure printing press was designed. This press allows for small amounts of ink to be utilized during a
print and enables multi-layer prints with a registration accuracy not seen in conventional gravure
printing presses and suitable for printed electronics. With this press, printing processes to deposit
functional materials for printed circuits are investigated with a focus on developing process modules to
manufacture fully printed organic thin film transistors. Considerable effort is made to establish
processes to deposit metallic lines with feature sizes below 20 um and a total surface roughness below
20 nm, uniform thin films of polymer dielectrics with thicknesses as low as 70 nm, and high performance
polymer semiconductors. These processes are then integrated to manufacture capacitors suitable for
integrated circuit components and organic thin film transistors with operating frequencies as high as 18
kHz.
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1 Introduction

Electronics continue to grow as an integral part of our daily lives. Fueling this growth are
advances in integrated circuits which become more powerful, smaller, and less expensive in every
generation; and advances in electronic displays which make our interaction with electronics ever more
pervasive and affordable. The rate at which we are adapting our social and personal practices to involve
the use of electronics has begun to increase dramatically in the last few years as is evidenced by a shift
in trajectories in the electronics industry from delivering ever faster and higher performance devices, to
more portable, and less power-consuming devices. No better example of this can be found than in the
cellular telephone market where Apple’s iPhone has broken so many paradigms on the usability,
practicality, portability, and power of an electronic device.

The iPhone and portable devices of its ilk have brought credence to the idea of “Electronics
Everywhere” by allowing the user to bring an electronic device with them which can interact with almost
every part of their life whether it be getting directions, finding food, meeting friends, or going to a
movie. The ability of these devices to integrate into our lives is so good that some of their functions can
be said to provide an augmented reality whereby the device is aware of our surroundings and can feed
added information to us about almost anything of interest, from “How much cheaper can | get this box
of cereal?” to “Who painted this piece of art?”

1.1 The potential of printed electronics

Printed electronics hopes to bring an even higher level of electronics everywhere by enabling
devices that are as inexpensive as printed paper, as large as a billboard, and as flexible as a piece of
plastic. None of these characteristics are feasible at present with conventional microelectronics,
whether it be single crystal silicon integrated circuits, or amorphous silicon thin film transistor (TFT)
displays. Though cost is universally a driver for any technology, enabling electronics to be made at the
cost of printed paper would allow for the integration of electronics on nearly every product in existence.
These electronics could provide some intelligence to a product making our lives better.

Take for example a carton of milk. Clearly, high expectations don’t come to mind. However, if
electronics became inexpensive enough to be integrated with the carton, a wide variety of features
could be enabled. For example, the barcode on the carton of milk could be replaced with a radio
frequency identification tag, which can wirelessly transmit information. If all items in the supermarket
used RFID tags instead of barcodes a customer can load their cart up with food and simply walk out of
the store picking up their receipt along the way without having to stop at a register. If an electronic
display could be added to the carton of milk, the carton could provide real-time pricing to the consumer.
This pricing could change as the carton of milk gets closer to its expiration date, giving an incentive for
the customer to purchase it instead of digging through the rack for a newer carton, thus avoiding
discarded milk. Further, a sensor could be integrated into the carton which can inform the consumer if
the milk has gone bad. No more sour milk surprise in the morning!

Very large area electronics could allow for electronic billboards to be made, but perhaps more
interestingly, could allow for rapid deployment of solar cells to help quench our thirst for energy.
Flexible electronics would allow for “breakproof” devices. No more broken screens when a laptop is
dropped.

Printed electronics means to achieve these goals of low cost, large area, and flexibility by
eliminating some of the cost drivers in conventional electronics: vacuum deposition, subtractive
processes, and photolithography. Instead, electronics are manufactured using printing processes as in
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the graphic arts, but with the use of a series of functional materials which can be formulated into inks,
and after printing, converted to metals, insulators, and semiconductors. The development of these
materials has been a long way in the making, relying on developments in nanoparticle science,
conductive polymers, organic semiconductors, and polymer dielectrics, and have allowed for the
demonstration of solution processed solar cells, organic light emitting diodes, sensors, and thin film
transistors as shown in Figure 1.1. Though these devices are of considerably lower performance than
their vacuum deposited or crystalline inorganic counterparts, they offer the potential of being printed,
and can thus be integrated into applications where no other technology can be.

Organic semiconductors

>

Polymer dielectrics

Metal nanoparticle inks

Figure 1.1. Materials that have enabled printed thin film transistors.

Aside from the materials, a key component to making the goals of printed electronics a reality is
the ability to deposit these materials, en masse, on inexpensive substrates. However, at this point most
of the work in printed electronics has revolved around the use of ink-jet printing as a deposition
method, and silicon and glass as substrates. Ink-jet provides a great research tool because it uses very
small amounts of ink, is a digital process and thus allows for rapid prototyping of different patterns and
structures, and has fairly low capital costs. However, it is a serial printing process which therefore
results in a very low throughput. Though attempts to use massively scaled ink-jet printers with 1,000 or
even 1,000,000 nozzles at a time could dramatically increase this throughput, those attempts have been
met with reliability problems, and high cost.

1.2 Conventional Printing Methods

Perhaps a better approach would be to use printing techniques that are already ubiquitous in
large-scale manufacturing. These printing techniques rely on a rotary printing form that deposits an
entire pattern of ink on a substrate in a single pass. Printing presses operate at high speeds as the
substrate is generally fed from roll-to-roll in a continuous web.

There are four main printing techniques that use a pattern master for image transfer:
flexography, lithography, gravure, and screen printing. Of these techniques flexography, lithography,
and gravure have been considered for use in printed electronics and are shown in Figure 1.2. Silk-
screen, because it is exclusively a thick film process was not considered here, though it enjoys wide
adoption in the manufacture of printed circuit boards.

Flexography is essentially a rubber stamp on a roll; of the techniques considered it operates
most similarly to Gutenberg’s original printing press where the pattern to be printed is raised out of the
surface of the printing form. This raised surface then gets inked, and the ink is then transferred to the
substrate. Flexography has potential as a laboratory printing technique because the rubber printing
forms are relatively easy to manufacture. However, concerns with mechanical deformation of the
printing form are of concern for printed electronics where feature sizes must be scaled, and controlled
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as much as possible. Further the polymer printing form poses limitations on the type of inks that can be
printed, as inks with organic solvents can easily cause swelling or deterioration of the form.

Ink rollers
Water rollers

Inking
cylinder

“u

Plate
cylinder <+ Offset
cylinder
©)
PaperT Impression PapeI )
cylinder __::';' ool
Flexography Offset Lithography
Doctor
blade
\ Doctor
blade
<_Gravure
cylinder
<—Off.58t Gravure
cylinder cylinder
< Impression T T Impression
cylinder  Paper Paper cylinder
Offset Gravure Direct Gravure

Figure 1.2. Conventional printing processes with inset photographs of a flexography roll (top left) and a gravure
roll (bottom middle).

Lithography, specifically offset lithography, is one of the most widely used printing techniques,
as it used to print the majority of newspapers and short-run periodicals in the world. It makes use of a
printing form that is patterned with hydrophobic and hydrophilic regions. The printing form is
dampened with water which adheres only on the hydrophilic regions, and then inked with a
hydrophobic ink, which adheres only to the hydrophobic regions of the roll. This pattern of water and
ink is then transferred to an intermediary offset roll, and then to the substrate where with paper
substrates, the water prevents the ink from spreading as it is absorbed by the paper, providing good
quality prints. For electronics, the use of two types of fluids to print one pattern poses unwanted
constraints on the design of electronic inks, issues with cross-contamination could be difficult to control,
and since most substrates for printed electronics are non-absorbent, the benefits of spreading control
are minimal. Further offset litho makes use of two patterns transfers, one from the print master to
offset roll, and one from the offset roll to the substrate. This extra transfer can lead to added loss of
pattern fidelity which is undesirable.



The last printing technique discussed is gravure. Gravure, also known as rotogravure, is in some
sense the inverse process of flexography. Here patterns are etched into the surface of the printing form,
creating ink-holding wells which are filled when the entire roll gets coated in ink. A doctor blade then
removes excess ink from the non-patterned areas, and the ink from the wells is transferred from to the
substrate. Direct gravure provides the highest resolution and pattern fidelity of these techniques
because it uses a metallic printing form which does not suffer from deformation or solvent swelling.
Further, ink is transferred directly to the substrate, avoiding the need for a secondary transfer process.
Because of the materials used in the printing form, gravure can withstand the highest printing speeds
allowing for large numbers of prints in a short time. The downside however, is that gravure rolls are
very expensive to pattern, and the patterning process is fairly slow making gravure less ideal for print
jobs that vary a lot from day to day. Also, direct gravure is not amenable for printing on solid substrates
as mating the printing form and the substrate is impractical, to overcome this, offset gravure must be
utilized and a two-transfer method is used, reducing overall resolution.

1.3 Goals

In this work gravure has been chosen to develop printing processes for electronics. Though
gravure is the most expensive of the techniques discussed, it is the highest resolution, fastest, and most
compatible with a variety of materials. The goal in developing these printing processes is to bridge the
gap between materials and methods used for ink-jet printing in the laboratory and the materials and
methods required to print electronics at an industrial scale. There is little known about how
conventional printing processes will perform in printed electronics, and there is potentially a large
difference in the materials needed for printing with conventional processes versus ink-jet.

As will be shown, there are several technological challenges to enabling printed electronics with
conventional printing presses. To begin with, a printing press suitable for new materials development
and high resolution printing has not, until now, been developed. Here, such a press is designed,
fabricated, and demonstrated. Further, the feature sizes used in graphic arts have not been sufficiently
scaled to enable high density, and good performance electronic devices. Here the scalability of gravure
for printing metallic lines and dielectrics is shown, giving an indication of the potential to scaling with
this technique. Finally, integration issues of multi-level thin film devices have not been well understood,
making it difficult to know what printing techniques are best suited for. A printing process for organic
thin film transistors has been developed, carefully studying process modules for metals, dielectrics, and
insulators separately, and exploring the compatibility between each process to enable high performance
devices.

1.4 Background

This is not the first attempt at using gravure for purposes of electronics. One of the earliest
reports on this was by Mizuno and Okazaki at Dai Nippon Printing, where they demonstrate the use of
gravure offset to print the black matrix for color filters in active matrix displays [1]. Soon after, an offset
gravure printed resist process was developed for manufacturing amorphous silicon (a-Si:H) TFTs [2].
Both of these reports used an etched glass intaglio to transfer patterns to the offset roller, and achieved
feature sizes as small as 10 um.

In 2002 a report on gravure printing functional materials for electronics was made by Gamota
where gold nanoparticle inks, polymer dielectrics, and organic semiconductors were combined to
fabricate thin film transistors, again using a gravure offset technique [3]. Here minimum feature sizes
where 50 um and due to poor registration capabilities devices used non-overlapping contacts yielding
fairly low performance. Soon after, Pudas began studying the ink-transfer process for metallic inks on



ceramic substrates [4] using gravure offset, and continued this work demonstrating printed antennas on
ceramic substrates[5] and plastic substrates with feature sizes as small as 20 um [6].

As noted, these early demonstrations used gravure offset instead of direct gravure yet obtained
reasonably small patterns on mostly non-flexible substrates as a good indication of the scalability of the
gravure printing process.

Direct gravure was demonstrated for the fabrication of organic light emitting diodes in 2005 by
Tuomikoski [7] and more recently for the deposition of indium tin oxide nanoparticles for transparent
electrodes [8].

During the course of research for this work, two other groups have demonstrated the use of
direct gravure printing for electronics: the group of Cho in Korea [9], and the group of Hahn in Germany
[10]. In their work, these groups demonstrate thin film transistors on flexible substrates using gravure
and a combination of other printing techniques. Though they demonstrate some of the earliest circuits
fabricated using mass-printing techniques, their performance is somewhat hindered by large feature
sizes.

This work is complementary in the fact that gravure printed organic thin film transistors are also
fabricated as part of the goal of demonstrating gravure’s feasibility for printed electronics, but adds to
that with a thorough discussion on the development of a high-resolution gravure printer, and the careful
development of high-quality patterned thin film materials that enable devices with significantly better
performance than previously demonstrated.

1.5 Organization

Thus this thesis is organized in the following manner: Chapter 2 will discuss the gravure printing
technique in detail and describe the design of a high-resolution table-top gravure printer suitable for
laboratory scale research on printed electronics, as well as the patterning of fine features on gravure
cylinders. Chapter 3 will then discuss the issues in printing metallic traces, describing the needs and
requirements for these traces in printed circuit boards, interconnects, and contacts to semiconductor
devices. Here gravure printing of nanoparticle and organometallic inks will be described along with an
understanding of the mechanics of line formation and the scalability of gravure features. Chapter 4 will
then discuss gravure printed dielectrics, and the integration of these dielectrics with metal traces to
make thin film capacitors. Finally, Chapter 5 will describe the integration of these technologies to make
organic thin film transistors, discussing trade-offs in materials selections, printing processes, and device
structures.
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2 Gravure

2.1 Introduction

Printing presses have had an enormous impact on our ability to share and communicate ideas,
ever since Gutenberg’s first inventions. Today, the vast majority of print material is produced on roll-
type printing presses using a variety of techniques including lithography, offset printing, flexography and
gravure. Of these techniques, gravure is the least complex, and offers the highest resolution. This has
made it an attractive candidate for use in manufacturing printed electronics, where resolution
requirements are much higher than those required for publication prints. Using a high throughput
process to manufacture integrated circuits has the potential of providing ultra low cost electronics that
can have a vast number of new applications, such as electronic paper, smart labels and embedded
sensors. All of which aim at providing us with a higher quality of life.

Ink Fountain

Doctor blade

Gravure
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“—— |Impression
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Figure 2.1. The gravure printing process.

2.1.1 Gravure printing fundamentals

The gravure printing process uses a metallic roll, also known as the gravure roll, in which the
images to be printed have been etched or engraved into its surface. As shown in Figure 2.1, these
patterns are filled with ink, and any excess is subsequently wiped off using a blade which is tightly
pressed against the roll, the doctor blade. The inked and wiped surface of the roll then comes into



contact with the substrate, which is pressed against the gravure roll with the use of an imprint roll, and
the ink is transferred from the rolls’ patterns to the substrate, completing the print.

The wiping process is critical to the quality of a print as the doctor blade must remove all ink
from the non-patterned areas of the roll. This places a stringent requirement on the quality of the
surface of the roll, its hardness, and shape uniformity. It also places hard requirements on the quality of
the doctor blade, and the pressure it applies to the surface.

To satisfy these requirements, gravure rolls are made out of hard material such as chrome
coated copper, or in special cases an industrial ceramic. The vast majority of rolls are made of a steel or
aluminum core, with a layer of electroplated copper, which can be easily machined to provide overall
shape uniformity, and patterned to define the printed shapes, then coated with a hard chromium layer
which provides good wear resistance against the friction of the doctor blade and substrate.

Two approaches can be taken to pattern an image onto a gravure roll, and defines whether the
printing technique is considered intaglio or gravure. In intaglio, the image to be printed is etched or
engraved directly into the roll. For example, if a line is to be printed, then a thin channel of some depth
and width corresponding to the width of the line is patterned into the roll. Likewise, if a solid-filled
square is to be printed, then a square of the desired size is etched into the roll. In gravure, images are
sampled, or pixilated on a specific grid, and then this grid is etched or engraved into the roll. Each point
on the grid corresponds to a single patterned well, or gravure cell, and sufficient space to allow for a cell
wall that prevents cells from merging into each other. For images that must have a solid fill, the gravure
cell occupies a large portion of the grid. The ink deposited from these wells will spread to make a
uniform film. Figure 2.2, shows images of both gravure and intaglio patterns on a roll.
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Figure 2.2. Gravure and intaglio patterns.

Intaglio can transfer more ink per unit area than gravure, and can make smoother line edges,
but it suffers from a variety of drawbacks. Because intaglio patterns are of a single well, controlling the
amount of ink deposited is difficult as it scales with the size of the pattern. The lack of a cell wall causes
a deflection in the doctor blade when crossing large patterned areas, reducing its ability to wipe the
non-image areas. Further, fluid inside intaglio patterns can redistribute itself during the print, causing
print inconsistencies. Thus, intaglio has been largely replaced by gravure.

In gravure, the ink is metered by the size of the individual cells. Large area and small area
patterns alike can be printed with the same thickness of ink because of this metering. Further tonal
differences in an image can be easily implemented by modulating the size of the wells, thus reducing the
thickness of ink deposited, or even pixelating the area to provide near-white tones. A drawback,
however, is that individual cells tend to print as ragged edges along lines, reducing the quality of fine-
line artwork. In printed electronics much of the patterns printed follow under the category of fine-line
artwork, and thus we have chosen to study both intaglio and gravure printed patterns. In practice both
types of patterns can be made on a single roll taking advantage of each cell type were most appropriate.



The inks used in gravure can vary quite a bit in formulation and viscosity. Solvent based inks
were originally the most popular in the graphic arts, but have fallen out of favor due to environmental
concerns. Now most inks for printed media are water based. UV curable inks are also popular because
they can be formulated with a small amount of solvents and can provide uniform thick films. Ink
viscosities can range from 10 to 500 centiPoise (cP) [1]. Lower viscosity inks are more common in print
media such as magazines and books, while higher viscosity inks are found in packaging.

Commercial gravure printing presses are large machines that utilize gravure rolls that can be as
small as 20 cm wide and 5 cm in diameter, and as big as 3 meters wide and 1.5 meters in diameter. A
complete printing press includes a number of gravure stations, each to print a specific color, ink drying
or curing stations between each gravure printing station, mechanics for active registration, and wind
and unwind for a continuous substrate, or less commonly, send and receive stations for a sheet fed
system. All together these presses can be as long as 70 meters, and require an entire warehouse to
operate.

Thanks to the good mechanical and thermal stability of the gravure roll, these presses can
operate at speeds as high as 2,000 m/min, which make gravure, by far the fastest printing technique in
use. Due to the high cost of patterning gravure rolls, and speed of the printing systems, gravure is only
economically feasible for very large print runs in excess of 500,000 copies.

2.1.2 Table-Top Proof Presses and Laboratory Presses

For laboratory use, such as is needed in ink and product development in the graphic arts, two
types of presses exist: table-top proof presses and laboratory presses. Because of their smaller size and
cost, these presses were considered for use in developing processes for printed electronics.

Figure 2.3. Two proof presses. A K printing proofer (left) and a IGT G1-5 (right).

Proof presses are small machines that are ideal for ink development, and rapid print testing.
Two notable machines are a K Printing Proofer by RK Print Coat Instruments, and the G1-5 by IGT, both
shown in Figure 2.3. The K Printing Proofer uses a flat ballard shell as the printing form. A ballard shell
is a product of a common way of patterning gravure rolls and can thus be easily exchanged with custom
patterns by the user. The substrate on this system is wrapped around the imprint roller, and placed on a
frame that uses micrometer control to adjust the pressure of the imprint roller, and holds the doctor
blade just fore of the substrate. The print is made by moving this frame along the ballard shell, such
that the doctor blade inks and wipes the shell before the substrate rolls over it. The IGT G1-5, uses small
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custom-made gravure rolls, and uses a flat rubber sheet as an imprint roller, with a harder roller behind
it that drives the substrate under the roll during the print. Printing pressure is controlled on this printer
by a counterweight system.

These proof presses are quite inexpensive, and utilize very small amounts of ink (<1mL) per
print, which is ideal for printing high-value experimental materials. However, they suffer a few
drawbacks. Because of the small size of the printing forms and substrates, these printers only produce
results from the few rotations of the gravure roll. In these early stages, ink may have not fully filled all
gravure cells, and the printing process may have not reached a steady state condition. Further, these
printers are seriously limited by the speed at which they can print. Finally, there are no provisions for
registration and thus these printers are only useful for single-layer prints.

So called laboratory presses, are much larger machines, which much more closely resemble
industrial printing presses. These are web-fed systems, which can have multiple printing units, inline
drying and automatic registration feedback Figure 2.4. What distinguishes them from their larger
counterparts is mainly the size of the printing form and thus the amount of ink required to operate
them. Printing forms on laboratory presses can be as narrow as 10 cm and as wide as 50 cm. Because
they are web fed systems, they print continuously and thus achieve steady state printing conditions and
allow for many printing variables to be changed on the fly. The problem, however, is that these
machines are still quite large for laboratory scale printed electronics, and require at minimum hundreds
of milliliters of ink per print.

Figure 2.4. A laboratory scale gravure printing press with two print units, and automatic registration capability.

Neither of these types of presses provides all of the features of a full size gravure press, and
neither satisfies the requirement of using very small amounts of ink and allowing for high-precision
multi-layer printing. Because of this, a custom laboratory press was built.

2.2 ALaboratory Scale Gravure Printer for Printed Electronics

The field of printed electronics is still in development, and thus, the majority of printing work is
done at a laboratory level, most commonly with ink-jet printers that provide enormous flexibility and
small material volume requirements. However, ink-jet is not a technology that can easily provide for
high volume manufacturing, and inks developed for ink-jet do not easily transfer to high volume roll-
type processes.

In an ideal case, a gravure printing press for printed electronics would combine the small form-
factor and low ink usage of a proof press, with the multi-layer registration capability and continuous
output of a laboratory press. In terms of resolution and registration, however, such a printer should not
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be compared to other gravure printers, but to machines currently used for printed electronics and large-
area microelectronics, ink-jet printers and photolithography tools, respectively.

Ink-jet printers are by far the most widely used in printed electronics. They benefit from being
a digital process, giving a lot of flexibility in creating new printing patterns and allowing for real-time
pattern changes which are practical for printing on plastic substrates which suffer from large amounts of
strain during thermal processing. Ink-jet printers can also print a wide variety of inks including organic
and aqueous solvent based inks, UV curable inks, and even molten solders. State-of-the art ink-jet
printers use high-precision air bearing stages which can have sub-micron position repeatability and
linearity. Ink can be deposited in volumes which range from 100pL to 1plL using widely available
micromachined printing cartridges that can print features that range from 100’s of um to as low as 20
um. Improvements in resolution have been demonstrated by the use of electrohydrodynamic jetting
which can deposit femtoliter drop volumes, though these systems are still in early development [2][3].
Despite good machine accuracy and small drop volumes, ink-jet suffers from a large variability in drop
directionality, limiting its position accuracy to 5 — 10 um.

For large-area electronics, the main products are a-Si:H TFTs for liquid crystal displays, which are
manufactured by photolithography. These photolithography tools are 1:1 projection steppers, which
have a registration capability of 0.5 um and a can pattern features as small as 2.5 pum over areas as large
as 2.5m x 3m.

Figure 2.5: A bench top, sheet-fed, high-resolution gravure printing system with a 5cm printing form.

Thus we designed a small bench-top gravure printing system (Figure 2.5) which would hopefully
have registration capabilities of 5 um, use less than 1mL of ink per print, and allow for patterns to be
printed with better resolution than state-of-the art ink-jet. The machine uses gravure rolls that are 5cm
wide and 5-6cm in diameter which are backward compatible with rolls designed for the IGT G1-5, it
operates as a sheet fed machine and can print on substrates as long as 70cm and 6cm wide with a
60cmx5cm printing area. Registration is enabled using a 3 camera system and custom software that aids
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the user in aligning fiducial marks on the roll with those on the substrate. To improve registration and
eliminate errors due to environmental vibrations the system was mounted on an air-cushion table. It
was built with a heavy steel frame to avoid any mechanical deflections and minimize the effects of
thermal expansion. A Parker-Hafnin 404LXR linear motor provides the driving force to move the
substrate through the printing process at speeds up to 2 m/s.

To realize good registration accuracy, principles of precision machine design (error mapping and
error budget) were used to describe and analyze the registration capability of this printing machine in
order to determine and quantify the major sources of alignment error, and determine possible solutions
to these errors.

A description of the alighment process will be given followed by an experimental measurement
of its printing errors. With this in mind, we take on the task of building an error map and error budget
for the machine [4]. We first determine the thermal errors from a coupled thermal-structural analysis of
the machine using finite element simulations, we then build kinematic model of the machine using
homogeneous transformation matrices (HTMs). Using these HTMs we combine the thermal errors with
errors coming from a variety of other sources such as the motors and stages which move the machine
components during a print, and we calculate the total expected alignment error of the machine, using
HTMs to quantify the impact of each error source. Finally, we propose and implement series of
improvements to the printing system, using the knowledge gleaned from our analysis.

2.2.1 Alignment Process and Sources of Error

The gravure printing system shown in Figure 2.5 is a sheet fed system which operates as follows:
A plastic sheet (a.k.a. substrate) is mounted on the black sample holder with a rubber backing using two
clamps. The sample holder is then mounted onto a larger base plate (a.k.a. top plate) and two high
precision double-row ball bearing Newport stages through a clamp. The substrate is then aligned to the
gravure roll using three Navitar microscopes, a small piece of alignment software, the aforementioned
Newport stages to provide motion in the y and theta directions, as well as a Parker-Hafnin linear motor
which moves the stage in the printing direction x. Once the alighment has been done with the roll sitting
slightly above the substrate, it is lowered onto the substrate and loaded with a spring-based
compression system to a weight of approximately 10kg and the alighment is re-checked. If the alignment
is good, a doctor blade is placed against the roll, the roll is inked, then the substrate is moved under the
roll (which rotates) using the Parker linear motor to transfer the ink from the roll to the substrate.

The alignment routine can be described using Figure 2.6. The substrate is placed under the roll
such that the alignment marks on the substrate are a distance x away from the axis of the roll. This
distance should be 1.5 times the circumference of the roll, or 3/2nd, where d is the diameter of the roll.
This will ensure that the alignment mark, which is seen at the top of the roll through the roll camera, will
roll directly on top of the alignment marks shown in substrate camera 1. A second alignment mark on
the roll will print over the mark shown in camera 2, as long as the relative rotation of the substrate is
adjusted by properly relating alignment marks on substrate camera 1 to substrate camera 2. Thus, the
distance between the substrate cameras and the roll camera must also be 1.5 times the circumference
of the roll to ensure the alignment marks are centered exactly in the camera window. However, since
the diameter of each roll is slightly different, there is a deviation of roll diameter Ad, which leads to a
need to offset the alignment marks by a distance Ax = 3/2nAd. The pattern on the roll may also not be
aligned exactly in y and theta direction between roll and roll. We thus use a software program to keep
calibrated values of Ad and theta, and thus corresponding values of Ax and Ay required to align a variety
of different rolls to each other.
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Figure 2.6: Diagram of the alignhment routine. Three cameras are used to align the substrate to the printing roll.
The cameras are spaced such that when the alignhment mark is both visible on the roll camera, as well as the
substrate cameras, with appropriate spacing. The micrograph shows an example of a printed alignment mark.

The alighment system is however, susceptible to a wide variety of other errors, including but not

limited to the following (Figure 2.7).

Thermal expansion of the system as the laboratory or local machine temperatures change with
time, and use.

The relative position of the cameras affected by either mechanical disturbances, or thermal
expansion.

The actual position with which the roll is mounted in the machine, since we assume in our
alignment routine that the roll is positioned in the same exact position every time, and more
specifically that theta errors come only from the theta offset of the patter on the roll, and not
the roll position itself.

The ability of the substrate holder clamp to hold the substrate holder in place, without it moving
during the print.

Deformations of the flexible substrate, and rubber backing during the printing process, which
may lead to stretching of the printed pattern and slip between roll and substrate.

Stiffness and position control of the Newport stages, which are used to move the substrate iny
and theta directions, as well as the stiffness and position control of the Newport stages that
move the roll up and down into printing position.

Stiffness and straightness of the Parker linear motor that moves the substrate during the print.
The movement of the roll caused by the pressure of the doctor blade.

Effects of the alignment procedure, and printing process, including care of handling
components, order in which parts are assembled and particulars of the alighment sequence.

It is clear that modeling every source of error would be a difficult undertaking. Thus in order to

reduce the complexity and make our calculations tractable, we selected what we believed to be the
prominent sources of error and made a computer model of the printing system that can then be later
used with appropriate finite element programs to model the total system error. The main sources of
errors and computer generated system model are shown in Figure 2.8. We selected thermal errors,
camera positions, repeatability of the substrate holder clamp and position accuracy of the substrate in x
and y directions as our preliminary investigations led us to believe these are errors with large possible
deviations on the order of microns or more.
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Figure 2.7: Gravure printing system and a range of possible sources of error.
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Figure 2.8: Computer model of gravure printing system and predicted major sources of error.

2.2.2 Experimental Position Repeatability and Alignment Accuracy

As built, this gravure printing system was intended to afford up to 5um alignment accuracy.
However, we quickly determined that the practical alignment accuracy of the machine was, in fact,
much worse. In order to isolate the major sources of error a few repeatability experiments were carried
out on the machine. Using an electronic Mitutoyo indicator with a 1um resolution, we quickly assessed
that a major source of error came from positional repeatability of the substrate. This could be due to the
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repeatability of the substrate holder clamp, which was designed to couple the substrate holder to the
Newport stages on the base plate, while still affording movement of the substrate holder in y and theta
directions. It could also be due to the repeatability of the parker stage, which should move the substrate
straight under the roller and back to the same position after the print.

2.2.2.1 Substrate holder Clamp Repeatability

In order to assess the repeatability of the substrate holder clamp, the substrate was placed on
the base plate and clamp, and its position in the x and y direction was measured with the electronic
indicator. The substrate holder was then removed and the process repeated 50 times, taking
measurements in x and y at both extremes of the substrate holder, centered about the contact point of
each clamp (one at the front of the substrate holder, and one at the back). The data collected is
presented in Figure 2.9. Clearly, repeatability for both clamps is worse than 5um, especially in the y
direction where the error is £30um for the front clamp and £20pum for the back clamp.
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Figure 2.9: Position repeatability of substrate holder clamps. For the front clamp Ax=t5um, Ay=+30um, for the
back clamp Ax=t7pum, Ay=t20um.

2.2.2.2 Base Plate Repeatability

We also tested the repeatability of the base plate (onto which the substrate holder is placed)
and parker motor using a similar technique. We mounted a small photo-lithographically patterned
silicon wafer onto the sample holder using a double sided 3M brand tape, and moved the stage back
and forth 500mm 50 times measuring the position of a small alignment mark on the wafer, in the field of
view of the camera.

The resolution of the camera was calibrated to be 0.62um/pixel with an 860x640 pixel display.
We used an onscreen cursor with a pixel position-tracking program to align a crosshair cursor to the
center of a crosshair alignment mark that was patterned onto the wafer with a 5um line width. This
allowed for easy centering as the eye can easily catch the symmetry of light shining on the dark cursor
crosshair from the shiny gold alignment mark.

Surprisingly, after measuring the position of the crosshair after 500mm back-and-forth
movements using a velocity of 20cm/s and an acceleration of 40 m/s’, we found that the positional error
was only £0.36um in the y-direction (perpendicular to the direction of motion) and £1.63um along the
x-direction, the direction of motion. The two graphs presented below indicate the there is indeed more
control in the y direction that in the x (Figure 2.10) but even more importantly, there seems to be a
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systematic deviation in x-position as the number of measurements progresses. This is presumably
because the encoder on the Parker stage may miss a measurement at some common interval. This
systematic deviation was only seen for high-speed motions of 20 cm/s.

Fosttion Displacement vs. Measurement (time)
@ Sca%ter L 4
2 -4
2
1.5 = ’ ”
$ 14 @ . 0 4
E E
E - o | S 3 50 60
P ; =
AR . AL E & ——y
80.8 06 04 005 ¢ 02 04 06 08 || & {um)
{=3 e
> " 1L* by
151 ¢ ¢ ||°=
£ = -10
25 L 12
X position {um) Measurement

Figure 2.10: Scatter plot of x and y repeatability of base plate position (left), and x and y position vs. time (right).
It can be seen that the machine shows only a small amount of creep over time.

2.2.2.3 Print Alignment Errors

If errors in the substrate position were the only sources of error, summing the errors from the
substrate holder clamp and base plate positions alone would give a total error shown in equation (1)
and (2) where g, and g, are the standard deviations of the position.

8x = \/‘%%—clamp + gf—base = 399!"111 (1)

£y =\|%] tamp + Eo-ase = 28.63um o)

However, in practice the error is still much greater than this. We made a series of eight prints
using two types of gravure inks. One conductive carbon ink (DuPont 5069) and one silver flake ink
(DuPont 5067). The carbon conductive ink was printed on 8 blank polyester substrates (DuPont Melinex
ST505), and left to dry over night. After drying, the substrates were aligned to the same roll used to print
the carbon ink using the alignment procedure described above and a silver ink was printed. The use of
these two inks provided good contrast between the reflective silver ink and the black carbon ink so that
alignment errors can be easily detected in an optical microscope as shown in Figure 2.11. Unfortunately,
the alignment errors were on the order of 50 to 150um as shown in Figure 2.12. Larger values of
misalignment were measured on the right alignment mark, which may be a result of the fact that the
shape of the alignment mark on the right is different from that on the left, which may provide with a
better reference with which to measure the alignment error.
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Figure 2.11: Results of a two-layer print with carbon conductive ink as the bottom layer and silver conductive ink
as the top layer. The orange and yellow lines on the left image help distinguish the two alignment marks of

interest.
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Figure 2.12: Scatter plot of alignment errors for 8 different'two-layer prints. The left plot shows alignment errors
measured on the left alignment mark and the right plot shows errors measured on the right alignment mark. It
should be noted that the shape of the alignment mark itself could lead to measurement errors.

It is thus clear that not only does the stage position contribute a considerable component of
misalignment but also there are other components that also contribute to the error. We thus proceed to
analyze other sources of error in the machine using finite element modeling and combine them with
homogeneous transformation matrices.

2.2.3 Coupled Thermal Structural Analysis

Coupled thermal-structural analysis is a sequentially coupled physics analysis that uses finite-
element methods to model the effects of heat on the shape of a material or object. Using a finite
element method for the coupled analysis allows for an accurate representation of how thermal variation
will affect the shape of the printer. Of special concern is how this affects the position and orientation of
the alignment cameras with respect to the substrate and the gravure roll.

Steps involved in performing such analysis are outlined in Figure 2.13. A 3-D model of the
gravure printer was build using SolidWorks. This model was then imported into Ansys where it was
meshed, and environments were set up to execute the sequential thermal — structural analysis.
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Figure 2.13: Steps in coupled thermal structural analysis

Figure 2.14 shows the 3-D model which was imported into ANSYS. This 3-D model was meshed
with 3 different grid resolutions as shown in Figure 2.15. Three mesh grids were used to eliminate the
possibility of errors caused by the discretization of the problem. The thermal environment was set up
such that the air-cushion table for the printer was considered as a heat sink set at 300° K and the
environment temperature was then increased to 305° K (an average temperature difference seen in day
to day operation of the machine) to observe how this affects the temperature of the machine, and thus
its structure. Output from the thermal analysis is shown in Figure 2.16 for each of the three meshed
structured. The top of the machine is affected most by a temperature change as the table provides
more thermal stability to the bottom of the structure where heat can be easily conducted out. Results
of the thermal analysis were used as parameters for the structural analysis, and the resulting position
errors for the alignment cameras were measured. Results for this analysis are shown in Figure 2.17 and
Figure 2.18, where a 100x magnification of the distortion effects show how the camera positions move
due to the thermal change.

Figure 2.14. Imported 3-D model of the gravure printing system.
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Figure 2.15. Meshed 3-D model of gravure printer. 3 Mesh grids (inset) were used to determine the accuracy of
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Figure 2.16. Thermal analysis results for each of the three mesh grids described in Figure 2.15.
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Figure 2.17. Structural analysis results for the three mesh grids described in Figure 2.15.
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Figure 2.18. Lateral and front view of gravure printer after 5° C temperature change (top) and model of same
structure with 100x magnification of distortion effects (bottom) to elucidate the nature of the distortion.

2.2.4 HTM Analysis

The output from the coupled thermal-structural finite element analysis was used to perform an
HTM analysis of the printing system. The following section gives the details of the different components
of the HTM analysis as well as the theoretical error values computed from the analysis.

Homogeneous transformation matrices are used to relate the spatial relationship between two
bodies [4]. Using a matrix method allows for the spatial relationship between many bodies to be easily
calculated, and changes to any individual objects position to be easily changed and propagated through
the system. In order to relate two objects in a three dimensional space a 4x4 matrix is required. A
transformation matrix that relates an object with coordinate system N in a reference frame R is written
as
Oix Oiy Oiz dx

ka Oky Okz dz
0 o0 0 ds
Here Oy, Oi, Oy, etc., terms are the direction unit vectors i,jk representing the orientation of the
objects coordinate system with respect to the reference frame, and d,, d,, d, and d, are the
displacements along the x, y, z, direction and the scale factor.

To translate position coordinates in the N frame to the R frame, the transformation matrix is

simply multiplied with the coordinate frame N to provide a position in the frame R

<

RTN —
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Using this method, the transformation matrices can be multiplied to relate the position of one object to
another, through any number of intermediary objects or frames

n
nTl — ﬂ m—le
m=1

2.2.4.1 Components

There are a total of three cameras in the printer system, and for each of them we have a HTM
system to analyze its alignment error. Camera 1 and 2 are focused on the substrate as shown in Figure
2.6, and camera 3 is used to look at the roll. In the following section, we discuss the details of the HTMs
for one camera alone (Camera 1), as the HTMs for the other two cameras are almost the same.
However, the HTM for the third camera that looks at the roll has one more component in its structural
loop (the roll).

The main components of the analysis as shown in Figure 2.19 are a Parker-Hafnin linear motor
with a 1um encoder resolution (1), which is attached with a mounting place (3) via the motor carriage
(2). The mounting plate drives horizontally the 25.4mm aluminum top plate (4), onto which a substrate
holder (5) is fixed via a substrate holder clamp. A 1Imm thick rubber layer (6) is attached to the top of
substrate holder. The sample (7) is then loaded on the rubber layer. The position of the sample is
adjusted using the micrometer stage and the linear motor by monitoring the sample position through
the camera (10), which is attached to a steel vertical column (8) through a steel camera holder (9).
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Figure 2.19: Components of the printer system

The actual system is considerably more complicated, but it is assumed that these components
do not interfere with the positional accuracy of the stage and the positional accuracy of the sample in
the stage reference and the camera reference. For example, the printer has a second set of bearings
that are designed to take the vertical load from a roller, which presses down onto the sample, in the z-
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direction. Since we are concerned only with x and y displacements for this analysis these components
are orthogonal, and thus do not interfere. The structural loop for this camera is shown in Figure 2.20.

8 |« 9 = 10 |=

Figure 2.20: Structural loop for a single camera.

Figure 2.21 schematically shows the coordinate system and the origins (reference points) for each
component in the structural loop.
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Figure 2.21: Coordinate systems and reference points.

2.2.4.2 HTMs for Camera 1
The systematic analysis of the alignment errors for camera 1 is listed in

Table 2.1. The values of motion, offset, and positional errors caused by thermal expansion are also
specified in the table. The values of other errors are calculated in the next section.

22



Table 2.1: Analysis of alignment errors for camera 1

Component | Motion Offset Positional error Roll/Pitch/Yaw
0->1 Z,(44.65mm)
1->2 x(314.17mm) | Z, (15.35mm) S0 Yaw: €,
253 Z5(76.2mm)
354 Z, (25.4mm)
4-5 Z5 (6.35mm) Yaw: £,5
5-6 Zs (Imm) O
6->7 Z7 (0.5mm) Ox7, 6y7, 617 Yaw: &,7
0->8 Yg (106mm)
6.0 (-7.78 um)
5,5(3.68 um)
8->9 Z5(291.48mm) | 6,(5.21 um)
(due to thermal
expansions)
610 (0.92 um) Yaw: g,
Vso (-106mm) 6y10(-3.71 um) (-89.6 prad)
9->10 6,10 (2.44 um) Yaw: &1
Z10(-122.03mm) y
(due to thermal | (-20.3 urad)
expansions)

Based on this table, we can get the HTMs for camera 1 as below.
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2.2.4.3 HTMs for Camera 2
The HTM analysis for camera 2 is almost the same as that for camera 1, except that the camera

height and the thermal expansion are different since the two camera systems are not symmetric.
Table 2.2: Analysis of alignment errors for camera 2

1
0

_gylo

0

0 €10 S0

1 —g4 Ypt9 y10
€x10 1 Zig+0,0

0 0 1

Component | Motion Offset Positional error Roll/Pitch/Yaw
0->1 Z,(44.65mm)
152 x (314.17mm) Z, (15.35mm) b0 Yaw: €,
253 Z3(76.2mm)
34 Z, (25.4mm)
4->5 Z5 (6.35mm) Yaw: &5
5->6 Zs (Imm) O
6->7 Zy (05mm) 5)(7, 5y7, 627 Yaw: ;7
0->8 Ys (-106mm)
5)(9 (‘691 [Jm)
6y9(-3.80 um)
8->9 Z4(310.53mm) 5.0(5.74 um)
(due to thermal expansions)
6,(10 ('027 Ilm) Yaw: Ex10
9510 Y10 (106mm) 6y10(3.28 um) (-60.6 wurad)
Z1y (-141.08mm) 6,10 (2.99 um) Yaw: €,10
(due to thermal expansions) (-19.7 prad)
1 0 0 O 1 -¢, 0 x4+,
010 O £ 1 0 0
OTl — 1T2 — z2
0 01 z 0 0 1 Z,
0 00 1 0 0 0 1
1 00 O 1 00 O
) 010 0}, 010 O
T, = T, =
0 01 Zz 0 01 2,
0 00 1 0 00 1
1 -¢, 0 O 1 00 0
1 0 O 010 0
4-|-5 — 825 5-|-6 —
0 0 1 Z 0 0 1 Z,+5,
0 0 0 1 0 0O 1
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1 -¢, 0 0,7 100 O
T, eg; 1 0 4, oT, = 010 Y,
0 0 1 Z,+9, 0010
0 0 O 1 0 00 1
1 00 Oy 1 0 &y S0
o 010 5y9 or 0 1 -, Yo +5y10
Tg - T10 -
0 0 1 Z,+6, €0 &0 1 Zy+0y
0 0O 1 0 0 0 1

2.2.4.4 HTMs for camera 3

Compared to camera 1 and camera 2, the structural loop of camera 3 includes one more
component, which is the roll. The structural loop for camera 3 is shown in Figure 2.22 and the
corresponding analysis is listed in Table 2.3.
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Figure 2.22: Structural loop for camera 3.

Table 2.3: Analysis of alignment errors for camera 3

Component | Motion Offset Positional error Roll/Pitch/Yaw
0->1 Z,(44.65mm)
152 x(314.17mm) | Z,(15.35mm) bx2 Yaw: €,,
253 Z3(76.2mm)
354 Z4 (25.4mm)
4->5 Zs (6.35mm) Yaw: &5
5-56 Zs (1mm) b
6->7 Z7 (0.5mm) 6x7, 647, 6,7 Yaw: &,7
78 Z3 (66.5mm) b8 Yaw: €55
0->9 Yy (106mm)
9->10 Z1 (374.03mm) 6x10(6.31 um)

6y10(4.80 um)

6,10(12.44 um)




(due to thermal expansions)

10->11 Y1 (-106mm) 6,11 (1.48 um) Yaw: £,11
7,1 (-138.08mm) 6y11(-3.47 um) (-108.4 prad)
6,11 (0.13 um) Yaw: €11
(due to thermal expansions) (-26.3 urad)

The HTMs calculated for camera 3 are given below.

2.24.5

1 00 O 1 -¢, 0 x4+,
OTl _ 0100 1_|_2 _ g, 1 0 0
0 01 2 0 0 1 Z,
0 00 1 0 0 O 1
1 00 O 100 O
) 010 0}, 010 O
T3 = T4 =
0 01 Zz 0 01 2,
0 00 1 0 00 1
1 -¢, 0 O 1 00 0
a7 _| G 1 0 0 ST _ 010 0
57 6~
0 0 1 Z 0 0 1 Z,+5,
0 0 0 1 0 0 1
1 -¢, 0 o6, 1 -¢4 O 0
6T — & 1 0 Oy T - g 1 0 0
7= 8~
0 0 1 Z,+96, 0 0 1 Z;+6,
0 0 O 1 0 0 O 1
1 00 O 1 00 010
o _ 010 Y|, 010 5y10
Ty= To=
0010 0 01 Z,+5,,
0 00 1 0 0O 1
1 0 &n S
o _ 0 1 ~& Y11+5y11
1

Calculated Error Components

It is assumed that the travel of the motor in general operation is 314.17 mm. From the

experimentally measured data for the 404LXR linear motor, the static x and y-directional errors are 3.83
and 0.95um, respectively.

for the distortion is calculated as shown in equation (3).
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Also for a 314.17 mm travel, a straight-line accuracy of 17um is expected; and hence the angle




j =3.247x10°° rad
(3)
For the sample holder, the sensitivity of the differential micrometer used for the measurement
is 0.1um. Since the distance to the pivot bolt (pin hole) is 29.527mm, the angle of distortion due to the
worst case of error on the micrometer is given by equation (4).

[ 0.1x10° mm
£ =tan"| ———
29.5278 mm ()

Assuming that the rubber is tightly stuck on the sample holder, there is no linear and rotational
error in component 6. In other words, 8., 8,6, and €, are taken to be zero.

The error on the sample substrate is obtained from the above experimental measurements. For
Camera 1, 8,7, 6,7 and €,; are 3.658, 28.63 um, and 1.444 rad, respectively. For Camera 2, 3.658, 6.610
um, and 1.065 rad, and for Camera 3, 21.33, 8.085 um, and 0.362 rad, respectively

The equation of the change of length due to thermal expansion is based on the equation given

] =1.940x10"* rad

by

AL =Lea- AT

However, heat expansion occurs through 3 dimensions; therefore, all six degree errors can be involved.
The numerical values for each component were obtained from the FEM analysis.

2.2.4.6 Worst Case Error Estimation
The error (x, y and z direction) calculated using HTMs for each points of interest in the camera
system are summarized below in Table 2.4.

Table 2.4: Overall error due to the camera system

Error Cameral Camera 2 Camera 3
x(mm) 0.01771 0.01798 0.03587
y(mm) 0.01440 —0.00218 —0.01782
z(mm)

—0.00765 —0.00873 —0.01257

The overall accuracy for the system can be obtained by comparing the position of Camera 1 and
Camera 2 with that of Camera 3. Therefore, individual error components for the x and y directions are
listed in equations (5), (6) and (7).

8,13 =0, +3,4 =0.01771+0.01798 = +0.03569

0,03 =0,, + 0,5 =0.01798 +0.03587 = +£0.05385 (5)

8,5 = 8,1 +0,; =0.01440 +0.01782 = 70.03222
8,05 =8, + 6,3 =0.00218 +0.01782 = 70.02000

8,1, = 0, +0,, =0.00765+0.01257 = F0.02022
8,3 = 6,, + 6,5 =0.00873+0.01257 = F0.02130

(6)

(7)
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Table 2.5: Summary of errors through the camera system to the substrate

Camera 3—1 3—2

X 35.69 um 53.85 um

Y 32.22 um 20.00 pm
20.22 ym 21.30 um

2.2.5 Discussion

As can be seen from Table 2.5, the errors calculated using the experimental values of substrate
position error, and the effects of thermal expansion from finite element modeling are considerable, yet
smaller than those errors measured experimentally. Qualitatively, the errors from thermal expansion
were on the order of 10 um , while &, 6,7 the positional errors of the substrate were on the order of 30
um , thus the calculated errors seem to be reasonable given our assumptions. However, since measured
alignment errors in practice on the order of 100 um, we must assume that other sources of error play
significant roles in the total error of the system. It is clear that improving positional errors from the
substrate and improving the temperature control of the room can eliminate up to half of the error
currently seen.

Some simple improvements to our model can perhaps point to other sources of error. For
example, we did not consider the thermal expansion of the roll as part of our analysis. This could lead to
an increase in all three components of error. We also have not calculated the stiffness of the Newport
stages, which will cause motion during the acceleration of the substrate.

There may also be a series of procedural improvements which may be significant. For example,
due to the confined space of the apparatus the cameras are constantly at a risk of being shifted
(bumped) during operation, this may lead to offsets of camera position which cannot be easily modeled.
An improved mounting brace, could prevent this type of impact. Further, the temperature of the roll
itself is subject to a variety of thermal changes, beyond those of the room, most importantly because
the roll is subjected to an ultrasonic cleaning between each printing run. This may cause temperature
increases of up to 15°C. The use of a reference sample, could help check or calibrate the camera
position before each run, while the use of some thermocouple thermometers, could either allow the
alignment program to adjust for alignment offsets due to thermal variations, or allow the operator to
ensure the appropriate roll temperature is reached before it is used.

2.2.6 Improvements

Our error budget shows that as built the machine has a registration limit of +/- 54 um in the x or
print direction and +/- 20 um in the y direction, despite being designed to achieve an alignment accuracy
of 5 um. We have found that a poor substrate clamp design and poor thermal control in both the
camera positioning and the motor can be accountable for a large portion of this error. To improve the
registration capability of the system, a better substrate holder clamp was designed, electronic
compensation for linear motor errors was implemented, and a printing protocol was established that
would minimize the thermal errors of the machine. These improvements shall be described here.

2.2.6.1 Kinematic Clamp Design for Substrate Holder Clamp
The substrate holder clamp was found to add +/- 20 um of error in the y-direction and +/- 5 um
error in the x-direction. The choice of components and the clamps design are a big reason for this error.
The clamp was designed to hold the substrate holder perfectly in place once, locked, but to
allow for precision y, and 8 control of the substrate (Figure 2.23). In the original design two Newport
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states were used as the base of the clamp, so that their axis of motion lay in the y-direction. The
substrate holder was then fastened to these stages with a cone and cup fitting on the front clamp which
was intended to fix the clamp in the x,y directions yet allow for 6 rotation, and a slot-and-key fitting on
the back clamp that would fix the clamp in the y direction but allow for the required distance change
between the two mounting points as theta is changed.

Top View

«p) -}A-—-‘-"

Side View
cone and cup slot and key

Figure 2.23. Original substrate holder clamp design.

The problem with this design is that it is not purely kinematic in that the substrate holder is not
constrained from motion by the exact number of points needed to constrain it, and the forces acting to
constrain its motion are not acting perfectly in the direction with which motion is expected to be held.
For example, the cone and cup mount on the front clamp rely on the need for the cone to be slightly out
of the plane of the Newport stage such that when the plate is placed on it, the z-directed force of
substrate holder will keep the cone and cup concentric, avoiding x, and y motion. This design transfers a
vertical force to constrain motion in the x-y plane. Forces exerted in the x-y direction can cause the
plate to lift, and thus slip causing motion in all direction.

The slot and key design is also a poor kinematic design because the system relies on a perfect fit
between the key and the slot to constrain motion in the y-direction. This fit is nearly impossible to
perfect so that motion is completely eliminated. An interference fit could be made so that the substrate
holder must be pressed onto the key (or pin), however this would reduce the usability of the system as it
would be difficult to remove the pin, and such a fit would also impede motion in along the length of the
substrate holder, adding a force in that direction when 8 is changed.

Further these clamps resided on ball-bearing Newport stages which have themselves a finite
stiffness and a considerable amount of play.

A better clamp design was made such that constraining forces were in the plane of motion, and
in the direction of the forces accelerating the substrate holder during printing. The clamps shown in
Figure 2.24 are designed such that the substrate holder sits inside the cut-out area of each clamp, the
holes in the walls of the cut-outs are threaded to accommodate high resolution micrometers with a
sensitivity of 0.1 um to provide y and 6 control, and a series of counter screws to hold the substrate
holder against their stops during the print. This is not a purely kinematic design, as an extra constraining
from the two counter screws in the y-direction was added to increase stability. However, because of the
directionality of the forces and the elimination of coupling to the z-direction, much better position
repeatability was expected.

This clamp had much better position repeatability than the original clamp. Using an electronic
micrometer with 1 um resolution, we measured a position repeatability of +/- 1um in each direction
after placing and replacing the substrate holder on the clamp 20 times.

29



Counter screws

x-direction
Micrometers

Figure 2.24. Kinematic substrate holder clamp.

2.2.6.2 Thermal compensation for the linear motor

As discussed in Section 2.2.4.5, the linear motor was measured to have static direction errors of
3.83 pum and 0.95 um, but a much larger straight line motion accuracy of 17 um when traveling 300 mm.
This motion error is in large part caused by thermal expansion of the optical linear tape encoder for the
system. This thermal expansion can be global and caused by a room temperature change or local,
caused by repetitive motion in a certain part of the machine that leads to heating of that area. The
motor follows this expansion as it uses the reference marks on the tape to determine its position.

Global thermal errors can be compensated within the software for the motor controller by
setting a scaling factor which accommodates for the thermal expansion, by using this scaling factor to
set a corrected displacement to the motor. This corrected displacement follows this equation:
Cd = 1d(1 — T,AT) where Cd is the corrected displacement Id is the incremental displacement, T, is the
thermal expansion coefficient, and AT is the temperature difference from 20° C. Both the thermal
expansion coefficient and the temperature differential can be set so that the controller can
automatically compensate for the temperature change.

To compensate for local errors a motion profile must be measured by the use of an
interferometer which can accurately track the motors position along the length of its travel. This motion
profile can then be used to program a fitting curve for position or a lookup table.

Together these compensation methods can almost eliminate linear motion errors leaving the
motor with only static motion errors which are due to the quality of the bearings and the stiffness of the
system. Though local errors have not yet been compensated for, global thermal errors have.

2.2.6.3 Minimizing thermal errors through printing protocol

One of the largest components of error established in our error budget is thermal error caused
by environmental changes. Over the course of a day the temperature in our laboratory could change by
5° C. This temperature difference was used to establish thermal errors using the coupled thermal-
structural analysis and is one of the main sources of error for camera position.

To minimize this error, the temperature of the environment must be controlled. In an ideal case
the heating and cooling system of the laboratory would be improved such that such large thermal
variations can be avoided. Often this is a prohibitively expensive task, and even when performed, can
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lead to mixed results, as temperature fluctuations can occur by opening and closing of doors or
operation of equipment nearby. Advanced lithography and machining tools take a local approach to
environmental control by using a temperature controlled environmental chamber which is built as part
of the machine. These environmental chambers need only control the volume of space around the
machine, and can thus more accurately control its temperature.

In our case, temperature control is obtained through time management. Temperature changes
in our laboratory are fairly slow, changing by no more than 0.5 °C per hour, and are usually caused by
the natural temperature changes between night and day. The closer all printing processes can be
carried in time, the smaller the temperature variations will be. As the duty cycle of our machine is very
low, having to be operated only up four times for the completion of a TFT process, local heating not
significant. Thus the printing protocol requires that motion calibration routines, and all alignment and
print routines be carried out within a four hour period, where temperature variations are expected to be
no more than 2° C, and are commonly 1° C or less.

Another thermal error that can be compensated through printing protocol is that related to the
gravure roll. As discussed, the gravure roll goes through a series of vigorous cleaning steps between
prints. Some of these steps involve ultrasonic agitation which can easily cause temperature changes of
10°-20° C. To minimize the errors caused by the cleaning process, the roll must be placed in a large heat
sink after ultrasonic agitation to equilibrate with room temperature. This heat sink is 5L of water which
is kept continuously at room temperature, and a clean, solvent filled beaker which is set in this body
prior to printing. Once cleaned, the roll is set in the solvent of the beaker, and the heat is dissipated
before the roll is reused.

2.2.7 Error Analysis Summary

This work shows the challenge of designing a printing tool that can achieve 5 um layer-to-layer
registration. Thermal and mechanical errors must be very carefully understood and controlled to avoid
that their sum become larger than the maximum error tolerable. Without considering effects of the
plastic substrate, we have found that the total system errors of the first embodiment of the gravure
printer discussed are on the order of 50 um in the print direction x, and 30 um in the perpendicular
direction y. Making use of kinematic clamp design has eliminated a large portion of the y-error. Using
digital compensation has reduced many of the errors in the x-direction caused by temperature
dependent motor motion. Finally ensuring that temperature changes in the environment are minimized
during a multi-layered print has reduced a large component of the thermal errors. Together these
changes should reduce the total printer error to 15 pm in the x-direction and 6 um in the y-direction.

We note that these models have not taken into account substrate distortion and we propose
that this distortion accounts for a large portion of the discrepancy between the calculated error budget
and the measured registration capability. We thus identify distortion control of flexible substrates a key
area for further investigation.

2.3 Roll Patterning

Not only are improvements in registration necessary to make gravure a viable process for
electronics, but improvements in resolution are equally important. In graphic arts feature need only be
small enough to fool the eye, but in electronics, feature scaling is a key component to better
performance, lower power, and lower-cost

The gravure roll serves as the master pattern for printing. Because of this, the resolution of the
print is highly dependent on the quality of the patterns on the roll, and the surface and shape properties
of the non-patterned areas. The minimum size of printed features is determined by the size of the
patterns on the roll, the amount of ink they deposit, and the wetting properties of the ink. In graphic
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arts gravure rolls need only have enough resolution to foot the eye, and thus patterning resolution does
not normally exceed 400 lines per inch, a 60 um grid [1]. In printed electronics, however, minimizing
feature sizes is critical to enabling high performance, low power, and low cost. In practical terms,
gravure must compete with state of the art ink-jet which can pattern 20 um features, and approach
large-area photolithography, where patterns are 2.5 um, as much as possible.

Investing a proportionally large amount of money in patterning gravure rolls can be justified
because the gravure roll is patterned once and used to make millions of prints. With this in mind, there
are clearly a large number of micromachining techniques using a combination of photolithography and
dry etching for example, that can be utilized to make patterns in the single micron scale. Further,
submicron patterning of 3-D structures for printing is common in nano-imprint lithography, where the
master is used to emboss, or push aside a polymer film by the application of pressure [5]. Here,
however feature sizes need to scale from conventional gravure sizes of 50-200 um to sub 20 um
features, and optimistically sub 10 um features.

In order to maintain backward compatibility with current-day gravure processes, high-resolution
patterning was pursued on the same material system as conventionally used. The structure of a gravure
roll will be described, along with the predominant patterning methods, and a description of methods
and challenges to scaling these patterns to sizes more suitable for microelectronics.

2.3.1 Materials and manufacturing of a gravure roll

Gravure rolls are generally made of a cylindrical steel core, which is coated in a thick copper
layer of about 2mm and balanced to avoid any vibrations during operation. This copper coated core is
then electroplated with another layer, 80-100 um thick, of hard copper (approx. 200 Vickers hardness).
This outer copper layer is then polished to smooth the surface and allow for patterning. Patterning is
then performed either by wet etching, or electromechanical engraving as will be described below. After
patterning, a light polishing step will be performed to remove any burrs or asperities caused by the
patterning process. Then the roll is then electroplated with a thin (5-8 um) but hard layer of chrome.
Finally, the chrome is polished to give the final printing surface [6].

Patterning by wet etching uses a ferric chloride solution to isotropically etch the copper which
has been patterned with an etch resist. The traditional resist consists of a pigment paper with a light-
sensitive gelatin layer. This resist is patterned off the roll by exposing light through a photo-mask in a
copying frame. The patterned resist is then laminated onto the roll and the paper backing is removed.
More modern systems use a laser to pattern a resist directly on the roll. This is known as the indirect
laser method. The laser patterning system provides better registration to the axis of the roll, and avoids
the need to manufacture a photomask for every job. Because the etch is isotropic, patterns must be
designed to take into account the growth of the cell in both depth and width. Further, sharp corners are
difficult to obtain.

Electromechanical engraving uses a diamond stylus to cut wells into the copper layer. Because
of the shape of the cutting tool, cells engraved with a diamond stylus are pyramidal. In the cutting
process the gravure roll rotates as the diamond stylus is pushed into and out of the surface, cutting the
cell (Figure 2.25). The rate of approach and withdrawal can be adjusted with relation to the rotation
speed of the roll to provide cells with different lengths. The shape of the diamond stylus determines the
relationship between depth and width, and the depth of the stylus is modulated according to the
amount of ink required from the well.

Figure 2.26 shows examples of patterns made by electromechanical engraving a)-c) and wet
etching d)-e). Both etched and engraved patterns are made on a grid that is defined by the screen,
which indicates the pattern pitch in the print direction, and a screen angle which indicates the relation
of pitch in the print direction to that of the perpendicular direction. A screen angle of 45° indicates that
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cell spacing is the same for both print and perpendicular directions, while a screen angle > 45° is known
as elongated and has a larger spacing in the print direction while an angle < 45° indicates a compressed
pattern with a closer cell spacing in the print direction. For electromechanically engraved rolls, an
elongated screen angle is preferred as it allows for a small overlap of cells in the print direction which is
thought to aid the removal of ink from neighboring wells (Figure 2.26 b)), yet allow for a cell wall that
can hold the pressure from the doctor blade. In this work a screen angle of 45° is predominantly used in
etched cells, and the pattern size is called by its cell spacing and cell width, rather than an areal
coverage as is common in graphic arts, and used to describe Figure 2.26 a) and c). Cells with the same

gh

Approach Cutting Withdrawal

Figure 2.25. Electromechanical engraving process.
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Figure 2.26. Types of gravure patterns showing a) screen and screen angle for electromechanically engraved
cells, b) full depth and c) half-tone patterns of the same, and d) the convention adopted here for describing
etched cells, and similar patterns with different ratios of cell spacing to cell width e).
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spacing are considered to be barely touching, with a small cell wall existing in between, while those that
have a cell spacing smaller than the cell width are overlapping.

2.3.2 Improved photolithographic patterning

In order to overcome the 30 um feature size limit in indirect laser and conventional mask
patterning, we have developed an improved photolithographic method that leverages technology
available for microelectronics, and the use of flexible substrates. The main challenge was to find a way
to use patterning tools available for microelectronics, designed to pattern extremely flat and thin
wafers, to pattern a large cylindrical roll. Two approaches were taken. The first was to use a dry film
photoresist, temporarily laminate it onto a wafer, and pattern it flat then laminate it onto the roll,
develop it, and proceed with the wet etching process. The second approach was to fabricate a flexible
mask that could be laminated around a resist-coated roll to pattern the resist in-situ.

-

Mount Expose Laminate Develop Etch

e —

A B C

Resist mounted with a 50um plastic backing
and a) water on Si, b) air on Si, ¢) water on quartz

Figure 2.27. Dry-film photoresist patterning process (top), with three different mounting methods described
(bottom left), and an SEM cross section and optical micrograph patterned resist showing residual scum at the
bottom of the pattern (bottom right).

The dry film photoresist process described in Figure 2.27 used a 15 um thick dry film photoresist
(DuPont FX920), which can be imaged to a 2:1 aspect ratio allowing for 7.5 um features to be patterned.
This is a negative resist, in that areas that are exposed by UV light are cross-linked, and remain after
development. This resist is widely used to pattern advanced printed circuit boards, and benefits from
being very environmentally friendly making use of only aqueous solutions for processing, and releasing
no volatile organic compounds. Key challenge to utilizing this resist was in mounting the resist onto a
silicon wafer in such a manner that light scattering was minimized during the exposure. A serious source
of scattering was found to be the 50 um mylar backing which is used to give the resist mechanical
strength during lamination and handling. To reduce the scattering three mounting methods were used
to lay the resist flat for patterning, the first involved using a thin film of water to force the film flat onto
a silicon wafer by use of capillary force. The second involved no water, but relied on the force exerted
by the patterning tool (a Karl Suss MA6 contact aligner) between the wafer and the mask to hold the
resist flat. A third approach was to mount the resist onto a quartz wafer with water. Neither of these
approaches yielded completely satisfactory results as sufficient light was scattered during the exposure
to cross-link a certain amount of the of the non-imaged resist, making it very difficult to remove a
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residual layer of resist (or scum) in the resist opening. A common solution to the scum problem is to
expose the entire resist to an oxygen plasma for a short period of time, descumming the non-imaged
areas to allow for proper etching. This was successfully implemented on flat test substrates allowing for
10 um features to be patterned, but was impossible to perform directly on our cylindrical roll as no
etching tool was large enough to accommodate it. Thus features no smaller than 25 um could be
reproduced directly on a roll.

The flexible mask process was developed to overcome the shortcomings of the dry-film
photoresist process. Two key benefits were found in the flexible mask process. First, using a flexible
mask directly onto a resist coated roll would eliminate the need for a thick backing material which would
significantly reduce the pattern fidelity. Second, a positive resist would be used instead of a negative
one. In such a resist, polymer exposed to UV light breaks down by chain scission and is removed during
exposure. A positive resist is preferred over a negative resist it allows more reliable patterning of small
features as light scattering causes small resist opening to become larger, instead of smaller as seen in a
negative resist.

The flexible mask was fabricated by evaporating a 1000 A film of chrome onto a 100 pm plastic
PET film (DuPont Melinex ST). This chrome coated film was then taped onto a wafer, and patterned
using a 1 um thick spin coated positive resist, exposed in a Karl Suss MA 6 mask aligner, developed, and
wet-etched. Features as small as 7.5 um could be resolved on this mask as seen in Figure 2.28.

30 um

Figure 2.28. Optical micrograph of gravure lines patterned on a flexible mask.

The positive resist (FujiFilm OCG QiR 897-10i) was coated onto the roll by blade coating. The
resist thickness was measured to be between 500 nm and 1 um by spectroscopic reflectometry. After
soft baking the resist at 100° C, the mask was taped onto the roll, and the roll was mounted onto a
spindle, and exposed to UV light through a slit to ensure incoming light was mostly perpendicular to the
rolls surface. This method was considerably better than the dry-film photoresist method and allowed
for 12 um features to be consistently patterned on the roll (Figure 2.29).
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Figure 2.29. Optical micrograph of a gravure roll surface with patterned resist (left), and etched (right).
Crystalline grain boundaries of the copper roll can be clearly seen.

2.3.3 Surface polishing and effects on wiping and pattern fidelity

Surface polishing happens in two points of the gravure process, after copper electroplating, just
before patterning, and after chrome coating to finish the final product. Each polishing step has a main
purpose. The first is used to smooth any imperfections in the electroplated copper film, allowing for a
faithful reproduction of the intended pattern, and the second is to provide an adequate surface
roughness on the chrome that allows the doctor blade to maintain some lubrication in the non-image
areas, yet prevents any significant amount of ink from transferring to the surface.

As patterned feature sizes as scaled down, the surface roughness tolerance must be reduced
such that roughness does not become a significant component of a gravure cell size. Roughness
requirements also become much higher for microelectronics as material deposition in the non-image
areas can lead to reliability issues such as punch-through shorts in multi-layer devices, and unintended
shorts within a layer.

Two polishing methods were attempted to finish the patterned gravure rolls: single point
diamond turning and abrasive polishing. Though technically single point diamond turning is a machining
process, it is a high precision process that can provide very low roughness surfaces and is thus is
considered a polishing method in the gravure industry. Initial tests with abrasive polishing were done by
hand by passing a fine grit polishing paper over the roll while it rotated on a lathe. This yielded surface
roughness larger than 300 nm RMS a value large enough that when printing with metal nanoparticle
inks, there were sufficient amounts of material deposited in the non-image area to make conductive
films, shorting out intended features. Single point diamond turning was then attempted. Here surface
roughness was reduced to 100 nm RMS with roughness was almost entirely due to feedmarks from the
diamond turning process. These marks ran circumferentially around the roll, and were sufficiently
uniform to retain ink during the wiping process and transfer that ink to the substrate as seen in Figure
2.30. Finally a, mechanical polishing process was developed by Rotadyne enterprises, which used a
Supfina polishing attachment to a lathe to provide a semi-random, cross-hatched polish pattern on the
surface of the roll with an RMS roughness comparable to that of diamond turning. Because the polish
marks were random and often broken up by other intersecting lines, these marks could not retain
significant amounts of ink, and would thus yield clean non-image areas as shown above.
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Figure 2.30. Tpographies of polished rolls using single point diamond turning and abrasive polishing (left), and
their respective printing behavior (right).

Surface polishing is increasingly an important subject for gravure printed electronics as will be
shown throughout this thesis. Residual ink becomes an increasingly important hindrance to reliability
for thin film devices, and as feature sizes are scaled, surface roughness begins to affect the size of the
etched or engraved patterns on the roll.

2.4 Summary

In this chapter, a new table-top gravure printing press with a high registration accuracy was
demonstrated along with a new gravure roll patterning method.

The gravure press was designed using principles of machine design which allowed for the
establishment of an error budget that was used to quantify and model sources of registration error so
that the registration of the gravure printing press was improved from 50 um in the print direction to 15
pm, and from 20 um to 6 um in the perpendicular direction. In order to maintain such registration,
special printing practices were established to minimize the effects of thermal expansion, and maintain
an optimal system calibration. Nonetheless, controlling the dimensional properties of plastic substrates
remains a challenge, as deformations due to mechanical stresses during the print as well as shrinkage
during thermal processing constitute a significant component of registration error.

To enable a significant improvement in the size of features that can be reproduced by gravure,
photolithographic methods from microelectronics were adapted to patterning gravure rolls. Using
flexible photomasks and blade-coated positive photoresists, feature sizes as small as 12 um were
patterned on conventional gravure rolls. As features scale, the control of the cylindrical shape and
surface roughness of a gravure roll becomes increasingly important. Poor shape control and excess
roughness lead to variability in well sizes, which ultimately lead to printed feature variability. Further,
roughness control plays a critical role in the ability to wipe the non-image areas for gravure, thus placing
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a high importance on roll finishing processes. A semi-random, cross-hatch polish pattern was
established to be the best choice for minimizing unwanted ink transfer.

Together, these advances provide a great laboratory tool that will allow gravure to be used to
print feature sizes well below those used in graphics arts and suitable for printed electronics.
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3 Printed Metal Lines

Conductive traces are at the heart of all electronics, communications, and power systems since
they provide low resistance interconnection and current flow paths. In electronics, conductive traces
serve a variety of purposes from interconnection between integrated circuits at the system level on
printed circuit boards, to interconnects between transistors and other devices at the back-end of the
integrated circuit process, to contacts to and intrinsic components of the semiconductor devices
themselves.

Because printed electronics hopes to bring the production of system level circuitry, packaging,
back-end and front-end integrated circuitry together, it is important to identify and improve the critical
characteristics of metal traces for each one of these applications. This chapter will discuss these issues
and explain how this has led to the development of a variety of printing processes using different
materials and different scaling criteria to achieve well behaved metallic lines.

3.1 Performance criteria for metallic lines

In flexible electronics the function of the printed circuit board, the back-end interconnection
and the front-end contacts of an integrated circuit will be integrated onto the same substrate and
hopefully deposited with minimal number of steps. However, to make sure each one of these three
different types of lines is optimized the characteristics required for each must first be identified.

3.1.1 Printed Circuit Boards

Printed circuit boards are ubiquitous to all electronic devices as they both as the substrate and the
framework on which integrated circuits are connected to make a usable device. Printed circuit boards
are most commonly composed of multiple layers of dielectric each with metallic traces and vias to
interconnect traces between various layers of the printed circuit board. The dielectric for PCB’s is most
commonly some glass fiber impregnated with an epoxy binder but can also be composed of a cotton
fiber in epoxy resin. The metal used is almost exclusively copper, because of its good conductivity and
ease of processing but could be any metal including aluminum (lower cost) or silver (higher
conductivity), as long as the overall process and performance requirements are met. In the case of
PCB’s the metal layers provide power, communication, and mechanical support for components and ICs
which are bonded to them. Therefore it is critical that these metal traces provide low resistance,
mechanical robustness, solderability, low cross-talk, and minimum electromagnetic interference (EMI).

Because of packaging limits for IC’s and the size of discrete components, feature size is generally
a secondary concern for metal traces in PCBs. Nonetheless the need for improved circuit density and
tighter packaging to satisfy a growing array of complex mobile devices has begun to push feature size
requirements for PCBs into the 50 um, and possibly further into the 20 um range for what are called
high density interconnects (HDI) [1].

The products that drive high density interconnect development demand not only a very high
density circuit board with ever decreasing pitches, they are also very cost sensitive, and thus pressure
PCB manufacturers to control costs carefully. One technology that has been developed to meet these
demands is sequential build up circuits, in which multi-layer PCBs are created not by laminating sheets of
dielectric but by building up the various metal layers through the deposition of thick polymer layers
which can be easily patterned to form vias, therefore eliminating costly drilling processes used in
conventional PCBs [1].

Because of the promise for low cost and small feature size, printed electronics has a large
potential to bring significant value to this field.
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3.1.2 Flexible Circuit Boards

The development of ever more complex mobile devices has also driven a large amount of
development in flexible circuit boards. Originally used as mere interconnects between conventional
PCBs to enable tighter packing and 3-D circuits, flexible circuit boards have advanced to multi-layer
structures capable of holding surface mount and through hole devices, and the complexity of these
structures has been catching up with those of PCBs to achieve high density interconnects and even ultra-
high density interconnects with via hole sizes below 50 um and fine lines with 25 um pitch to meet the
high 1/0 counts and tight packing densities required in devices such as digital cameras and mobile
phones [1].

While the electrical and some of the mechanical requirements of metal traces for flexible circuit
boards are similar to those of rigid PCBs, the added requirement of flexibility, sometimes with a
requirement of very high dynamic flexing lifetimes with high duty cycle (such as used in hard disk drives)
requires special consideration.

The fabrication process for flexible circuit boards follows a very similar pattern to that of rigid
circuit boards, commonly using copper as the conductor, and starting with either laminated copper films
or electroplated films over a sputtered seed layer, then continuing through a mask and etch process for
patterning. However, the additional need to carefully control dimensional stability during processing,
the limited thermal budged allowed by the polymeric substrates, issues of moisture absorption, and a
more complex process of using a coverlay instead of a solder mask to protect traces during flexing can
easily make flexible circuit boards cost prohibitive. Here again, high resolution all-additive printed
metallic traces in combination with printed dielectric interlayers can provide significant cost as well as
performance advantage.

For some applications such as antennas for RFID, circuit boards for keyboards and segmented
displays, cost plays the most critical factor, and thus fully printed processes for these simple circuits
have already become available lending credence to the viability and benefit of printing.

3.1.3 Back-end interconnects

“Back-end technology refers to the interconnect layers, contacts, vias and dielectric layers that
wire the active devices into a specific circuit configuration.” [2]

Despite the fact that the use of the term “back-end” is used almost exclusively for crystalline
large-scale integrated circuits, the above quote makes it clearly evident that this category of
metallization is critical to any type of integrated circuit.

Though a proper back-end process may not exist in the same form for printed electronics as it
does for conventional electronics, materials and processes must be developed to enable the
functionality of interconnects, vias, contacts, and dielectric layers needed to make functional printed
circuits feasible. Further, to maximize the speed of manufacture, and lower overall cost, it is important
minimize the number of process steps involved in completing the back-end process.

Printed metals used in the back end process must thus be able to make clean ohmic contacts to
devices, and interconnect these devices using a design that combines both minimum pitch lines to
reduce overall packing density, and minimum resistivity to reduce the RC delay [3]. The first layer of
metallization will often be only sufficient to connect devices to other nearby devices via their gates and
source/drain terminals, making simple logic devices such as buffers, inverters, and memory. The
resistivity is less important than the minimum pitch at this point since the distances covered are
generally small.

To complete more complex logic functions, the core logic elements must be interconnected, and
this usually means adding another layer of interconnects. Interlayer dielectrics and metal vias must then
be placed to connect the two layers. Printed metals in this case must be able to properly fill via holes,
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make ohmic contact to the lower metal layer, and not damage the interlayer dielectric. Here these
metal interconnects must provide a lower resistance as they are longer, providing global
interconnections. Since there may be multiple interconnect layers, the interconnects must also
withstand the subsequent process steps, not being damaged by the solvents or thermal cycles involved.

The uniformity of the printed metal layers and choice of metal is also very important.
Uniformity must be maximized to prevent high-resistance regions which may lead to local heating, and
accelerated electromigration. Metals with a low susceptibility to electromigration should be chosen to
minimize the effects of film non-uniformity, and also avoid accidental shorts between traces that may be
DC biased against each other for long periods of time.

In conventional electronics the performance of interconnect structures has become increasingly
important to overall chip performance as complexity has increased and devices have scaled down in
size. Most notably this has lead to an increase in the RC time delay of signals propagating in the
interconnects, slowing the overall speed of the circuit. In printed electronics, device performance is
considerably lower and pitches considerably larger. However, the distances covered in many
applications are incredibly large, and thus a similar importance must be placed on the back-end process.

3.1.4 Contacts to devices

On the front end of the process, metals serve as either ohmic or rectifying contacts to
semiconductors as well as contacts to insulators. The role these metals play is as critical as any in the
performance of the device, as they can be a limiting if not determining factor of device yield and
performance.

The choice of metal becomes important in the front end as the electronic alignment of this
metal to either a semiconductor or dielectric becomes important. When contacting a semiconductor
with a metal either an ohmic or rectifying junction can be created depending on how the metal work-
function lines up with the Fermi-level of the semiconductor, or the nature of interface states at the
junction as described in Chapter 5.

Because most semiconductor devices are composed of multiple layers of thin films, not only do
the electronic properties of the metals used matter, but also the physical quality of the deposited films.
Because these metals may compose part of a stack no thicker than a few hundred nanometers, it is
critical that they can be deposited in such a manner that they remain uniformly thin, with no pinholes,
cracks, or protrusions, and that they can withstand the stresses of further processing or use. The
roughness created by any of the aforementioned defects can have deleterious effects on the
performance of the device and will be discussed throughout the chapter.

3.2 Types of metallic inks

As mentioned in Chapter 1, ability to deposit functional materials via solution has been the key
enabler to printed electronics. For metals, various approaches have been used to formulate inks that
provide metallic films. They key component of these inks categorize their type, listed here: conducting
polymers, metal flakes, metal nanoparticles, and metal-organic/metal-salt precursors.

The most obvious approach to obtaining a conducting film from solution is to use a powder of
an elemental metal. This is perhaps why metal flake inks are the most widely used and lowest cost. Ink
formulation can be as simple as taking pieces of a metal and grinding them down to micrometer sized
flakes using a ball mill, then dispersing the resulting flakes in a solvent/polymer mixture to provide an
ink of the required viscosity. The ink provides conductive films thanks to physical contact between
metal flakes which provide a percolation network for electrons to travel through. The simplicity of the
manufacturing process makes the ink cost only a fraction more than the raw materials cost. Because the
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ink relies almost exclusively on physical contact between large metallic flakes, the processing
temperature need only be high enough to remove the inks solvent and harden any binder or polymer
material to give the film mechanical stability.

The size of the flakes is determined by a variety of ball milling parameters but is normally limited
to creating flakes or particles which are larger than 1 um [4]. This is by far the largest drawback to using
flake inks for thin film electronic devices as the roughness of the film is only good as the smallest
particle. Consequently metal flake inks have never been adopted for use at the device level.

A much less likely candidate for conductive inks has been found in conducting polymers. It is
generally considered that elemental metals are great conductors of electricity while organic polymers
are good insulators. However organic molecules can exhibit a high degree of electron delocalization if
they are synthesized with a high level of alternating single and double bonds between carbons, creating
a conjugated system. Conjugated organic molecules are often semiconducting, as described in Chapter
1. In fact the history of organic conductors and that of organic semiconductors are virtually the same.
Conducting polymers can be made metallic by oxidatively doping the semiconductor, removing
electrons from the system, leaving an excess of holes.

The most common conducting polymers are based on polyacetylene, polyaniline, and
poly(ethylenedioxythiophene) (PEDOT), shown in Figure 3.1. Polyacetylene’s electronic structure readily
reveals its conductive ability as a simple linear chain of alternating single and double bonds. The
discovery of this material, and understanding of its transport mechanisms was a seminal work, jump-
starting the modern era of organic conductors and semiconductors, and earning the contributors a
nobel prize [5]. Polyaniline, aside from being used as a contact to organic semiconductor devices, is
used for electromagnetic shielding of electronic circuits. PEDOT by itself is not conducting; it is doped
most commonly with polystyrenesulphonate, and widely used as a contact and hole transport layer in
organic light emitting diodes, and organic solar cells [6].
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Figure 3.1. Various conducting polymers: a) Poly(3,4-ethylenedioxythiophene), also known as PEDOT and its
dopant b) poly(styrenesulfonate), c) polyaniline showing how its two monomer structures, and d) polyacetylene.
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In general polymers are easy to dissolve and inks with good rheological behavior can be made
with them. Conducting polymers are more difficult to formulate as an ink because the materials are
often salt-like, making it difficult to dissolve them into organic solvents. Further their conductivity is
highly dependent on their oxidative state, which is susceptible to degradation by oxygen and
atmospheric moisture. Finally their synthesis can be complex compared to metals and thus fail to bring
a considerable cost advantage, yet provide orders of magnitude higher resistivity. However, their
electronic compatibility with organic semiconductors, their low temperature processing, and relatively
smooth films have allowed conducting polymers to obtain the widest adoption in thin-film devices of
any printable conductor, particularly in organic light emitting diodes.

Another candidate conductor ink family is based on metallic nanoparticles. Nanoparticle based
inks provide highly conductive films at low processing temperatures. They take advantage of the fact
that the melting temperature of the metals they use is significantly depressed as the materials are
constrained to nanometer-scale crystals [7]1[8][9]. The resulting films are composed of a large
percentage of elemental metals with a relatively low quantity of organic compounds. Our group was
one of the first to report on the use of the melting temperature depression of nanoparticles to
formulate a printable gold ink which can be easily converted into an electronic interconnect or contact
with up to 80% of bulk metal performance [10] allowing the fabrication of all ink-jet printed, high-
performance transistors [11]. Since then a wide number of companies have developed nanoparticle inks
for printed electronics using a variety of metals including gold, silver, nickel, platinum, palladium, and
copper. Aside from polymeric conductive inks, and flake inks, they are the most widely studied and
produced.

Silver has become the most widely adopted metal for printable inks. Silver is considerably less
expensive that gold, despite it being the best understood nanoparticle system, and does not suffer
exhibit a serious of conductivity due to oxidation as does copper and aluminum which form insulating
oxides (silver oxide is conductive). Further, a wide variety of synthetic approaches to silver
nanoparticles have been developed including the reduction of silver ions with or without capping
agents, photoreduction in reverse micelles, and thermal decomposition of organic solvents [12].

The diversity of synthetic pathways has facilitated the formulation of printable inks with silver
nanoparticles. Silver nanoparticle inks can be made with a wide range of mass loading, varying from <
10% up to 80% silver by mass, and a wide range of viscosities, ranging from < 10 cP inks for ink-jet
printing to 10,000 cP pastes for screen printing and thick film applications. Most of these formulations
require sintering temperatures above 200° C to achieve full conversion of the inks, yet achieve
conductive films at temperatures as low as 150° C with moderately higher resistivities.

In general nanoparticle inks are excellent candidates for printed electronics because of the high
performance films they produce, the wide variety of available materials (and therefore work-functions),
and the plastic compatible temperatures at which they can be processed. Yet issues of colloidal
stability, printability, film roughness, purity of their final films, and susceptibility to electromigration
have not been fully resolved, and are under investigation in order to allow the broad adoption of these
materials for semiconductor device use.

A final class of conductor inks is based on metal-containing precursors. Metal-organic
complexes, organometallics, and metal salts have been used as photosensitive materials for
photographic film, precursors for deposition of IlI-V materials with metallo-organic chemical vapor
deposition (MOCVD), sol-gel processing, and as facile methods to deposit anti-static, and reflective films.
Organometallic compounds are chemical compounds containing bonds between carbon and a metal and
are broadly studied in the field of organometallic chemistry.
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Their uses as precursors to metallic traces for microelectronics begin in plating processes for
printed circuit boards. Direct patterning of such materials has existed for some time. In 1987 a
demonstration was made using ink-jet printing to pattern silver metalorganic decomposition (MOD) ink,
as well as a high-k dielectric such as lead titanate for hybrid microelectronic ciruits [13]. Matsushita
Electric Industrial Co. filed patents in 1991 on the use of organometallics to deposit and intaglio print
transparent conducting oxides, as well as metals of various types[14][15]. In 1993 Sceisi et. al. reported
using a spin-on gold metallorganic and laser direct writing to pattern interconnects on silicon dioxide
[16]. By then others had demonstrated the use of organometallics for mask repair, microelectronic
interconnects, and contacts to optoelectronic devices.

More recently, better formulations of organometallic and metal-salt complexes have become
available that exhibit better stability, and lower processing temperature than previously reported
materials. One such example was recently presented by Wu [17]. In this work, a solution of a silver salt
such as silver acetate, an ethanolamine, and a long chain carboxylic acid is dissolved in an alcohol
solvent. The silver salt in this solution is known to self-reduce to silver at high temperatures, or readily
by exposure to a strong reducing agent such as NaBH,. The addition of weak reducing agents like the
ethanolamine and carboxylic acid allows for stability of the ink, yet low processing temperature. The
chain length of the carboxylic acid is adjusted to control the reaction rate and rate of evaporation of the
acid, improving the film uniformity. With such an approach inks can be formulated with up to 20% mass
loading of silver. Further the lines they provide are thin, smooth and uniform in thickness with a
conductivity of 10° S/cm.

Organometallic inks tend to be lower cost than their nanoparticle counterparts. In fact
sometimes they are the same precursors used to synthesize nanoparticles [18]. They are also easy to
prepare into an ink which has much better stability and rheological properties than a nanoparticle or
flake-based ink, because they are true solvent/solute systems. However they provide low viscosity inks,
and because of their low mass loading can lead to films of poor mechanical quality as described below.
Finally, like nanoparticle inks, their final films retain residual ligands, stabilizers, and reactants in them
which can leach into or react with the materials they come into contact with.

The goal in printing these inks is to print low-resistance interconnects, and contacts to thin film
devices using gravure. This work focuses mainly on the use of metal nanoparticle and organometallic
inks because they provide the best combination of smooth thin films and low resistance. Flake inks are
not further discussed because the minimum pitch, film thickness, and roughness they can provide is
larger than intended for the scope of this work. Conductive polymers, are not further discussed because
they are well studied for these applications, and because they provide films of relatively high resistivity,
which hampers the speed of the circuits they would be used to create. However, it is worthy to note
that there is still potential to use these polymers as contact layers to semiconductors, where specific
band alignments may be required, and their sparse use would not dramatically increase resistance in a
circuit.

Before describing the printing of these materials, however, a discussion of roughness is in order,
as it turns out that the roughness of these films is a critical component to their successful adoption in
microelectronics, more specifically, in thin film devices.

3.3 Roughness of printed metal films and lines

When discussing roughness it is important to understand what the quoted measurements
mean. Often, people will quote a specific value for RMS roughness or average roughness. What is not
commonly understood is exactly what that value says about the surface, and whether or not this was
exactly the correct value to quote. Thus roughness values can vary dramatically from source to source.
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Because the roughness of films play a critical role in the performance and yield of all thin film
devices, this section will deal with the fundamentals of roughness, the roughness properties of various
ink based metal films, and the roughness of printed lines made with the aforementioned inks.

3.3.1 Roughness

Roughness can be understood in many ways. It is the high-frequency short-wavelength
component of the topography of a surface; the component of the surface which deviates from its ideal
shape; that which deviates from a smooth surface. It can be caused by a wide variety of phenomena,
depending on how the surface was made. Often it is an unintended feature. Sometimes it is a necessary
and deliberate surface property.

Regardless of the shape, its exact definition varies slightly depending on the needs and
expectations of the person who studies it. Yet as a measurement, roughness is defined by a series of
parameters that are obtained through a strict set of equations. So how can measurements of roughness
vary so much? Looking at some of the parameters that describe roughness and how they are obtained,
should elucidate the problem.
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Figure 3.2. Simulated surface cross-section composed of nominal surface, waviness, and roughness
components.

The most common roughness parameters quoted are average roughness (R,), and RMS
roughness (R;). Average roughness calculates the arithmetic average of the vertical deviations of a
surface from its ideal shape. Figure 3.2 shall be used to clarify the discussion. The left graph in the
Figure 3.2 is a simulated shape profile, which could easily be a measured surface topography of a curved
surface, such as a printed line, this shall be called the measured surface. The average roughness can be
extracted from this figure by subtracting the measured surface, from the expected surface, labeled
nominal surface on the figure, and taking the arithmetic mean of the resulting difference using the
following equation:

1L _
Ro=1[{ly=Fldx (1) or
R, = %Z%ig’lyi -yl () when using discrete data.

The computation for average roughness seems clear enough. However a major assumption was
made during the calculation. It was assumed that ¥ was defined by the nominal shape in Figure 3.2.
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What is to say this is the correct nominal shape? What if it was decided that the nominal shape was
purely, a flat surface, perhaps positioned at y=0. The value of Ra clearly varies depending on this
reference, and defining this reference is a critical step in reporting the correct value.

Considering the definitions of roughness discussed, it is prudent to say the nominal shape
should be considered part of the reference surface, but should the component of waviness be included?
This depends on the needs of the user and the nature of the system. In some cases waviness may be an
inherent part of the system. For example, in printed lines, whether they are gravure or ink-jet printed,
waviness is a natural result of the merging of discrete drops into a single line. Over some period of time,
the drops will retain some of their original shape and the waviness they induce in the system will be
limited by the capillary flow of the fluid, and the drying dynamics. In other situations, such as a turning
operation for a metal cylinder, the waviness may be due to the feed-rate of the machine, and the
natural cutting process, but may still be considered unwanted artifacts, and treated as roughness which
must be minimized. The following table shows a series of calculated roughness parameters obtained by
subtracting the measured profile from different reference shapes.

Table 3.1. Measured roughness parameters for the measured surface of Figure 3.2, with different reference
surfaces

Kurtosis

Surface — (reference)

Surface 4.13 4.54 1.18 1.45
Surface-shape 0.22 0.25 0.03 1.82
Surface-shape-wave 0.08 0.09 -0.04 1.84
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Figure 3.3. Images of profiles used to calculate roughness parameters from Table 3.1. a) Surface b) Surface -
nominal shape, and c) Surface - nominal shape - waviness.

As can be seen from Table 3.1, and Figure 3.3, the average roughness obtained depends
dramatically on the reference surface utilized to define y. In fact the roughness measured in this
example varies by close to two orders of magnitude!

Real surfaces are even more complicated than the surface presented because their final shape
may have been defined by a wide number of factors, some random, some systematic, and varying over a
wide spatial frequency. Thus the most common way of establishing a reference surface is to use a filter
on the data. The high frequency data will be thus considered the roughness component while the low
frequency data is considered the nominal shape. As with the example, choosing the cut-off frequency of
the filter can result in significantly different results.

Further, it may not be sufficient to simply state the average deviation of the measured surface
from the nominal shape. It may be important to better characterize how the actual surface deviates.
This characterization can be quantified using a variety of other parameters, such as the RMS roughness,
skew, and kurtosis, as demonstrated in Table 3.1, and others listed below:
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Parameter Description Formula

1 i=N
R, Average roughness R, = sz;i — 7
i=0
Rq Root mean square (RMS) roughness 3)
R, Maximum valley depth (4)
R, Maximum peak height (5)
Rk Skewness (6)
R Kurtosis @)
Average distance between highest
R, (8)
peaks and lowest valleys

Depending on the application, only certain parameters may be of interest and may be needed to
track the roughness of a surface. On the other hand, for certain applications some parameters may not
be significant to the application and their use may in fact be misleading. Understanding what
characteristic of a surface a roughness parameter estimates is of critical importance.
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Figure 3.4. Profiles with different values of skew and the corresponding amplitude probability density functions.
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Like average roughness, RMS roughness is used to describe average amplitude of deviation from
an ideal surface. The root mean squared is well suited to measuring amplitudes of a function with
positive and negative values, and is thus often preferred over the arithmetic average to describe
roughness. Maxima and minima of a surface topography are described by R, and R,. Skew is useful for
describing whether a surface has more peaks or more valleys in it as shown in Figure 3.4. Kurtosis
describes how sharp the distribution of height data is. A random surface with a perfectly Gaussian
profile will have a Kurtosis of 3, one with a more uniform distribution will have a Kurtosis of < 3, while
one with a very sharp distribution will have a Kurtosis > 3. R, describes the average maximum amplitude
of a profile by averaging the 5 or 10 greatest maxima and minima values.

With the importance of roughness brought to light, and the proper metrics for its determination
explained, the roughness of films created from metallic inks, and the roughness induced by printing
these inks shall be discussed.

3.3.2 Roughness of spun films

To understand the behavior of metallic inks and the best-case surfaces these films can provide, a
method for uniformly depositing these inks on a perfectly flat substrate must be utilized. Spin coating is
a great candidate for this because it is a “non-contact” deposition method that by its nature provides for
extremely smooth films. Further, it is a simple technique which is easy to perform. Because it uniformly
coats a substrate, pattern-edge effects are avoided and thus films evaporate evenly. Spin speed can be
adjusted to provide a wide variety of film thicknesses, and in theory spin time and substrate
temperature can be adjusted to tune the drying speed of the ink [19][20]. Finally, the use of silicon
wafers as substrates provides perfectly smooth starting surfaces, thus avoiding the convolution of any
substrate defects in the roughness measurements.

Nanoparticle inks from two companies, Advanced Nanoproducts (ANP), and Inktec were spun
onto silicon wafers and studied for roughness. To get a better idea for roughness the inks were studied
using both optical profilometry (using a white light interferometer, Wyko NT 3300) and AFM. White
light interferometry is a good method for studying large area roughness effects (roughness with a
minimum wavelength comparable to the wavelength of light used for the measurement, over an area of
several millimeters squared), while AFM is best suited to study roughness on a nanoscale, over areas of
up to 500 um®. Thus using both techniques allows for the observation of both microscale and nanoscale
roughness each of which are important to the fabrication and yield of printed devices.

Figure 3.5 below shows optical profilometry results for the inks studied. As can be seen the inks
provide considerably different films. Films made from nanoparticle based inks show different surface
topographies from each other as well as from the film spun from an organometallic based ink. The
processes of spin coating, solvent evaporation, and sintering are all involved in yielding the final films
and it is clear that different ink formulations behave quite differently from each other in at least one,
though probably all of these processes. Because of the complexity of these processes, and even more so
their interactions, it is out of the scope of this study to make a detailed attempt of explaining the causes
of each inks’ final film morphology. However, it is of interest to know in general terms the
characteristics of the films formed from each ink, and detail their potential benefits and drawbacks.
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Figure 3.5. Surface profiles obtained by white light interferometry for spun films of the following silver
nanoparticle inks: a) ANP DGP ink diluted in a-terpineol, b) diluted and filtered ANP DGP, c) ANP Silverjet, d)
Inktec PR-020, e) Inktec PA-010; and an organometallic silver ink: f) Inktec PR-010. Image area is 120um x
92um.

Table 3.2 Roughness parameters for samples measured in Figure 3.5.

Sample R.(nm) Rq(nm) R; (hm)
a) DGP 35.19 64.21 1470
b) DGP Filt. 27.30 36.40 724.24
c) Silver Jet 4.52 5.88 152.82
d) PR-020 34.78 44.30 445.79
e) PA-010 45.47 57.12 697.10
f) PR-010 4.15 6.58 203.46

The data in Figure 3.5 are measured over an area of 120 um by 90 um which is commensurate
with the area of an active device such as an OLED or TFT. Besides the image of surface topography, a
few roughness parameters are quoted Table 3.2 for each measurement. R, R,, and R; are average, RMS,
and average peak to valley, respectively. R;is exactly the same as R, quoted above in equation (8). The
choice of these parameters was simple. R,and R, provide a general view of the surface roughness (only
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Rq shall be considered from here on) while R; can be used to get an estimate of the height of the
topological extremes.

If the intention is to use these inks to form contacts to active devices such as gates or source
and drain contacts to TFTs or electrodes to diodes and LEDs, R, and R, will have direct impact on specific
device characteristics.

Films with a high R, will have a large roughness throughout the film which can lead to non-
uniformities in films subsequently deposited on them. For example, a bottom gate TFT produced with a
gate that has high Ry may yield lower field effect mobilities than one formed with a lower R, gate,
despite having the exact same roughness at the dielectric surface, and nominally the same
semiconductor/dielectric interface. This is because the roughness of the gate will cause local thickness
non-uniformities in the dielectric, and thus induce electric-field non-uniformities which will cause carrier
scattering, which reduces carrier mobility [21].

Devices formed with silver films having a high R, will suffer mostly from yield loss if the R;is of
similar value to the thickness of the subsequent films. Even if the materials deposited above these films
are considerably thicker than the R,, the large peaks and valleys in the silver film can lead to variances in
device parameters such as off current and gate leakage in TFTs; leakage and retention in storage
capacitors for LCDs, causing variations in color, or darkness in the display; and can cause non-
uniformities in brightness of an OLED display as large peaks in the cathode or anode of a LED can cause
low resistance paths for carriers to travel in, leading to an overall lower brightness in the LED (and
perhaps visible spots).

Clearly the best film will have minimal roughness and thus those films with smallest R, and R;
values are better choices for printed electronics. However the choice of minimal roughness must be
considered along with other factors such as the printability of the ink, the resulting film thickness,
substrate adhesion, and mechanical stability to name a few.

Table 3.3. Datasheet of tested silver inks.

ANP DGP 50nm 80% 5000 a-terpineol 120-150
ANP Silverjet 5nm 40% 15 Alcohol 100-250
Inktec PA-010 40-50nm 55% 7000 Organometallic 140

Inktec PR-020 40-50nm 30% 1000 Organometallic 120-170
Inktec PR-010 Organometallic 10% 10 Alcohols 120-170

In this case, Inktec PR-010 and ANP Silverjet provide the smoothest films. As can be seen in
Table 3.3, these inks are also the inks with lowest viscosity, lowest mass loading, and smallest particle
size. Though it is clear that the smaller particle size should lead to smoother films, the effects of
viscosity and mass loading are not as clear. Lower viscosity allows for faster settling of the ink, and
better capillary flow, which can smooth out a rough film, but it also degrades pattern fidelity in a
patterned film for the same reason. Further, lower viscosity inks tend to cause secondary print defects
in gravure such as splash-out, and poor wiping. The wiping problem is in fact a particularly big one with
the Silverjet ink. Printability of this ink is very poor because the ink lubricates so well that the doctor
blade cannot completely remove the ink from the non-image areas of the roll, and thus prints made
with this ink tend to have a high number of short defects.
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Mass loading can be another important factor which may limit the usability of an ink. The
organometallic ink, Inktec PR-010 for example tends to crack when deposited as a thick film due to the
stresses induced by the large mass-loss that occurs during sintering. Also, this ink provides very thin
silver films as compared to those with higher mass loading. In fact the low film thickness may limit this
ink from being used with features bellow 10 um, as the resulting film thickness drops below a usable
limit of 50 nm.

Figure 3.6. Cracking in a film of |

The roughness of the final film is also dependent on the drying and sintering of the film. On the
microscale the drying process can induce a large amount of convective flow as solvent is evaporated
from the film, and surface tension differences between warmer and cooler areas of the film can also
cause Marangoni flows, which can transport nanoparticles during the drying process and thus reduce
the film uniformity. On the nanoscale, the sintering process will remove encapsulants and surfactants
which may be used to give a nanoparticle dispersion stability, and will cause the nanoparticles to merge
and grow, forming a conductive film. The temperature at which the film is sintered has clear effects on
how and when the encapsulant is removed and the nanoparticles merge and grow.

Figure 3.7 presents a series of films of ANP DGP dissolved in a-terpineol spun onto silicon
substrates and annealed at different temperatures for 30 minutes. The figure shows the topography of
a 5 um by 5 um sections of these films measured by AFM. It is clearly evident that the topology of the
films changes from a surface of smaller particles with lower roughness to one with larger particles and
higher roughness as the sintering temperature is increased from 160 to 220 degrees Celsius. As the
roughness data shows, not only the rms roughness increases, but also the total roughness (Z range).
Further, the contact angle of hexanol to these substrates (measured using a Sigma tensiometer)
decreases as the anneal temperature is increased indicating that the annealing temperature affects
surface properties beyond topography (more on this in future chapters).

It is also important to note that the nature of the topography changes beyond an increase in
amplitude or RMS roughness as the anneal temperature is increased. At low anneal temperatures, the
film resembles a random distribution of nanoparticles deposited on the surface, as indicated by the near
zero skew and near normal kurtosis of the surface. However as the temperature is increased and the
nanoparticles grow, the film becomes less Gaussian, and the skew becomes negative indicating that the
surface is now composed more of flat regions spotted with voids into the surface.
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Figure 3.7. Surface topography, roughness, and contact angle for ANP silver nanoparticle films sintered at
different temperatures for 30 minutes.

Ideally the anneal temperature of the film is controlled to provide an optimum of conductivity,
morphology and surface properties. Despite a deterioration of surface roughness it is often the case
that conductivity is to be maximized and that is found by annealing at highest temperature possible.
However, in printed electronics a combination of other factors such as the temperature limit of the
substrate and other films deposited in the process limit the anneal temperature of such films.

3.3.3 Roughness of printed lines

So far the roughness of films has been studied only with regards to unpatterned/large area
films. However most devices require patterned films to be created, and whether this is done via an
additive or subtractive process, it is often the boundaries of the patterned film that lead to largest
topographical variation and are a cause for a large portion of electronic device failures. Ideally a films
edge will be smooth overall, with rounded corners, and a vertical or slightly tapered sidewall.

In subtractive processes a variety of film-edge defects can occur depending on the film and
removal process. Lift-off, a process in which a film is deposited over a photoresist patterned substrate,
and then patterned by removing the resist from the substrate post-deposition, lifting off the unwanted
material, is notorious for creating a spike at the edge of the patterned film where the unwanted
material was pulled away from the surface during resist removal[22]. Wet etching processes can also
cause a variety of problems including undercutting which can lead to very sharp edges at the top surface
of a film, and non-uniform etching such as is the case with etching films of ITO where most etchants will
etch the amorphous regions of the films much more quickly than crystalline regions, leaving ragged
edges of mostly crystalline ITO behind [23].

For printed lines, edge defects are dominated by the manner in which the ink dries but can also
be affected by a variety of other factors, depending on the printing process. Inks prepared as a colloidal
system most commonly exhibit a coffee ring effect as described in Chapter 4.
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In some cases, the convective flow that causes the coffee ring can be so strong that all material
is removed from the center of the drop yielding a non-conductive area in the center of the line as shown
in Figure 3.8. Such a line would yield a capacitor with lower than expected capacitance, an LED with low
brightness or a TFT with low to no on current. Further, the spikes at the edges of the line would create a
large susceptibility to shorting failures.

1500.13 nm

[ 750.06 nm
Onm

130 pm

Figure 3.8. AFM topography of a gold nanoparticle line showing significant coffee ring drying.

In colloidal systems the coffee ring can be avoided by a variety of approaches. One approach is
to design an ink with significant Marangoni flow. Marangoni flow is caused by a difference in surface
tension due to a temperature gradient. In the case of a drying drop, the top of the drop is at a lower
temperature than the edge of the drop. This difference in surface tension causes the fluid from the
edge of the drop to be pulled in to the center of the drop, thus moving material back towards the center
of the drop [24]. An ink formulation which exhibits this type of Marangoni flow should have a relatively
high contact angle to the substrate to avoid resistively limiting the flow, and should be fairly
unsusceptible to contamination which may locally change the surface tension of the drop.

Since formulating such an ink is sometime difficult, an approach that drives the marangoni flow
by using multiple solvents has been developed [25]. The strategy is to combine a solvent with a higher
boiling point but lower surface tension than the main solvent so that a concentration gradient is formed
where the higher boiling point solvent is a higher percentage of the fluid near the edge of the drop
where evaporation is highest thus giving the edge of the droplet a smaller surface tension than the
center, inducing a strong Marangoni flow. By adjusting the concentrations of the solvents, the strength
of the Marangoni flow can be optimized to minimize the effects of the convective flow due to
evaporation.

Other possibilities for reducing the coffee ring in colloidal systems are to reduce the time to gel
of the ink, or eliminate contact line pinning [26]. Increasing the concentration of nanoparticles, or the
viscosity of the ink can lead to a point where it will quickly gel upon deposition, resisting convective
flows. This can be seen most commonly in high viscosity inks developed for screen printing or gravure.
Eliminating contact line pining would allow the drop to contract until the solvent has been entirely
removed. This however requires using substrates of low surface energy, which can make it difficult to
form stable lines.

Organometallic based inks suffer much less from coffee ring effects. They are solute/solvent
systems where the organometallic solute has a high diffusivity in the solvent and can thus redistribute
quickly as the solvent evaporates. Further these systems are less prone to contact line pinning and the
solute can flow well near the contact line, unlike nanoparticles which can get stuck between the
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substrate and free surface near the edge of the drop [26]. The organometallic Inktec ink used in this
study, does however tend to crystallize rapidly as with uniform films and thus requires rapid annealing
[27]. Fortunately, when this ink is used to print fine patterns, it suffers much less from mass-loss
induced stress than do blanket films. The large surface to volume ratio of a fine-line allows the solvent
and the volatile components of the organometallic to be rapidly removed during the sintering process.

3.4 Nanoparticle Silver lines for interconnects and device contacts

With a strong foundation of roughness and its implications to thin film devices at hand, the use
of gravure to print metallic traces is described. First the printing of nanoparticle lines is discussed,
followed by the use of organometallic inks in Section 3.5.

The use of flake inks to screen print discrete capacitors and electronic circuit boards has a long
history dating back to the 1960’s [28], more recently efforts have been made to use these inks to
produce RFID antennae [29] and fully printed circuits [30] using roll-to-roll printing techniques.
However, because of the large size of the flakes, lines produced by these inks are severely limited in
their processing temperature, resolution, and roughness.

Nanoparticle based inks have shown promise in resolving many of these problems, as
experiments using ink-jet printing have shown that these inks tend to form relatively smooth, highly
conductive lines at plastic compatible temperatures [31],[10]. Further, development of advanced
nanoparticle inks with rheologies suitable for roll-to-roll printing techniques has begun to gain traction
in industry.

As discussed above, nanoparticle inks vary widely in their properties depending on the nature of
the nanoparticle encapsulants as well as the formulation of the particular ink. From our test it was
determined that the silver nanoparticle paste provided by Advanced Nano Products, AGP-DGP?, was the
most promising candidate because it has a very high concentration of nanoparticles, which seem to be
well dispersed, showing no large aggregates, and because of its high viscosity (10,000 cP) allowed it to
be easily tuned by the addition of solvents.

A systematic study on the scaling and optimization gravure printed nanoparticle lines, showing
their potential suitability for metal layers of printed circuits including bottom gates for TFTs, high-Q
inductors, interconnects, and parallel plate capacitors was performed [32]. This study described here,
was also important for understanding the techniques for gravure-printed lines, as well as for
understanding the factors that affect the printing process in general.

Previous work in which entire transistors had been printed using high-speed roll-to-roll printing
techniques such as gravure, flexography and offset, achieved only top-gate thin film transistors with
relatively thick dielectrics [30; 33]. Top gate TFTs tend to have lower mobilities than bottom gate TFTs
for a variety of reasons. First of all, most organic semiconductors will form polycrystalline films which
are not very smooth at their free interface, thus channels formed at this interface scatter carriers
leading to lower effective mobilities. Second, because many of these films grow dendritic structures, in
which each subsequent layer of material forms smaller and smaller grains, the free surfaces of the films
tend to have much larger grain boundaries and thus form channels with much larger densities of
interface states [34][35]. Regardless of these obvious drawbacks, top gate devices had to be adopted to
overcome the yield losses caused by excessively rough metal lines which would prevent dielectrics to be
scaled sufficiently to provide reasonable operating voltages.

Most of the metallic traces printed using conventional printing techniques have consisted of
metallic flake inks. These inks are low-cost but provide films with conductivities less than an order of
magnitude of the bulk conductivity of their respective metals unless annealed at temperatures above

! Advanced Nano Products Co.,Ltd., http://www.anapro.com/
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400° C, and because of the size of their flakes, provide films with roughness on the order of microns and
similar minimum film thicknesses.

Nanoparticle inks offer clear benefits to flake inks for printed electronics because they can
achieve high conductivities similar to their bulk metals at plastic compatible (<200degC) sintering
temperatures [10]. They can provide films with nanometer scale roughness and can provide conductive
films with thicknesses as low as 50nm, equivalent to only a layer or two of nanoparticles.

The goal of this study was to lay the groundwork for further studies on gravure printed electronics
establishing basic rheological principles and demonstrating the viability and scalability of the gravure
printing process. As mentioned, there have been a number of studies on various aspects of gravure
including the fluid emptying process, as well as coating quality as a function of various operating
parameters. These studies, however, have used very large cells, model inks, and have not focused on
the properties of printed features of most interest to electronics.

This work, on the other hand, uses a variety of cell sizes beginning from sizes commonly used in
industry to the smallest cells available at this time; and using the appropriate inks, focuses on the scaling
and optimization of conductive lines. The use of intaglio and gravure features is compared and used to
determine which is best for printing uniform, narrow lines. Several qualitative and quantitative trends
are presented by varying cell widths, cell depths, and ink parameters, and the challenges in further
scaling the minimum achievable line widths is discussed.

3.4.1 Experimental

Printing tests were performed on our custom-built gravure printer using two types of gravure
cylinders, each with a variety of cell widths and depths. One cylinder was patterned by
photolithography whereby the roll was blade coated with a photoresist, then covered with a flexible
patterned chrome mask, exposed to UV light through a slit, developed, and finally wet etched in a FeCl
solution before being chrome coated. Another cylinder was patterned using the indirect laser method
whereby a photoresist is patterned by laser writing, developed, and etched as above, followed by
chrome coating. The wet etching process used in fabricating these rolls is an isotropic one, yielding
wells with hemispherical shapes, which generally for a given well width provides more volume than
comparable cell patterned by diamond indentation. The anisotropic behavior of the etch chemistry
limits the achievable aspect ratio especially for well widths below 40 um where sidewall etching
becomes a significant portion of the final well width thus constraining the cell dimensions used in this

Gravure
Lines
|

Figure 3.9. Three different cell configurations used to study printing properties of nanoparticle inks.

Images of individual cells, gravure lines, and intaglio lines are presented in Figure 3.9. Individual
dots are used to study the effects of cell emptying. Lines printed from gravure patterns with various cell
sizes and spacings are compared to those formed by intaglio patterns with various widths and depths.
The test cylinders contain well widths between 10 and 64 microns and cell depths between 4 and 19
microns.
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Prints were made using inks based on Advanced Nanoproducts DGP silver nanoparticle paste
dissolved in a-terpineol. A 2° bevel doctor blade set on the gravure roll with a 60° angle and a pressure
of 40 PSI was used for wiping. The print speed was a relatively slow 0.1 m/s to ensure that a stable
printing process was obtained. DuPont Melinex ST505 PET substrates were used throughout the
experiment and the inks were sintered on precision hot plates at 150° C for 30 minutes.
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Figure 3.10. Viscosity vs. shear rate for various dilutions of ANP nanoparticle ink in a-terpineol, a-terpineol, and
Inktec PR-010 silver precursor ink.

Four concentrations of ANP-DGP in a-terpineol are used, ranging from 75% ANP-DGP by volume
to 33% ANP-DGP. The viscosity vs. shear rate behavior of these inks was measured using a Brookfield
LVDV-Ill cone plate viscometer and plotted in Figure 3.10. As is typical for most solvent based inks,
these solutions show considerable shear thinning. Considering the shear thinning behavior of the ink is
important because the gravure process induces very high shear rates on the ink during the wiping and
transfer processes.

Prints made with these four inks and both types of rolls were studied for line width and thickness.
The effects of the inks, the cell widths, and cell depths on the width and thickness of printed lines was
studied. Measurements were made with a Wyko NT 3300 optical profilometer by measuring 500 um
wide cross sections of each printed line using phase shift interferometry. Though optical profilometers
are best suited to study features on only one material at a time or materials with very similar indices of
refraction, it was possible to calibrate our measurements with a diamond stylus profilometer to
eliminate the effects of index mismatch between the printed silver lines and the polyester substrate
[36]. An example of a surface topography obtained by optical profilometry is shown in Figure 3.11. The
technique allows for easy extraction of width and height variables as well as an assessment of overall
line shape and any large-scale defects such as the nanoparticle aggregates seen.
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Figure 3.11. 3D Image of a silver nanoparticle line obtained using a Wyko NT3300 optical interferometer in
phase shift interferometry mode.

3.4.2 Discussion/Print Considerations

The printing process can be separated into two parts, cell emptying, and drop spreading. Both
play important roles in defining the final printed features. Because of this the relationship between cell
size and printed dot size is not expected to be a simple linear one. Looking at the process closer as
shown in Figure 3.12, the ink must first make contact with the substrate, then transfer to the substrate
as the cell rotates off the substrate, and finally spread. Clearly, the final width and thickness of the drop
is dependent on the cell width and depth.
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Figure 3.12. Schematic of the print process as ink contacts the substrate, is removed from the cell and spreads.

However the cell is never completely emptied and the exact amount of ink that is transferred
from the cell to the substrate is dependent on the rheology of the fluid, the shape of the cell including
the well width, depth, sidewall angle, the aspect ratio, surface energy, and roughness of the cell as well
as the ink-surface interactions. Smaller cells tend to empty proportionally less ink than larger cells due
to the larger surface to volume ratio in the smaller cells resulting in relatively larger adhesive forces
between the cell and the fluid [37]. Also higher aspect ratio wells require ink to be pulled further from a
narrower body of fluid onto the substrate, if equal volumes of ink are to be transferred compared to a
lower aspect ratio cell. Higher surface energy substrates will tend to adhere better to the ink and pull it
out of the well better than low surface energy inks. The print speed is also important in determining
how much ink is removed from the cell as the speed determines how much sheer is applied to the fluid.
Higher viscosity inks will have a greater resistance to sheer and will thus empty less at high speeds.

After leaving the cell the drop will begin to spread on the substrate, thus minimizing its total
surface energy. How far the drop spreads is determined by the surface energies of the three
intersecting phases, the solid and liquid, the solid and air, and the liquid and air. The total surface
energy of the system is minimized in equilibrium, thus a balance is found between minimizing the
surface energy of the fluid and the substrate, and the air with the liquid and solid separately. If the fluid
has a very high surface energy with air compared to the substrate it will tend to dewet the substrate
thus minimizing the total surface energy. If the substrate has a higher surface energy with the ink than
with the air, the ink will tend to wet the substrate, thus minimizing the systems energy. The size of the
drop can thus be controlled by either modifying the surface or the drop to change the surface energies
and adjust the wetting of the drop. Viscosity also plays a critical role here because it causes a resistive
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drag, slowing the motion of the drop and thus perhaps preventing it from reaching equilibrium before
the drop dries. A low viscosity ink, on the other hand may lead to poor pattern definition causing the
drop to “bleed out” or “splash” out of the cell reducing pattern fidelity.

Line formation happens when drops are deposited close together and thus coalesce as they
spread on the substrate. Line formation has been well studied for ink-jet printing [38][39] and it has
been shown that a variety of regimes of line behavior can be found. Three primary regimes can be
distinguished: drops placed far apart will remain individual dots; as the drop spacing decreases the
drops intersect forming a wavy edged, or scalloped line; as the drop spacing decreases further, drops
begin to merge and form a smooth continuous line. There is thus an optimal drop spacing that provides
the smoothest and most uniform lines. With these inks it is determined that optimal lines can be
formed with a drop cell spacing to cell width ratio between 1.06 and 1.4. If this ratio is much larger than
1.4, then scalloped lines will be produced. Here drop cell spacing is considered center-to-center.

Viscosity plays another important role in achieving good lines. If the ink is too viscous, drops will
not flow smoothly into each other and resulting lines will have poor width and thickness uniformity. On
the other hand if the ink viscosity is too low the ink will provide lines that are too thin to be conductive.
Thus the optimal ink viscosity will provide thin, smooth, straight lines with maximum printed thickness.
Thicker lines will tend to provide more uniform print thickness because they allow more time for
capillary flow, smoothing the surfaces of the individual drops.

3.4.3 Results

With these considerations in mind the prints made with various ANP-DGP nanoparticle inks will
be discussed presenting qualitative and quantitative behavioral trends which are useful for
understanding the printing process and for optimizing and scaling printed lines. The printing behavior of
individual dots will be discussed first, identifying relationships between the cell and ink parameters on
the print. The optimal ink dilution will be revealed through this work. Then prints from patterns of
closely spaced gravure cells will be compared to those formed form intaglio trenches. Finally the
minimum line widths achieved are presented along with a discussion of the challenges to further scaling.

3.4.3.1 Individual Dots

Printing individual dots allows for the study of ink transfer mechanism and drop spreading
without combining interactions of other drops or effects of cell emptying for adjacent cells. An
interesting phenomena readily obtained is the formation of “doughnuts” which are printed dots with an
empty space in the middle. As can be seen in Figure 3.13 the left image shows dots formed by a roll
with very shallow wells (low aspect ratio). In this case there is insufficient ink in the well to fully fill the
dot. When the cell rotates over the substrate, ink is first drawn out of the well at the leading edge of
the cell, then around the edge of the cell as the cell rotates over the substrate, leaving the center of the
cell depleted of ink, and thus forming the characteristic print. As shown below, the print width will scale
linearly with the cell width irrespective of the aspect ratio, but experimental data shows that cell aspect
ratio- the cell depth to cell width- must be larger than 1/7 or 1/8 to avoid doughnuts.
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Figure 3.13. Printed dots showing the formation of doughnuts due to a very shallow cell (left) with a low aspect
ratio, and well formed dots formed by cells with a larger aspect ratio.

The plots in Figure 3.14 show the relationship of print width and thickness to various cell
parameters as well as the relationship of cell depth to cell width for the various patterns studied. The
relationship of cell depth to cell width is presented in Figure 3.14a and Figure 3.14d for four different
patterns labeled “PAT #a” to “PAT #b”. The lithographic method was used to make “PAT #a” through
“PAT #c”, while the indirect laser method was used for “PAT #d,” since the lithographic method was
unable to consistently pattern features below 20 um in width. The minimum cells were 7-15 um in
diameter with an average diameter of 12 um and a depth of 4 um. The fifth pattern labeled “IGT” refers
to an electromechanically engraved test roll created by IGT Testing Systems. The electromechanical
method uses a diamond stylus to cut the copper surface, thus producing cells shaped like inverted
pyramids. The diamond shape thus has a varying width directly related to the depth, as opposed to the
hemispherical shape of the cells produced by wet etching in the lithographic and indirect laser methods.

All of the measured widths are done in the horizontal direction as opposed to the vertical (print)
direction. This is because the dots tend to spread in the print direction due to either splashing or a slight
shear of the substrate as the roll passes over it. This vertical spreading is seen mostly for dots printed
from cells larger than 50 microns.
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Figure 3.14. Printing behavior of dots.

Figure 3.14b shows the relationship of print width to cell width. As can be seen, this
relationship is linear irrespective of cell depth or cell shape. The ink dilution does have an effect on the
print width and the ANP 33% ink consistently spreads more than the ANP 40% or ANP 50% dilutions.
These results correspond to the fact that the ANP 40% and ANP 50% inks have a 19° contact angle to the
substrate while the ANP 33% ink has a 10° contact angle to the substrate.

The ANP 75% ink has a larger contact angle than the ANP 50%, and for the most part prints dots
with equal or smaller width. However, the ANP 75% ink prints very inconsistently compared to the
lower viscosity inks and seems to be on the threshold of two printing regimes as shown in Figure 3.15.
Image a) shows a well printed dot which occurs approximately 50% of the time while images b) and c)
present partially printed dots. The half-moon shape of the partially printed dots is commonly seen
when printing high viscosity inks.
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Figure 3.15. Prints made with ANP 75% showing print inconsistencies.

A detailed study of print inconsistencies for the ANP 75% has not been completed, but the
hypothesis for the phenomena is that in this case the ink viscosity is so high that the fluid does not move
fast enough to empty the cell and thus transfers very little ink to the substrate. This hypothesis could
explain the reason why it has been observed that the ANP 75% ink empties about 50% from 50 um cells,
only 10% of the time from 20 um cells and almost never empties from the 12 um wide cells. Thus the
smaller cells provide even less time for the fluid to flow and thus provide even less fluid transfer.

The graphs labeled c) and e) in Figure 3.14 present the print thickness vs. cell width and cell
depth, respectively. As can be clearly seen the volume fraction of ANP-DGP paste, and thus viscosity,
has a clear effect on the print thickness, despite having only a second order effect on the print width.
The relationship between print thickness and cell depth is almost linear, but not perfectly because wider
cells tend to print thicker dots as well. This contrasts with the strictly linear relationship between cell
width and printed doth width, irrespective of cell depth.

In general, the higher viscosity inks print thicker dots, thanks to the higher mass loading.
However this is limited to a certain maximum viscosity after which cell emptying begins to degrade and
proportionally less ink begins to be transferred to the substrate. Hence, the ANP 50% prints the thickest
dots as it has the highest mass loading while maintaining good ink transfer. The ANP 40% and ANP 33%
inks follow in thickness, while the ANP 75%, presenting cell evacuation problems, prints dots thicker
than the ANP 33% but thinner than the ANP 40% ink. The ANP 33% print thickness varies very little with
cell width and cell depth perhaps because the amount of ink evacuated begins to depend less on the cell
shape, than on the ink viscosity and surface tension in the low-viscosity limit.

Prints made with the electromechanically engraved cells by IGT print significantly thinner dots.
The prints follow the same linear relationship of cell width to print width, but have much lower print
thicknesses for given depths, as a result of the fact that the inverted pyramid shape provides for a much
lower cell volume than the hemispherical shape of the isotropically etched cells.

From the above observations it is clear that the ANP 50% ink is the optimal ink dilution for the
present materials system, consistently providing the narrowest, thickest dots across a wide range of cell
widths and depths. As shown in Figure 3.10, this ink has a low-shear viscosity of 350-550 centipoise.
Special attention will be provided to printed lines made with this ink.

3.4.3.2 Gravure patterned lines

The graphs in Figure 3.16 present the relationship of line width and line thickness to cell width
and cell depth for various inks. Figure 3.16a and Figure 3.16d show the relationship between cell width
and cell depth for the various patterns used in the study. “PAT #a” to “PAT #b” refers to patterns made
with the same techniques as described above. However, in the case of gravure lines, the cells are set as
close as possible to each other for each patterning technology. The ratio of cell spacing (center-to-
center) to cell width is between 1.06 and 1.40. As mentioned above if this ratio is too big, lines become
scalloped. The data presented here is only for uniform lines that do not exhibit any scalloping.
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Figure 3.16. Lines printed with gravure patterns.

The relationship between cell width and printed line width is presented in Figure 3.16b. The
trend for printed line width is similar to that for printed dot width except that print width no longer
depends solely on cell width, but instead is also dependent on cell depth. Deeper cells tend to produce
not only thicker lies, but also wider lines.

Figure 3.16c and Figure 3.16e show the relationship between cell depth and printed line
thickness. Here there is still a strong correlation between cell depth and line thickness but now cell
width also plays a part in line thickness. As with printed dots, ANP 50% ink prints the thickest lines,
followed by ANP 40%, ANP 75%, and ANP 33% inks. Also, there is only a small correlation between print
thickness in cell depth or width with the ANP 33% as before.
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Figure 3.17. Comparison of lines printed with inks of different dilutions of ANP-DGP in alpha-terpeneol.

Comparing Figure 3.16b and Figure 3.16c¢ to Figure 3.14b and Figure 3.14c, it can be seen that
for a given well size, printed lines are typically 5 um wider and 10 nm thicker than their corresponding
dots. The trend is not surprising, however, since the patterns for printed lines print more ink per unit
length than do the printed dots, and thus the excess ink is relieved by pushing the width of the line. The
ANP 75% ink does not follow this trend because this high viscosity ink prints inconsistently as mentioned
above, and thus some cells fail to empty, giving a line that over the 500 um cross-section studied,
appears to have a narrower and thinner cross section than a well printed individual dot.

Figure 3.17 shows a comparison of lines printed with the same exact cells with three different
viscosity inks. The lines are made with the widest cells in this study, 60 um. The cells are spaced 18 um
apart or 78 um center-to-center giving a ratio of cell spacing to cell width of 1.30. As can be seen the
line printed with ANP 50% is the thickest and most uniform, demonstrating that this ink provides good
transfer from cell to substrate and has a low enough viscosity to allow each dot to flow into a smooth,
uniform line. The line printed with ANP 75% is the most inconsistent showing large changes in line
thickness and width. These thickness and width variations can lead to yield loss and reliability problems
in a printed device due to some areas becoming highly resistive when they become either too narrow,
thin, or both. The lack of uniformity is due to the poor print quality as described above. Lines printed
with ANP 33% present a more consistent print thickness and height, despite having and overall thinner
profile. These lines may lead to excess resistivity, but because of their thin profile may be more suitable
for integration as contacts to a thin film device, such as a diode, capacitor, or transistor.

3.4.3.3 Intaglio patterned lines

As opposed to using a series of closely spaced dots to form lines, a solid line or trench could be
etched into the gravure roller. This type of patterning, known as intaglio seems like a logical source for
printed lines. The trenches formed could have smooth edges, avoiding the dithering effects of using
individual wells, they may also provide more consistent features as small position and etch variations
cause noticeable variability in cell spacing and width for gravure cells. Further they can provide a larger
amount of ink per unit length than gravure patterns because there is no loss of volume to cell walls and
spaces, thus making these patterns potentially more scalable than gravure.

However intaglio trenches have some notable drawbacks, such as pick-out, bleeding, and strong
directional effects. When an intaglio line is patterned in the roll direction, prints made with this pattern
are often non-continuous presenting areas where the ink has apparently been picked-out of the line as
show in Figure 3.18. Pick-out does not occur in horizontal trenches, i.e. those patterned perpendicular
to the roll direction of the roll. The pick-out behavior is caused by the flow of ink within the trench
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during the print. As the leading edge of the intaglio trench makes contact with the substrate, the ink
begins to flow out of the trench and onto the substrate. If this fluid flow is faster than the rate at which
the trench rolls over the substrate, fluid will be depleted from the trench in areas that have not yet
made contact from the substrate, thus leading gaps in those areas as the now empty grove rolls over the
substrate. This effect has some periodicity relating the speeds of fluid flow and roll rotation. Horizontal
lines do not exhibit this phenomenon because the entirety of the line makes simultaneous contact with
the substrate avoiding this fluid flow problem.

Bleeding occurs in intaglio features when large blocks are to be patterned and instead of making
a narrow line, a large area of the roll surface is patterned at once. This area may lead to an excess
depth, transferring excess ink which will thus flow on the surface and either bled out of the patterned
area or cause severe rounding of sharp edges. Further these areas may suffer from poor doctor wiping
as the doctor blade must pass over large areas of the roll unsupported, and thus flex, leading to print
inconsistencies.

Figure 3.18. Lines printed from intaglio patterns aligned in the print direction (left) and perpendicular to the
print direction (right). Clear evidence of pick-out is seen on the left yielding non-continuous lines.

The relationship between intaglio depth and width to print width and thickness is presented in
Figure 3.19. The measurements given are only for lines with no pick-out. Figure 3.19a and Figure 3.19d
show the correlation between cell width and cell depth. Figure 3.19b shows the relationship between
intaglio width and print width. The relationship is linear with a small dependence on cell depth.
Likewise the print thickness is linearly dependent on cell depth (Figure 3.19e) with a small correlation to
cell width as shown in Figure 3.19c. Overall, intaglio trenches print lines that are wider than those
printed with gravure patterns. The larger width is due to the larger volume per unit length that is
delivered by the intaglio trenches.

Intaglio trenches have a number of disadvantages. Because of the pick-out effect, they cannot
be oriented along the rolling (print) direction. They also suffer from larger variation in print thickness
and width as compared to gravure lines. This may also be due to the flow of ink within the intaglio
during the print. Finally, they print relatively wide lines, making them less ideal for scaling the minimum
feature size.
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Figure 3.19. Relationship of cell depth and width to print width and thickness for intaglio patterned lines.

3.4.4 Scaling

Because of the interest to study the application of these lines to microelectronics, the minimum
achievable dimensions in both width and thickness is of paramount importance. We investigated three
cell configurations: individual dots, gravure patterned lines, and intaglio patterned lines. Each of these
cell configurations yielded a minimum print width and thickness. These will be examined in turn.

The minimum printed dot width was 25 microns, which was achieved by printing the ANP 50%
dilution from cells with an average width of 12 microns and depth of 4 microns. The linear trend in
Figure 3.14b and Figure 3.14c gives a roadmap for further scaling of the minimum feature size. If the
minimum cell width were scaled to 5 microns, the resulting printed dot would likely be around 20
microns wide and 50 nm thick, which is adequate for a printed gate line.

Because of their small cell volume, there is a concern that electromechanically engraved cells may
be potentially unsuitable for scaling. Figure 3.14c shows that a 26 um wide IGT cell results in a printed
thickness of 70 nm. If this were scaled to a 5 um cell, the printed dot thickness would likely be only 20-
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30 nm, which because of the nanoparticle sizes used in this ink (20 nm), would lead to discontinuities in
the film, pin-holes, and poorly conductive films.

With regards to lines, the minimum printed line from closely spaced cells was 30 microns wide
and 70 nm thick. This was achieved under the same printing conditions as those of the minimum printed
dot. In contrast, the minimum printed line from intaglio trenches was 52 microns wide and 102 nm
thick, which was achieved from a cell width of 24 microns. Intaglio trenches are non-optimal from a
scaling point of view because they to print relatively wide lines, and the printed line width decreases
only slightly as the cell width is decreased. From the linear trend in Figure 3.19b, it is clear that it would
be difficult to scale an intaglio trench to print even a sub-30 micron line, which is already achievable by
gravure lines.

We now summarize the main challenges in further scaling the minimum achievable line width. We
will focus only on gravure lines, since we have shown that intaglio trenches are non-optimal. First, the
patterning uniformity must be improved. It is important to note that the minimum print width and
height above are only the averages taken across a 500 micron cross section, and there are significant
width and height non-uniformities resulting from variations in the etched cell size. Based on
experimental observations, the maximum tolerable variance in cell size and spacing is less than one
micron if we are to achieve 30 micron wide lines with sufficient print quality.

b 40

Figure 3.20. Direct comparison of a poorly patterned gravure line on roll (top), and the print that it generates
(bottom). Even small variations in cell dimensions and spacing are reproduced in the print.

Second, the minimum cell size and spacing must be further decreased. This requires
improvements in existing patterning technology, which is currently being investigated. There is strong
evidence that chemically etched cells will print complete dots even if they are scaled below 12 microns.
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As shown in Figure 3.20, printed lines strongly track cell defects and non-uniformities, even when some
of the cells are as small as 7 microns wide. This suggests that such small features will indeed be imaged
if appropriate cell sizes and volumes are produced. This is consistent with the scaling predictions
discussed previously. This image was printed using the ANP 50% ink using the smallest size wells in our
experiment.

An alternative route for scaling the minimum feature size is to change to a different ink or
substrate. With our material system, the print width is nearly 2-3 times larger than the cell width for
almost every cell. This spreading can possibly be reduced by either increasing the ink surface tension or
decreasing the substrate surface energy. The challenge lies in finding a material system that not only has
less drop spreading, but also has adequate cell emptying.

3.4.5 Remarks

The first systematic study on the scaling and optimization of roll-to-roll printed nanoparticle lines
was presented. The potential viability and scalability of gravure for printed electronics and
demonstrated gravure-printed nanoparticle lines, which are potentially suitable for printed TFTs, high-Q
inductors, parallel-plate capacitors and interconnecting wires was demonstrated. A number of
important factors for the gravure printing process, which can be separated into cell emptying and drop
spreading, were identified. These factors include the cell width, cell aspect ratio, and ink viscosity.

Several trends were obtained from varying cell and ink parameters. In general, the trends are
essentially identical for individual dots, gravure lines, and intaglio trenches. An optimal silver
nanoparticle dilution was identified, and two different methods of printing conductive lines were
considered. It was determined that intaglio trenches have a number of disadvantages that make them
unsuitable for printing lines. The optimal method of printing uniform and narrow lines is to use
individual cells spaced closely together, with the ratio of cell spacing to cell width varying between 1.06
and 1.40.

The two main challenges in further scaling the minimum feature size: improving patterning
uniformity, and decreasing the minimum cell size and spacing, were identified. Currently, the minimum
printed line is 30 microns wide and 70 nm thick. As the minimum cell size is scaled beyond the current,
good estimates of what the resulting printed line width and thickness can be made. There is strong
evidence that chemically etched cells will print complete dots even if they are scaled below 12 microns,
since printed lines track cells that are as small as 7 microns wide.

Overall, gravure-printed nanoparticle lines are promising because of their relatively low surface
roughness, high conductivity, and potential scalability to industry. The lines demonstrated in this report
allow for the possibility of roll-to-roll printed TFTs, with likely applications in a range of printed
electronics systems. Although the work was performed with one specific material system, the trends
discovered here will be useful when investigating other inks as well.

3.5 Organometallic Silver lines for device contacts

Gravure printing of a nanoparticle ink from Advanced Nano Products, ANP-DGP, has just been
discussed. Now gravure printing of an organometallic silver precursor from Inktec inks, PR-010, shall be
described. As mentioned, the ANP-DGP ink was purchased as a paste with a viscosity of 10,000cP and
then diluted down to the appropriate viscosity by the addition of a-terpineol (tech. grade, Aldrich). The
organometallic ink, on the other hand, is used as provided and has a significantly lower viscosity of 10cP.
Despite having such a low viscosity the ink prints well, in great part due to it being nearly nil shear
thinning. As can be seen in Figure 3.10, the rheological behavior of the inks is significantly different.

The work on printing nanoparticle lines shows that conductive lines down to 30 um wide can be
produced [32]. However there has been difficulty in printing lines smaller than this because line
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thickness scales with width, and below 30pum widths line thicknesses go below 80 nm, which has
empirically been found to be the limit for conductivity in these inks. Furthermore, the dilution of inks
seems to break the stability of the solution and large aggregates in the printed films are commonly seen
(Figure 3.21). It is also important to note that this ink tends to form ridges at line edges, which is
probably due to some degree of coffee ring formation as the ink dries.

Being an organometallic, Inktec PR-010 behaves quite differently from nanoparticle inks. For
thick films, the ink tends to crystallize if not annealed promptly, and upon annealing, the film has a
tendency to crack, probably due to a large mass loss during the conversion process. For thin films these
problems seem to be much ameliorated and round smooth lines can be achieved as seen in Figure 3.21.

Figure 3.21. AFM surface topography of an Inktec PR-010 printed line; surface roughness is 5.8nm RMS and
20nm peak-to-peak (left). Surface topography of an ANP printed line by phase shift interferometry; surface
roughness is 177nm RMS and 62nm peak-to-peak (by AFM, not shown).

ST505

Q65A STD Q65A C

Figure 3.22. Surface topographies of various subtsrates after 200degC anneal for 15 minutes.

Table 3.4. Surface roughness parameters before and after annealing for the substrates shown in Figure 3.22.

T e e il
(C)

Z.(nm) 155.9 127.1 70.0 18.3
Z,annealed 158.8 345.2 14.8 18.1
Rq (nm) 14.7 5.3 2.2 2.8
Rg annealed 21.9 29.1 0.6 1.3
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Because of the surface roughness and the poor conductivity in thin films of the nanoparticle ink,
some doubt is cast over the success of integrating these lines in thin film active devices. For this reason,
organometallic inks are studied from here on.

To ensure best results, printing was made on planarized Teonex Q65A, a heat-stabilized
polyethylene napthalate (PEN) film provided by DuPont Teijin. This provides a substrate with extremely
good thermal stability and surface roughness which is significantly improved over the stock Q65A
substrate. A comparison of these films with a conventional PET film is shown in Figure 3.22 and Table
3.4. The surface roughness of stock Q65A was measured by AFM to be 5.3nm RMS and 123nm peak-to-
peak, while planarized Q65A was 2.2nm RMS and 20nm peak to peak over a 20um? area before any
thermal cycling. After thermal cycling at 200°C for 5 minutes, the surface roughness of stock Q65A
worsened to 29nm RMS and 347nm peak-to-peak, while planarized Q65A improved to a roughness of
0.6nm RMS and 14nm peak-to-peak.

Prints were made on substrates with varying amounts of exposure to ozone plasma, ensuring a
variety of surface energies starting from no exposure, to 30 seconds, 5 minutes, and 10 minutes (Figure
3.23). The ozone treatment has a dramatic effect on the print behavior of the ink. Prints on the
untreated substrate spread unevenly, rendering very thin lines with rough edges. A 30 second ozone
exposure makes a markedly different print in which the ink spreads little and renders lines with very low
line edge roughness. Further exposure to ozone, causes the contact angle of the ink to decrease again,
giving lines which are thinner, wider and have higher line edge roughness as the ozone exposure
increases. Only prints made on the substrate with a 30 second ozone exposure were suitable for further
study. Prints on these substrates will be reported from here on. It must be noted that for all inks and all
conditions studied here, it was not possible to measure a high enough contact angle to be quantified
using the sessile drop method. Other measurement methods will be explored.

0 seconds 30 seconds 5 minutes 10 minutes

Figure 3.23. Prints of Inktec PR-010 made on planarized Q65A substrates with varying amounts of UV Ozone
exposure.

Silver lines printed with 30um well diameters and various well spacings are shown in Figure
3.24. As can be seen, the spacing of wells has a significant effect on the reliability of the print, the
thickness, width, and line edge roughness of the line. Note that some deviations from the nominal well
size exist and are caused by micro-loading effects of the wet etch process used to create the wells.
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Figure 3.24. Printed silver lines with 30pm well size. a) 42.5um ;ell spacing to j) 20um well spacing in 2.5um
decrements.

The micrographs were further processed using SUMMIT LER (a software program for
determining line quality from captured images) to detect the edges of each line in their entirety and to
calculate the average line width (critical dimension), line width roughness, and line edge roughness (LER)
of the lines. The data plotted in Figure 3.25 shows that although critical dimension decreases almost
monotonically with increased well spacing. There is a clear optimum to be found between line width
and line edge roughness.
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Figure 3.25. Critical dimension and line edge roughness for Inktec PR-010 lines printed using wells 30um in
diameter. Data is plotted as dots and lines represent the median and quartiles for each spacing. Lines with a

LER above the dashed line in b) were not-continuous.

Line width is primarily dominated by the amount of ink deposited and thus width decreases as
the volume of ink deposited per print length decreases. The exception to this happens at very wide
spacing where drops become so separated that they no longer touch or it is no longer energetically
favorable for fluid to flow into each other, and thus lines become a series of dots, giving a wider line
width.

The data indicates that line edge roughness is also dominated by the amount of fluid deposited
per unit length. In prints with large well spacing there is insufficient ink to adopt a continuous line, and
thus the printed line breaks up into smaller sub-lines using the displaced ink to create an energetically
favorable shape. As the well spacing gets smaller there begins to be enough ink to make continuous
lines, and line edge roughness decreases until the optimal volume per unit length is reached. After this,
smaller spacing causes an excess of ink, and thus the line must accommodate this excess ink by bulging,
and then eventually breaking up into larger more spherical shapes.

Lines with a large line edge roughness are more likely to fail electrically as LER will correlate to
the existence of both wide and thin line segments, which will be prone to failure. Further, the variability
of LER is a good metric of the stability of the print since it indicates the similarity of shapes between
printed lines. Because of this and because the variability of LER decreases with decreased LER, it is best
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to optimize for minimal LER and allow minimum critical dimension to be what is needed to achieve this
condition.

The resistance of these lines was measured by four-point probe, sheet resistance, and resistivity
was extracted using dimensions measured by AFM. Resistivity was found to be 2.1x10®° Q-cm and sheet
resistance as low as 4 Q/sq could be achieved with optimal lines (Figure 3.26). The conductivity of these
lines compares quite favorably with those made using conducting polymers which at best have
resistivities of 2x10® Q-cm, and though they are an order of magnitude more resistive than bulk silver,
they are comparable to other nanoparticle based films. For many applications in printed electronics, for
example, diodes and transistors, the performance of these conductors is expected to be sufficient.
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Figure 3.26. Sheet resistance of silver lines printed with 30pum wells vs. well spacing.

3.6 Summary

In this chapter the performance criteria for printed metal lines has been described. In printed
electronics, metal lines must take on the roll of printed circuit board, flexible interconnects, circuit
interconnects, and device contacts. The requirements posed by each of these roles can be
contradictory, such as the need for minimal resistance but thin films. Thus various materials may be
needed to satisfy the demands of a fully integrated system. The benefits and drawbacks of using a
variety of materials for printed metal traces has described and nanoparticle based inks as well as
organometallic inks have been identified as good candidates for printed electronics. The importance of
roughness in the integration of these materials is often overlooked and has been carefully detailed. The
roughness of films made by nanoparticle inks is limited by the nanoparticle size, and the colloidal
stability of the ink they are formulated into. Organometallic inks can provide better films because of the
lack of discrete particles, but only in the case of very thin films where the large amount of mass loss
exhibited by these materials will not significantly impact the structural integrity of the film.

Gravure has been shown to successfully print both nanoparticle and organometallic
inks. Through a detailed study of gravure cell parameters and viscosity adjustments silver metal lines on
the order of 30 um wide and 70 nm thick were obtained. The optimal ratio between well spacing and
well width is 1.06 to 1.40, indicating that the best lines are found when wells are placed closely together
but not touching. It was found that intaglio patterns tend to print less consistently than gravure
patterns, despite providing larger volumes of ink. Though nanoparticle based lines show much promise
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for use as interconnects and in thick film devices, their roughness must still be improved for use in thin
film devices. Organometallic silver inks were shown to be capable of filling the need for a low roughness
film and gravure printed lines with widths of 19 um, line edge roughness of less than 2 pm, a 70 nm
thickness a total roughness of less than 20 nm peak-to-peak, and 5 nm RMS roughness were
demonstrated. These lines represent the state of the art in gravure printed electronics and have
surpassed those made with currently available ink-jet printers.

All together the work in this chapter is a clear demonstration of the viability of gravure as an
industrial printing process for printed electronics.
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4 Capacitors

4.1 Capacitor structure and role in ICs

Capacitors carry an extremely important role in integrated circuits. Most importantly they are a
key component of every MOS transistor, and are thus ubiquitous in electronics. They are also a key
element of every DRAM cell, making them prevalent in memory devices. Capacitors can also be found
CCDs for digital cameras, and are commonly used as filters, integrators, and loads for tuning in analog
circuitry. In large-area integrated circuits they are most commonly seen as a storage capacitor in liquid
crystal displays.

A capacitor is formed when any two conducting surfaces are separated by an insulator. Its
simplest form would be a parallel plate capacitor where these conducting surfaces would be flat metallic
plates and the insulator, could be vacuum, or any insulating material (Figure 4.1). The sole
characteristic of this ideal capacitor would be its capacitance, C, which describes its ability to store
charge given an applied voltage

Q=CV (1)
And is given by
C=A%e (2)

t
Where A is the area of the capacitor K is the dielectric constant of the insulator g, is the permittivity of

free space, and t is the thickness of the insulator. Often the design goal is to maximize the capacitance
of a capacitor so it can store maximum charge with low applied voltage. In order to do this, the area or
the dielectric constant of the capacitor may be increased, and the thickness of the dielectric may be
decreased. There are trade-offs in all of these approaches to maximize capacitance, and they will be
described throughout the chapter.

Figure 4.1. A simple parallel plate capacitor in 2-D (left) and 3-D (right) with area A and dielectric thickness t.

Capacitors, being real devices, never operate as perfectly as they have just been described.
Dielectrics do not always have constant dielectric constants and are not completely insulating, being
susceptible to a variety of forms of electrical or ionic conduction, and suffer break-down under
excessively high fields. Even the metal electrodes of a capacitor may not be perfect, having finite
resistances, finite density of states, and can be reactive with the dielectric, leading to compositional
changes at their interface as well as electromigration and dendrite formation.

From the perspective of solid state physics, dielectrics are materials with large band-gaps, and
negligible free carrier densities. Thus dielectrics can in theory transport carriers if they can be excited
to the proper band energy in a process known as thermionic emission. With thin, nanometer scale
dielectrics as are common in microelectronics, tunneling of carriers may occur through the material
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Figure 4.2. The tunneling process may be trap assisted (Frenkel-Poole) or caused by a high electric field
reducing the tunneling distance as in field emission (Fowler-Nordheim).

Carrier transport in dielectrics can also occur through the motion of ionic species in the material,
which can lead to slow changes in charge accumulation, or unwanted reactions with the electrode

materials.
—_— P
M-B%ﬁb —
Thermionic Frenkel- Fowler-
Emission Poole Nordheim

Figure 4.2. Description of three mechanisms for carrier transport through dielectrics.

The dielectric constant, or dielectric permittivity, is a measure of the electric energy a material
can store in response to an electric field. This energy is stored by the polarization of the material, and
thus the redistribution of charge within it. Metals being great conductors of charge can easily
redistribute charge on applied field, and thus have extremely large dielectric constants. However,
because they are conductive are very poor dielectrics! Insulators on the other hand must redistribute
charge without releasing it from the medium. This is achieved by interfacial or space charge motion,
dipolar motion, ionic motion, or electronic motion [1]. Because these processes occur at different
speeds, dielectrics will exhibit different dielectric constants when electric fields are applied at different
frequencies. The effective permittivity of the material is thus modeled as frequency dependent, k(w),
and it is said the material exhibits dispersion. Materials which respond to a field with interfacial or large
dipolar motion, such as liquid crystals, will begin to exhibit dispersion at low frequencies, while those
materials which respond by electronic motion, for example will not exhibit such decay until much higher
frequencies. Thus a real material which responds to an electric field with some amount of all forms of
charge motion may have a complex dispersion profile as shown below.

At high fields carriers can be accelerated to the point of causing physical damage to the
dielectric. This process called break-down generally causes a complete device failure and must be
avoided. The maximum field a dielectric can sustain is determined by a variety of factors including the
strength of the bonds between the atoms that compose the dielectric and their structural composition.
However, when measuring capacitors, it is common to observe dielectric breakdown occurring below
the intrinsic breakdown field, and in general three general types of failure modes can be observed when
studying a population of such capacitors. Some capacitors may break down at an extremely low field,
with small applied bias, indicating that the dielectric may have been already shorted or severely
damaged during fabrication, this is conventionally known as Type A breakdown [2]. Some capacitors will
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break down at fields very near their intrinsic breakdown voltage, indicating a near perfect dielectric and
interface to the cathodes of the device, this is Type C breakdown. Others will break down at
intermediate fields, indicating that the dielectric had some weak spots that did not immediately short,
Type B breakdown. The cause of weak spots and shorting in the devices must thus be understood, and
controlled to obtain reliable devices [2].
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Figure 4.3. Frequency response of the dielectric constant for some material showing the cut-off frequency for
each mechanism of polarization.

The breakdown process can generally be observed in two steps. First there is an increase in
current injected into the dielectric. Over time, the damage caused by this injected current creates a
conductive pathway through the entire dielectric. At this point the charge stored on the entire capacitor
is rapidly discharged through this pathway. The discharge is usually so abrupt and powerful that it
vaporizes the material around it. Observation of failed devices will thus commonly show single point
defects where breakdown has occurred. Often more than one breakdown spot is seen because the
vaporization process will often break the conductive path and thus “heal” the damaged site [3].

The reduction of breakdown field is caused by a wide variety of defects. In the dielectric,
structural defects such as pinholes, voids, and structural inhomogeneities like grain boundaries, etc. can
short the dielectric or create easy paths for electron injection. The existence of ionic or metal
contamination in the dielectric can also cause reduced field resistance, as ions can move in the dielectric
towards the applied field creating a nearby site for carrier injection. Roughness of the cathode material
can create thin spots in the dielectric which will be subjected to higher fields, and must be minimized as
discussed in Chapter 5. Contaminants on the cathode, such as dust from the environment or residual
particles from processing can have the same effect, as does any roughness induced by an imperfect
substrate.

4.2 Dielectrics in Printed Electronics

It is evident that the choice of dielectric is of critical importance for any device. In printed
electronics this choice is ever so important as the uniformity of films in terms of thickness and
composition is often not as good as those in vacuum deposited processes. The purity of materials for
dielectrics must be as good, if not higher as it is for semiconductor materials, and remains a challenge
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for solution processable materials because impurities in the reactants and impurities caused by the by-
products of the synthetic reactions are difficult to eliminate [4]. Further, the behavior of the dielectric
as it is deposited, how it spreads, how it dries, and how it is converted to its final state must be carefully
controlled: damage to any films the dielectric was deposited onto must be avoided (this could be
caused by chemical reactions between materials or solvent interactions); the dielectric must be able to
conformally coat the structure it was deposited onto avoiding thin spots around edges of topography;
coffee ring and Marangoni effects must be minimized to maximize film thickness uniformity; and the
processing temperature for the dielectric must be compatible with the rest of the process.

Several types of dielectrics have been developed for printed and flexible electronics. In general
these dielectrics should provide a combination of low-cost, additive processing, and low-temperature
curing. They can be inorganic oxides, polymers, self-assembled monolayers, and heterogeneous
organic/inorganic mixtures.

Clearly the most successful inorganic oxide is silicon dioxide, which thanks to the extremely high
quality films and interfaces it forms with silicon, has enabled the entire microelectronics industry. In
printed electronics, silicon dioxide remains the de-facto dielectric for materials and device studies using
a non-printed test structure. Since silicon dioxide is best grown by thermal oxidation of silicon, it thus
remains utilized only as a dielectric material when test devices are built on silicon wafers. Thin film
transistors based on hydrogenated amorphous silicon (a-Si:H), have also made extensive use of SiO, as a
dielectric having it deposited via atmospheric pressure CVD. However, better films of amorphous silicon
nitride (SiN, or SiN:H) can be deposited at lower temperatures (300-350degC) with lower interface states
and better stability to the high levels of hydrogen in a-Si:H [5]. Yet neither of these processes has been
very successful at plastic compatible temperatures (150degC) and being subtractive processes are less
suited to printed processes.

Inorganic dielectrics created by the anodization of metal thin films have been extensively
studied and show some promise for printed electronics. The most notable are films of tantalum oxide
(k=23) [6], titanium oxide (k=80) [7], and aluminum oxide (k=9)[8] [1]. The films deposited can be thin,
and thanks to their high k can give devices with a high capacitance. The anodization process occurs at
room temperature in a weak citric acid solution, making anodization plastic compatible. A drawback to
this approach is that an additive, printable process for the deposition of the starting metals (tantalum,
titanium, and aluminum) does not exist. Further, the anodization requires a current to be passed
through the film being anodized. This would make circuit design difficult as conductive pathways must
be created for all anodized regions, then broken to allow the circuit to function. Finally, high-k materials
have been shown to provide low mobility organic field effect transistors because the large dipoles in the
material generate disorder in the electronic states near the semiconductor/insulator interface,
scattering the carriers [9].

The work by Klauk and Zschieschang proposed two possible solutions to the above problems
[10]. Here an aluminum gate is oxidized with a treatment of oxygen plasma creating a very thin <1nm
layer of aluminum oxide. This thin film is then passivated with a self assembled monolayer dielectric
which increases the dielectric thickness by another 2.5nm. The two-layer dielectric provides a very low
leakage current of 10 A/cm? at low bias, only 1 pA/cm2 leakage at 10 MV/cm field, and a breakdown
field of 17 MV/cm. This performance is impressive and comparable if not better than thermally grown
SiO,. The oxidation of the aluminum film avoids any necessity to provide current for anodization while
the SAM provides an ideal surface onto which organic semiconductors can be applied. Indeed, high
performance TFTs were made using this dielectric, providing a mobility of 0.4 cm?/V-s, with an on/off
ratio of greater than 10°, and most notably, a subthreshold swing of 100mV/dec. Yet, to make this
process fully printable a good source for a printed aluminum gate must be found. Finally a major
hindrance to this approach is that the dielectric cannot be grown much thicker than a few nanometers
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because the oxygen plasma process is self limiting at the surface of the metal, and the monolayer
dielectric cannot be much thicker than a few nanometers. Though a thin dielectric is ideal for low-
voltage, and low power circuits, it can be problematic for a printed transistor design where minimum
feature sizes dictate long channel lengths and higher operating voltages than the dielectric can
withstand.

Self assembled monolayers alone have proven to be interesting dielectrics. These small
molecules can be synthesized to self-assemble on a variety of metals including gold, silver, aluminum,
and copper. Though they usually have small dielectric constants, ranging between 1 and 13, they form
very thin films that yield extremely high capacitances.

Alkyl-trichlorosilanes were among the first group of molecules to be used as monolayer
dielectrics [11] where by controlling the pH and temperature of the solution in which they were grown,
densely packed monolayer films could be grown on silicon with a native oxide providing dielectrics with
4-5 orders of magnitude less leakage than comparably thick (3 nm) films of pure thermal SiO,. Yet to
achieve a higher dielectric constant, better thickness control, and maintain good interface quality with
semiconductors, Facchetti and coworkers developed a process for sequentially growing monolayers, to
produce self-assembled multilayer dielectrics with leakage as low as 10°A/cm” and a dielectric constant
of 16 [12]. Despite their high performance, SAM dielectrics require an extremely smooth substrate. If
the surface roughness of the substrate is close to the size of the molecule (2-5 nm), the uniformity and
packing of the monolayer can be compromised leading to pin-holes and leakage pathways. In practice
the roughness required can only be achieved on crystalline substrates, and thus these materials have
not been reliably grown on rougher, flexible substrates.

In printed electronics, the most frequently adopted dielectrics are polymeric. Polymers are easy
to solution process, and can be deposited as films with good thickness uniformity and very low surface
roughness. They are flexible, making them ideal for flexible electronics. Their molecular structure is
often very compatible with organic semiconductors, providing clean electronic interfaces and good
molecular ordering in the semiconductor film. Some polymeric materials offer good dielectric
properties with reasonable relative permittivities, high breakdown fields, and low leakage.

The most commonly used polymer dielectrics include, poly-styrene (PS), poly-methyl
methacrylate (PMMA), polyimide (Pl), poly(vinyl-alcohol) (PVA), cyanoethylpullulan (CyEPL), divinyl-
tetramethyl-disiloxane-bis(benzocyclobutene) (BCB), Parylene C, and poly-4-vinyl phenol (PVP).

Poly-styrene, PMMA, and polyimide were the earliest materials to be adopted and most widely
studied because they were widely available in electronic grade purity, as they were used as photoresist
(PMMA), low-k dielectrics and packaging materials (PS and PIl) for microelectronics. They are still widely
used despite offering a relatively low dielectric constant, and breakdown fields as is the case for PS and
PMMA. Polyimide has high breakdown strength but is hard to deposit as a very thin film despite a low
surface roughness, and is thus usually deposited in thicknesses above 200 nm [13].

Poly-vinyl alcohol is attractive for use with organic semiconductors because it can be deposited
from an aqueous solution which will have low interaction with the semiconductor, and can be
crosslinked using hexamethylene tetraamine to make it impervious to further process steps. However,
like poly-vinyl phenol, is known to be hygroscopic (readily absorbing of moisture), and can thus cause
degradation in organic semiconductors.

Of these materials CyEPL, BCB, and Parylene C can be considered high-performance polymers.
CyEPL contains highly polar cyano groups which give the material a very high dielectric constant of 12.
The high dielectric constant, however, comes at a cost of relatively poor leakage and breakdown
behavior. BCB can be deposited into very thin films (<50nm) which can sustain fields as high as 3MV/cm
and leakage currents below 10° A/cm®.  However its cross-linking temperature, 230° C, is too high to
make it truly plastic compatible. Parylene C offers even better electronic properties, and can be
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deposited into films as thin as BCB, though because it is deposited in a vacuum process (where the
parylene monomer is first cracked at 700°C, then polymerized as it condenses on the substrate at room
temperature), it is expensive to deposit and must be patterned using a subtractive method.

Poly-vinyl phenol is the material most extensively studied here. Despite its hygroscopic nature
[14], it is one of the most widely adopted dielectrics in printed electronics. It can be formulated into
inks with isopropanol and ethanol as solvents making it feasible to deposit onto most organic
semiconductors [15]; it provides films with extremely low roughness, and is capable of smoothing
roughness from underlying layers [16]; it is impervious to many solvents once cross-linked [17]; it can
form an excellent interface to organic semiconductors; it has a high glass transition temperature
allowing for the growth of larger semiconductor crystals [18]; and it retains a high breakdown strength
even when deposited in film thicknesses below 50 nm [19].

Many groups including our own have had wide success in integrating PVP into inkjet printing
processes. We have demonstrated its use as an interlayer dielectric for the fabrication of inductors, and
as a dielectric for printed capacitors suitable for RFID applications [20]. We have also demonstrated one
of the first all-printed organic TFTs using PVP as a dielectric [21], and through control of surface
roughness have managed to successfully scale the dielectric thickness to 20 nm for low voltage
transistors [19].

As can be seen in Figure 4.4, the reduction of substrate roughness has a considerable effect on
the performance of the dielectric, and will be further considered.
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Figure 4.4. Breakdown field voltage vs. dielectric thickness for PVP films printed on bare polyethylene
napthalate (PEN) plastic substrate, and a PVP planarized PEN substrate [19].

In the past, the cross-linking temperature for PVP had been limited to 200° C because of the
high activation barrier found in reacting the cross-linker, poly(melamine co-formaldehyde)methylated,
with the polymer. This has made PVP unsuitable for use with lower-cost, less thermally stable
substrates such as polyesters (PET). However, recent developments have demonstrated 100°C and
room temperature cross linking using bis-siloxane [22] and bis-silane [17] molecules, respectively. These
new films retain good electrical properties with leakage below 108 A/cm?, and breakdown fields higher
than 3MV/cm at dielectric thicknesses as low at 10nm.
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4.3 Gravure Printed Polymer Dielectrics

Various solutions of poly-vinyl phenol have been prepared using propylene glycol monomethyl
ether acetate (PGMEA) or hexanol as a solvent. Poly(melamine-co-formaldehyde) was added as a cross-
linker to the mixture of PVP and solvent at 0.3% of PVP mass, and the mixture was then dissolved by
vortexing and ultra-sonic agitation.

As can be seen in Table 4.1, a wide range of viscosities can be achieved by tuning the
concentration of the polymer in solution. The use of different solvents can afford a variety of viscosities
for a given mass loading. Though both solutions containing 1g of PVP per 15mL of solvent can be easily
printed using ink-jet, only the hexanol solution can be printed using gravure.

Table 4.1. Solutions of poly-vinyl phenol in different solvents.

Sample | Conc. Solvent Viscosity
(/15mL) | (mL) (cP)
1x 1 PGMEA 2.2
2x 2 PGMEA 8.06
3x 3 PGMEA 20.04
1 HexOH 10.5
2 HexOH 19.1
3 HexOH 96

For use as a gate dielectric, inks with PGMEA as a solvent have been chosen because the lower
viscosity of these inks provide for better film thickness uniformity as determined by optical inspection,
but most importantly because these inks provide greater spreading and thus ensure better overlap to
the printed gate.

The effect of well size and spacing on the thickness of the printed dielectric films is studied using
the same printing conditions as with the organometallic silver traces described in Chapter 5. Choosing
to use the same printing conditions and together optimizing the surface energy of the substrate and ink
properties demonstrates the feasibility of depositing both metals and dielectrics via an in-line, reel-to-
reel process.

Figure 4.5 presents the thickness of lines printed with two different concentrations of PVP ink in
PGMEA. As expected, the thickness of these lines increases as the well spacing decreases. This trend
continues linearly until wells touch each other at well spacings of 30 um and then the thickness begins
to decrease. The inset to Figure 4.5 provides the insight to this phenomenon. Unlike the silver
organometallic ink, the width of the printed PVP lines is relatively insensitive to well spacing. Thus the
thickness of the line must increase linearly as the volume of ink deposited per unit length is increasing
with decreased well spacing. Only once the wells coalesce is an increase in line width is seen,
consequently eliminating the increase in thickness. Two distinct differences between the behavior of
the PVP ink and the silver ink can be observed from this. First of all, the PVP does not dewet the
substrate, and thus the line width for most prints is nominally the width of the well. Second, the
dynamics of well emptying and/or wetting must change when wells are in contact with each other since
it would be expected that the film thickness continue to increase with decreasing well spacing even
though the line width is increasing, assuming the forward contact angle of the fluid remains the same.

Figure 4.6 shows the thickness of 2x PVP lines printed with wells of various diameters. As
expected, the data show that smaller wells provide thinner lines for a given well spacing. Here again, a
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slight decrease in the thickness of the lines can be seen as wells coalesce for the 20 um and 25 um
diameter wells just below 20 um and 25 um well spacing, respectively.
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Figure 4.5. PVP line thickness vs. well spacing for prints made with 30 um wells. Blue diamonds are for 2x PVP,
red squares are for 3x PVP, both in PGMEA. Critical dimension vs. well spacing for the 3x PVP print is presented
in the insert.
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Figure 4.6. 2x PVP line thickness vs. well spacing for lines printed using various well sizes.
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It is also notable that for prints made with the same viscosity ink, the rate of increase of line
thickness per well spacing is the same (about 10nm/um for 2x PVP), while this slope changes for inks
with different concentrations (10nm/um vs. 24nm/um for 3x PVP). This is commensurate with the
percentage of solute in the solution which remains after evaporation. The ratio of these slopes is not
exactly proportional to the ratio of the concentrations of the inks as other factors such as line width and
well emptying play a role in determining the line thickness.

4.4 Capacitors

To test the performance of printed PVP dielectrics and prove the feasibility of using silver lines
as a gate electrode silver/PVP/silver capacitors have been printed using a hybrid printing process
whereby the bottom electrode and dielectric are gravure printed and the top electrode is ink-jet
printed.

Two major drawbacks for using gravure as a printing technique are that it is a contact process
and that by its nature, it is unavoidable to completely wipe off all ink from the non-printing areas.
Depending on the application, these drawbacks may be minor. However, in some situations this may be
detrimental. For example, gravure can emboss the substrate material itself, depending on the hardness
of the same. In a separate study, an examination of the impact of embossing on polycarbonate films as
would be used, for example, in photovoltaic applications has been made. Specifically, the impact of
embossing on films with and without Indium Zinc Oxide (I1Z0) conductive layers was studied. Figure 4.7
shows how the cell pattern of a gravure roll can be embossed into the soft polycarbonate surface, but
not the harder 1Z0O surface. Despite imposing a low average pressure on the substrate, micro-scaled
features on a gravure roll can locally exert high enough pressures to damage a thin dielectric layer
rendering it leaky and unreliable. On the other hand, residual ink deposited in non-patterned areas
(scum) such as that seen between lines in Figure 4.9 can significantly reduce the performance of a TFT if
the scum would remain in the channel while printing source and drain electrodes with gravure. Ink-jet
has neither of these disadvantages and thus would be suitable for printing top electrodes to diodes and
capacitors, or source and drain contacts to TFTs.

PEDOT on 12O PEDOT on PC
Figure 4.7. Surface topography of gravure printed PEDOT on indium zinc oxide (1ZO) over polycarbonate, and
PEDOT over only polycarbonate. Measurement by phase shift interferometry on a Wyko NT3300 optical
profilometer.

The bottom electrode of the capacitors were fabricated by printing Inktec PR-010 silver
precursor ink exactly as described in Chapter 5, with added steps taken for registration. During the
anneal of the silver ink, the gravure roll was cleaned in subsequent baths of ethanol, acetone, and soap
water under ultra-sonic agitation, and then placed in a temperature controlled bath, before being used
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to print the following layer. After converting and annealing the silver ink, the substrate was re-mounted
and aligned to the gravure roll, which was removed from its bath and rinsed with DI water, acetone, and
isopropanol, then dried in N,. 2x PVP was chosen as a test ink because it provided film thicknesses
which were close to those commonly seen in printed TFT (100nm-300nm). The PVP ink was printed
using the same printing conditions as before and then annealed for 15 minutes at 150° C in a vacuum
oven, then at 200° C for 5 minutes on a hot plate to fully crosslink the dielectric. Finally the top contact
was printed using a Dimatix DMP ink-jet printer and Cabot CCI-300 silver nanoparticle ink optimized to
print on PVP.

The wetting behavior of the PVP was found to be considerably different above a silver patterned
substrate from that described in section 4.3. As can be seen in Figure 4.8 the PVP preferentially wet the
silver lines over the substrate even with misalignment of 77um (only a small contact between PVP and
silver is required). The dielectric in this case was considerably thicker than expected, ranging between
190nm and 310nm for lines printed with 30um wells and the capacitors yielded relatively low
breakdown fields considering their thickness (Figure 4.11). This is likely due to thinning of the dielectric
at the edges of the metal line.

\ \*\‘vr -
Figure 4.8. Poly-vinyl phenol printed on top of Inktec PR-010 silver. PVP preferentially wets the silver ink
despite the poor registration of this print.

N 100%,‘
N
\ . g

Figure 4.9. Capacitors printed using a hybrid gravure / ink-jet printing process. Bottom electrodes and dielectric
are printed using 30 um diameter gravure wells with 30 um spacing, the top electrode is printed using ink-jet.

To ensure proper full overlap of the metal line by the dielectric an additional ozone treatment
was added to the process. In this case the sample was placed under UV-ozone for 5 minutes after the
silver patterned substrate was annealed, and immediately before the PVP was printed. This improved
wetting significantly allowing PVP lines fully coat the metallic traces as seen in Figure 4.9. In this case,
PVP lines spread significantly more than when treated with 30 seconds of UV-ozone (as above) yielding
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film thicknesses in the range of 36nm to 70nm as measured by contact profilometry. These films
provided a high capacitance and breakdown fields on par with those we have reported for PVP ink-jet
printed over evaporated metal contacts [19]. Figure 4.10 shows an IV curve of a capacitor
representative of those capacitors with breakdown voltages in the top quartile. Figure 4.11 shows the

cumulative distribution of breakdown fields for all capacitors tested.
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Figure 4.10. Linear and log I-V curves for a representative capacitor, printed using a 5 min. UV-ozone step
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4.5 Improvement of Yield and Thickness Uniformity

The capacitors fabricated in the previous section showed reasonable performance and high
breakdown fields for films as thin as 70 nm. However, the breakdown distributions in Figure 4.11 for the
capacitors made with the ozone process show the three distinctive breakdown regions discussed in
section 4.1, with the bottom 20% of devices having short failures, the middle 60% showing Type B
breakdown, and the top 20% showing near intrinsic breakdown (Type C). For a viable process, it is
necessary to eliminate type A failures and reduce the spread of type B failures. This can be done by
reducing the roughness of the bottom electrode and substrate, increasing the thickness of the dielectric,
and improving the dielectric thickness uniformity. The reduction of electrode roughness has been
discussed in Chapter 5. Here, efforts in increasing the dielectric thickness and improving the thickness
uniformity are discussed as a means to reducing variability.

As shown in Figure 4.5, the dielectric thickness can easily be increased by using smaller cell
spacing or using a higher concentration PVP ink. The thickness control is good when PVP is printed on
an unpatterened PEN substrate. However, differential wetting on a patterned substrate disturbs this
control. From one perspective, differential wetting is a pathway to self aligned devices. From the other
perspective, it causes fluid flow near the features intended to be coated increasing the thickness
variability where uniformity is most needed. The use of UV ozone was demonstrated to eliminate
differential wetting after a 5 minute exposure. However, at this level of UV ozone exposure, the PVP ink
spreads so considerably that it merges with neighboring features to create a uniform film. An attempt
to control the wetting by reducing the UV ozone exposure was made but a fairly abrupt transition from
differential wetting behavior to complete wetting was found as seen in Figure 4.12.
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Figure 4.12. Optical micrographs of 2x PVP printed over PR-010 organometallic silver using different well spacings (vertical) and different amounts of UV
ozone exposure (horizontal). An abrupt change from differential wetting to complete wetting is seen between 3 minutes and 5 minutes of UVO exposure.
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Because of the difficulty to control differential wetting through UVO treatment, the substrate
was treated such that complete wetting was always achieved, and the dielectric thickness was changed
through the control of PVP ink concentration. The drawback to using complete wetting is the large
amount of spreading seen from the PVP ink. In order to enable a patterned, uniform thin film of PVP a
considerable margin of space must be maintained between metal traces. Further, PVP exhibits some
amount of convective flow during drying, creating a large lip around the edge of the PVP pattern (Figure
4.13) which increases the margin of space required between metal electrodes, and which can make
interconnections over the lip difficult to print [23].

00

g

Height (nm)

g

3 MNozzles Cross-section 1 Nozzles

200 400 600
Position (pm)
Figure 4.13. Surface profile of an ink-jet printed PVP dielectric over an inkjet printed silver line using either 1 or

3 nozzles to simultaneously print the film. A large amount of PVP is deposited at the edge of the patterned PVP
as a result of convective flow during the evaporation of the inks solvent (inset) [23].

Instead of printing a patterned dielectric as was done before, and having to adhere to the low-
density layout requirements described above, blanket films of dielectric were printed over the
electrodes. Doing so allowed for the reduction of line space requirements, allowing for denser circuitry,
and will enable significant improvements in the uniformity of the PVP film. The trade-off in this
approach is that a via process must be developed to connect metal traces between the top and bottom
layers of the dielectric. Fortunately, printed vias through PVP have already been demonstrated by
Sirringhaus [24], and Tseng from our group [23]. Both approaches are similar, though Sirringhaus opens
a via by ink-jet printing isopropanol to dissolve PVP which has not yet been cross-linked, then prints the
via conductor (PEDOT/PSS), while Tseng prints a silver nanoparticle ink directly over the yet-to-be-cross-
linked PVP, dissolving the material and making the via contact in one step. The addition of a via process
can increase the overall complexity of a circuit fabrication, but it may not be a significant increase if
special provisions must be made to print over large PVP steps. Further, we believe the trade-off of an
extra process step for increased packing density and film thickness uniformity is a good one.

In order to print large-area films of PVP we have chosen to use a test roll by IGT (model
402.101), which is composed of 4 large blocks of closely spaced wells. This roll has been
electromechanically engraved with a 70 lines/cm screen, a screen angle of 53°, and a 120° stylus angle.
The wells have depths of 45, 40, 35, and 30 um providing an areal volume (or max film thickness) of 4.3,

88



6.4, 8.6, 11.4 ml/m? (or um thickness). A close-up of these wells at an edge of a block is shown in Figure
4.14.

Prints of various concentrations of PVP were made using the same printing speed, blade angle,
and pressure as before. The substrate was planarized PEN, which had been patterned with silver
electrodes, printed from Inktec PR-010, and was exposed to 5 minutes of UVO after annealing the silver
electrodes and just before printing the PVP. The PVP was cross-linked at 210° C for 10 minutes to
ensure completion of the cross-linking reaction. Capacitors were then finalized by ink-jet printing top
electrodes with Cabot CCI-300 silver nanoparticle ink, and annealing at 150° C for 20 minutes before
testing. The average dielectric thickness was extracted from capacitance measurements and average
breakdown fields were extracted from the breakdown distributions. These results are tabulated for
three concentrations of PVP in Table 4.2, and the corresponding breakdown distributions follow in
Figure 4.15.

Figure 4.14. Optical micrograph on the edge of a electromechanically engraved gravure pattern.

Table 4.2. Film thickness and breakdown fields for gravure printed capacitors as a function of PVP

concentration.
2 1.5 225 1.8

1 1.75 289 2.1
4 2.0 392 3.0

The breakdown distributions plotted in Figure 4.15, are a clear improvement over those
reported in Figure 4.11. Short failures are almost entirely eliminated, and the distributions closely
match their fitted Weibull lines, indicative of a small spread of Type B failures and a large component of
intrinsic dielectric breakdown. |-V and J-E curves can be found in Figure 4.16 for representative devices
printed with each of the three different dielectric inks. The low field leakage of these devices is near the
minimum current detectable by our machine. A clean exponential increase is seen as bias is increased
and current is injected to the dielectric, followed by a sharp breakdown event, which causes severe
physical damage to the device.
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Figure 4.15. Weibull plot of breakdown voltages for gravure printed capacitors printed with 3 different
concentrations of PVP ink. Curve numbers correspond to sample numbers in Table 4.2.

The current densities of 107 A/cm” and breakdown fields of 2-3 MV/cm measured here are quite
comparable to the best found in literature and described in Section 4.2. This is a clear indication that
these capacitors are suitable for use in printed electronics. As described above, similar capacitors have
been used as passive components for RFID applications, and more notably, as gate stacks for printed
thin film transistors. Though only poly-vinyl phenol is studied here, the results are a good proof that
gravure can be used to deposit high quality films of polymeric materials, and thus could be used to print
a wide variety of polymer dielectrics and semiconductors as shown in the following chapter.

4.6 Conclusion

The role of capacitors in printed electronics is clearly an important one, as they serve as
important components to RFID tags and displays. The performance of a capacitor is closely tied to the
dielectric utilized. With the lack of an equivalent dielectric to SiO,, a variety of inorganic, polymeric, and
self-assembled dielectrics were explored. Polymeric dielectrics were found to be the most suitable for
printed electronics thanks to their printability, mechanical properties, and good electrical
properties. One such polymeric dielectric, poly(4-vinylphenol) was shown to be easily printed via
gravure in great part thanks to the ease of formulating inks with varied rheological properties. Surface
embossing was found to be a problem when gravure printing over soft materials, however, creating the
need to use multiple print technique to enable fully printed devices. Fortunately ink-jet was found to
be a suitable candidate and capacitors made with these dielectrics have good breakdown fields and high
capacity demonstrating the suitability of gravure for depositing uniform thin films of the dielectric, and
the compatibility of gravure printed metal lines with the formation of thin-film capacitors.
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5 Gravure Printed Organic Thin Film Transistors

5.1 The thin film transistor

The transistor is the most important device in electronics as it provides the foundation for all
digital and analog circuits. The vast majority of transistors are made out of single crystal silicon;
however, for printed electronics, the semiconductor is most often and organic molecule or polymer and
these materials must be deposited onto other substrates.

The thin film transistor (TFT) is the structure of choice for deposited materials. The most
prevalent of such thin film transistors are the amorphous silicon TFTs (a-Si:H TFT) which drive every pixel
of today’s liquid crystal displays. These transistors are the standard to which all printed thin-film
transistors are compared.

[ Gate ] oure - Drain
[ DIElECTE | semiconductor
| Semicanductor | g Dielectric ™
Source Drain [ Gate |
Substrate
Top Gate Bottom Gate Top Contact
Die|et—tri Semiconductor
[ Gate ] Source | [ Drain |
Dielectric
Substrate Substrate and conductive gate
Bottom Gate Bottomn Contact Substrate Gated Bottom Contact

Figure 5.1. Some thin film transistor configurations.

The structures of printed TFTs and silicon TFTs are virtually the same. They can be bottom gated
structures with top and bottom source and drain contacts, or top gated structures with top and bottom
contacts (Figure 5.1). Often printing processes and materials for printed TFTs are tested on highly doped
silicon wafers with thermally grown oxide, using these as an ideal substrate and gate stack as can be
seen in the figure.

Organic semiconductors are deposited in amorphous or polycrystalline thin films, and thus
behave in many ways like amorphous and polycrystalline silicon. However, charge transport in organic
semiconductors is notably different. Organic semiconductors are conjugated systems where their
carbon-carbon bonds are sp” hybridized, allowing for the delocalization of electrons through bond
resonance of their m-orbitals much like in benzene. These molecules exhibit a clear periodicity and as
such exhibit band-like electronic structures much like inorganic semiconductors. However, the energy
states in organic semiconductors are exhibited as molecular orbitals, and the splitting of these orbital
states into energy bands is delineated by the highest occupied molecular orbital (HOMO) and lowest-
occupied molecular orbital (LUMO), which are equivalent to the valence and conduction band in
inorganic semiconductors, respectively.

Understanding and modeling the nature of charge transport in organic semiconductors is an
active and hotly debated area of research. No single model and completely account for all phenomena
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occurred as it is likely that many different phenomena occur simultaneously in organic devices. What is
well understood is that as opposed to inorganic semiconductors, charge carriers moving through an
energy band cannot be treated as indistinguishable from each other. In organic semiconductors charges
must travel through molecules and between molecules. Because organic molecules are usually bound
to weak Van der Waals interactions, the addition or removal of a carrier to a molecule causes a
conformation change in the molecule thus interacting with a phonon, and changing the electronic
structure of the molecule. It is believed that these carriers often travel coupled with phonons in what
are called polarons, which behave differently than carriers do in an inorganic semiconductor [1].

In thin film transistors understanding the electron transport through the semiconducting layer,
dielectric/semiconductor interface properties, and the effects of metal/organic and organic/organic
contacts is important to making advances to device performance and material structures. A challenge in
studying these phenomena, however, is that the semiconductor, its interface to the dielectric, and the
nature of electrical contacts all affect the properties of the device under study, thus decoupling the
effects of, for example, the metal/organic contact from the transport through the semiconductor is a
difficult task. Thus the most common metrics for optimization of these devices remain to be the field
effect mobility (Us: and W), the threshold voltage (V;), the subthreshold slope (S;), the off current, and
on/off ratio.

Organic thin film transistors operate mostly in accumulation because of the large number of
trap states found in the band gap caused impurities, and defects in the semiconductors. However, these
transistors behave quite like ideal transistors, showing clear cut-off, linear, and saturation regimes, and
currents scaling with device width, length, and dielectric thickness. Thus devices can be modeled with

square law equations

w vV
Ip = pyinCins (Vo = Ve = 25) Vps (3

2
in the linear region and

w
Ip = Z.“satcins(VG - VT)Z (4)

in saturation. However, the threshold voltage is often a difficult value to extract exactly because of
non-ideal turn-on and turn-off behavior exhibited in semiconductors. It is thus easier to extract the

mobility by measuring the transconductance of the device:

Im = 3171:; = %ﬂlinCinsVDS or %.usatCins(VG —Vr) (5)

then extract the mobility directly as in the linear case, or combine with the current equation to remove
the V7 term as in the saturation case.

As can be seen in Figure 5.2 the mobility extracted using this method is gate dependent, and
average maximum value is reported. The increase in mobility with gate bias is well known, as increased
bias fills charge traps giving free carriers longer life-times between trapping events. The decrease in
mobility at very high gate bias is due to current injection limits at the contact. Thus reported mobilities
represent the interplay between intrinsic mobility, bias dependent mobility, and contact resistance.

Not all organic TFTs have great fits to square law equations. Effects such as Schottky barriers at
the contacts, and mid-gap trap states can significantly affect the turn on characteristics. In these cases
the actual circuit performance of a device may be worse than indicated by the square law model, as
most of the time non-idealities cause a reduction in current at low biases. Some of these effects will be
discussed in more detail throughout the chapter.
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Figure 5.2. Transfer and output characteristics (top), and measured transconductance and mobility vs. gate bias
for a pBTTT TFT made on Si0,. W=250 um L=10 um .

5.2 pBTTT and other modern polymer semiconductors

Thanks to many advances over the years, organic semiconductors have been shown to exhibit
electronic performance close to that of a-Si:H. However, one of the main challenges that have kept
organic electronics from obtaining widespread use is a lack of stability to oxygen, moisture, and light
exposure [2][3].

It is understood that electrochemical oxidation of organic semiconductors is a key component of
their instability to air and moisture. This oxidative process occurs readily in air due to the low amount of
energy required to withdraw an electron from the semiconductor and transfer it to an electron
withdrawing oxygen species. This electron withdrawal energy is directly correlated to the ionization
potential of the semiconductor, which in turn is equivalent to the HOMO level height. De Leeuw and co-
workers established that the HOMO level must be at least 4.9eV from the vacuum level so that the
oxidation process is unfavorable at room temperature [4]. However, synthesizing molecules that exhibit
this band alignment has been a challenge, which has only recently been met for both p-type [5] and n-
type materials [6].

The seminal work by McCulloch and Heeney, not only demonstrated that stability of organic
semiconductors can be achieved through careful synthesis, but also that electronic performance need
not be sacrificed [5]. Focused on the use of thiophene based polymers, the most studied class of p-type
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organic semiconductors of which poly(3-hexylthiophene) is the most well known, they synthesized a
group of thienothiophene/thiophene copolymers that resulted in an optimal semiconductor, poly(2,5-
bis(3-alkythiophen-2-yl)thieno[3,2-b]thiophene, also known as poly(bi-thienothiophene) or pBTTT .

The conjugation of poly(3-hexylthiophene) (Figure 5.3 a)), crystallinity imparted by its
regioregularity, and good n—m stacking give it good electron delocalization down the polymer chain, and
thus good electronic performance. However, this delocalization causes a rich electron density in the
material which in turn is a cause for its low ionization potential and environmental instability. A
disturbance in this electron delocalization can be made by removing the alkyl chains on the two middle
thiophene rings in P3HT, yielding poly(3,3""’-dialkyl-quaterthiophene) or PQT as shown in Figure 5.3 b).
The lack of alkyl chains give the middle thiophenes rotational freedom which affects the charge
delocalization, but increases the binding of electrons on those rings, reducing the ionization potential.
This material has reasonable ambient stability, but because of the disorder induced due to rotational
freedom, has mobilities of only 0.1-0.2 cm?/Vs in ideal conditions. McCulloch and Heeney found that in
the poly(bi-thienothiopehe) of Figure 5.3 c), the thieno[3,2-b]thiophene comonomer at the center of the
structure also reduces the electron delocalization of the backbone because electrons are better
stabilized in the fused ring, than the single thiophene units. Yet the thienothiophene unit promotes a
high level of crystallinity because of its rotational invariance, and linear symmetry [5][7].
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Figure 5.3. Polythiophene based polymer semiconductors. 1) regioregular poly(3-hexylthiophene), b) poly(3,3"”’-
dialkyl-quaterthiophene), c) poly(2,5-bis(3-alkythiophen-2-yl)thieno[3,2-b]thiophene (pBTTT), and an n-type
material d)  poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-
bithiophene)} (P(NDI20D-T2).

Perhaps one of the most interesting properties of this polymer is that because of the symmetry,
linearity, and rigidity of the backbone, it can form extremely large crystalline domains, only seen before
in small molecule systems. These crystalline domains span lengths of over 200 nm, equivalent to over
three 28kDa polymer chain lengths. The polymer itself forms an incredibly well packed lamellar
structure with good face-on-face n—n stacking. The lamella span the length of the molecule, with d-
spacings of 3.72 A, similar to those found in P3HT and PQT. AFM measurements confirm that the

97



crystals grow in a layered packing motif much like much smaller polymers would, with terrace steps of
2.2 nm, indicating that the polymer backbone lay in the plane of the film [8].

A reason why pBTTT shows such exceptional crystalline structure is that it forms an isotropic
liquid crystal when annealed above 160° C which directs the final crystal structure when cooled.
Differential scanning calorimetry shows two clear endotherms on heating and two exotherms on cooling
pBTTT films which are indicative of the LC phase transformation (Figure 5.4).
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Figure 5.4. Differential scanning calorimetry of pBTTT films indicating a clear liquid crystal transformation [9].

The performance of pBTTT films is thus clearly dependent on the annealing conditions. Films
not heated into a liquid crystalline phase will exhibit poor crystalline order, and low performance in
FETs. The formation of the liquid crystal not only has positive effects in the solid crystal formation, but
may also order to the inter-grain portions of the film, where carrier mobility can be limited.

Devices made with this pBTTT exhibit good ambient stability and high mobilities with averages
of 0.2 cm?/Vs. The mobility can be as high as 0.6 cm?/Vs with gold contacts [5], 1cm?/Vs with platinum
contacts [10], and up to 3.5cm?/Vs with polymer electrolyte dielectrics which can accumulate a massive
amount of charge [11].

Overall, the electronic performance of pBTTT is quite comparable to a:Si-H and though its
stability is still slightly lower, it is no longer a hindrance to industrial adoption. The combination of this
material with a high-performance n-type semiconductor such as the naphthalene-bis(dicarboximide)
(NDI)/thiophene based polymer, poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,59-(2,29-bithiophene)} (P(NDI2OD-T2) shown in Figure 5.3 d), can lead to a new era of
high-performance complimentary logic, based on organic thin film transistors. We thus focus on the
development and optimization of a gravure printed process for pBTTT based thin film transistors, hoping
that this technology can later be integrated into a full CMOS process.
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5.3 Model pBTTT TFTs on Silicon

5.3.1 Surface treatments and annealing conditions

As described, the performance of pBTTT is highly dependent on the poly-crystalline quality of
the film. In turn, the substrate onto which pBTTT is grown plays a large role in the ordering and growth
process of these films and must be optimized to obtain peak performance.

As an initial baseline, back gated test devices were fabricated on N++ silicon substrates with 100
nm of thermally grown oxide, and evaporated chrome/gold source and drain contacts (2.5 mm and
50nm thick, respectively). After evaporation and lift-off, the substrates were thoroughly cleaned by
ultrasonic agitation in acetone, then rinsed with isopropanol and dionized water, dried with an N, gun,
then subjected to UV ozone treatment for 10 minutes to remove any residual organic contaminants.
Two different monolayer coatings were then applied to some of the samples. Hexamethyldisilazane
(HMDS) was deposited via vapor in a vacuum oven, and octadecyltricholosilane (OTS) was deposited
from a solution of 10 puL OTS in 10mL of anhydrous heptanes. The OTS sample was soaked in the OTS
solution for 1hr, then rinsed with heptane, sonicated in a warm solution of heptane at 50° C for 15
minutes, and finally rinsed with DI water to remove any poly-siloxane aggregates which may have
formed [12].

pBTTT was prepared and deposited as prescribed by Merck [9]. The polymer was dissolved at
5mg/mL into 4 mL of dichlorobenzene (DCB) in a pre-cleaned glass vial. The solution as prepared was an
opaque heterogeneous mixture of polymer flakes and solvent. This was sonicated for 2hr at 64° C with
no appreciable change in the solution. The solution was then heated up as recommended to 100° C by
placing the sealed vial in a small dish with boiling water. The solution immediately turned bright orange,
with no visible particulates, indicating complete dissolution of the polymer. This warm solution was
then spun in air onto the prepared substrates at 3000 RPM for 45 seconds dispensing the solution
through a 1 um PTFE filter. The samples were then annealed at 120°, 140°, 150°, and 160° C in an N,
environment for 10 minutes then immediately removed to their sample cases and tested in an N, probe
station.

As can be seen in Figure 5.5, the performance of these devices is highly dependent on the choice
of semiconductor/dielectric interface and annealing temperature. The monolayer coated surfaces not
only exhibit higher mobilities and on/off ratios than the bare SiO, substrate, the effect of temperature is
reversed for bare SiO,. Kline, DeLongchamp, and co-workers attribute the lower performance of
hydrophilic surfaces such as SiO, to a higher crystal nucleation density, than that on hydrophobic
surfaces [13]. The higher temperature anneal may increase the nucleation rate in SiO, leading to even
smaller polycrystalline domains, while the higher temperature may provide better polymer mobility on
the monolayer-coated substrates, increasing grain size and reducing defects.
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Figure 5.5. Saturation mobility (left) and on/off ratio for pBTTT TFTs fabricated on HMDS coated, OTS coated,
and bare Si02, and annealed at various temperatures.

OTS monolayers provided the best substrate for pBTTT growth in this study, closely followed by
HMDS. It is important to note that the performance of these devices is exactly on par with those
reported in the literature, and the variability observed in this first experiment is some of the lowest
observed in our laboratory, a true testament to the reliability of this material.

5.3.1.1 Cooling experiment

The crystallinity of these films not only depends on the annealing time and temperature, but
also on the cooling rate of the sample. Once the polymer has gained sufficient heat to transition into a
liquid crystalline phase, the molecules begin to move and pack into their optimal face to face, m-stacking
configuration. The film is then cooled to freeze the molecules in this configuration. Merck suggests
that the films be simply “slowly” cooled to room temperature. We performed an experiment to
quantify the optimal cooling rate for devices.

Samples were prepared as before with the exception that the solution concentration was
reduced to 3mg/mL, and the solutions were spun onto their substrates in an N, purged glove box, and
then annealed. After the 10 minute anneal at 160° C the samples were either cooled by removing the
sample (a 2x2 cm silicon die) to its plastic case and allowed to cool, or by placing the sample on a bar of
copper which had been heated to the anneal temperature then cooled by placing its edges on two glass
dishes, or by leaving the sample on the hot plate, which was turned off. These constitute the fast,
medium, and slow cooling rates, respectively. The samples took approximately 2 minutes, 30 minutes,
and 2.5 hours to cool. After cooling TFTs were tested in an N, purged probe station.

Figure 5.6 shows the extracted mobilities for the above samples. The significance of the effect
of cool speed is studied by analysis of variance (ANOVA) and the results are plotted using the green
means diamonds. The height of these diamonds indicates the 95% confidence interval of each group,
while the line crossing the center of the diamond horizontally is the group mean. The smaller overlap
lines that cross the diamonds above and below the mean are used determine if two groups are
statistically significant at the 95% level. In both the HMDS coated and OTS coated samples the medium
cool speed provides significantly better mobility transistors. The difference in cooling speeds is more
pronounced in the OTS coated samples, and the difference between fast cooling and slow cooling is
insignificant for both coatings.
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Figure 5.6. Extracted mobility for pBTTT TFTs fabricated on SiO, with HMDS coatings (right) and OTS coatings
(left) as a function of cooling rate.

Considering the significance of the cooling rate on the performance of pBTTT devices, it is
appropriate to better quantify the cooling process. Because the samples are all allowed to cool in air,
and the thermal conductivity within the material is much higher than at the air interface a simple model
for the sample temperature vs. time can be obtained. This is formally known as the lumped heat
capacity heat transfer case, and the test for the applicability of this method is given by the Biot number
criteria as follows:

|4
@ <01 (6)
where h is the convection coefficient, k is the thermal conductivity of the solid, A is the surface area of
the solid, V is the volume of the solid. For the fast, medium, and slow cooling methods the Biot number
is 1.8e-5, 5.2e-5, and 6.5e-3, respectively.

The temperature of the solid as a function of time can then be described with reasonable

accuracy by the following formula:
hA

T = (T, — Tm)e'(ﬁ)t + T (7)

where T is the temperature of the solid at time t, Ty is the initial temperature of the solid, Tiy is the
temperature of the room, p is the density of the solid, C is the heat capacity of the solid, and t is the
cooling time.

The convection coefficient depends greatly on the temperature of the room, humidity, and air
speed. For standard conditions it can be expected to be close to 10 W/m? °C. Plugging in values for the
heat capacity of the silicon sample, the copper bar, and the hot plate the cooling profile for the three
cooling methods can be quickly calculated.

These results are in contradiction with the observation by Lucas that cooling rate has little to no
effect on the quality of the pBTTT films [14], though it is unclear what parameter space this claim was
made from. Here the cooling time, and decay coefficient varies by two orders of magnitude, and over
this range the dynamics of the cooling process could change dramatically.

Table 5.1. Material properties and cooling coefficients calculated for the three cooling methods provided to cool
annealed pBTTT samples.
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Sample | Material | Area Volume Density Heat Decay
(mA2) (mA3) (Kg/mA3) | Cap. Coeff.
(J/Kg C) | (1/sec)
Silicon | Silicon 0.00084 | 2E-07 2330 705
Die 0.025568
Copper | Copper | 0.0108 | 2.25E-05 | 8940 385
Bar 0.001395
Hot Stainless | 0.15 0.001563 | 8030 500
Convection Coefficient 10 W/mA2
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Figure 5.7. Temperature vs. time in semi-log (left) and linear (right) axes for annealed pBTTT samples. Samples
are cooled by allowing the silicon dies to cool in air (fast), by setting them on a copper bar (medium) and by
leaving them on the steel hot-plate (slow).

In studying the crystallinity of PEEK thermoplastic materials, Lee and coworkers found that rapid
cooling rates lead to lower crystallinity films because a large temperature gradient is created in the
cooling film, leading to stresses on the material that prevent it from obtaining maximum order [15].
According to that study, slower cooling rates increase crystallinity. This is also our observation, except
than in the case of these thin films a second phenomenon comes into play. For extremely thin films on
low energy substrates as found here, long annealing times can lead to dewetting of the thin film,
increasing grain boundaries and reducing overall performance. Very slow cooling rates have the same
effect as increasing the anneal time and thus result in films with lower performance.

5.3.2 Contact effects and PVP dielectrics in model pBTTT TFTs

The previous section established a baseline for pBTTT processing and performance, however,
this was done on monolayer coated SiO, using gold source and drain contacts to the semiconductor. For
a low cost printed TFT, however, these material systems are not ideal choices. Polymer dielectrics, as
described in Chapter 6, are a much more viable option because their combination of flexibility,
printability, and low cost. Gold inks, despite being widely available are extremely expensive, and thus
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would become a cost limiting component of any printed device. Silver, being almost ten times less
expensive, is a significantly better choice, and as a result is much better studied, and much more
available. For these reasons, and due to our experience with these materials, PVP was tested as a
dielectric and Cabot CCI-300 nanoparticle silver ink as a source and drain material.

A screening experiment was designed to simultaneously test the effects of the dielectric
interface, anneal temperature, contact metal, and spin ambient on device performance. Such an
experiment can simplify the optimization process and bring to light second order effects. The design
table is shown below:

Table 5.2. Factors and values chosen in a screening experiment for pBTTT transistors.

Factor Levels Value \
Dielectric 2 PVP, SiO,

Treatment 4 None, FOTS, HMDS, OTS
Anneal Temperature 3 130, 160, 170

Contact 2 Silver, Gold

Spin Ambient 2 Nitrogen, Air

A full factorial design would allow for a complete understanding of all interactions between
factors but would require the preparation and testing of 96 samples, not including repetitions. A
fractional factorial design was chosen instead, reducing the sample space to 16, and removing the ability
to distinguish third order interactions as well as some second order interaction.

SiO, samples were prepared as before. PVP coated samples were prepared by spin coating a
solution of PVP onto a N++ silicon wafer which had been dipped in a hydrofluoric acid solution, rinsed,
and dried prior to spinning to remove any native oxide. The PVP solution was prepared by mixing 1 g of
8,000 MW PVP into 15 mL of propylene glycol monomethyl ether acetate (PGMEA), and 200 pL of
poly(melamine co-formaldehyde) methylated cross-linking agent. Samples were spun at 1500 RPM for
45 seconds and annealed at 210° C for 10 minutes to cross-link the dielectric. Final film thickness was
200 nm.

HMDS, OTS, and FOTS (tridecafluoro-1,1,2,2-tetrahydro octyltrichlorosilane) coatings were
applied to both PVP and SiO, dielectrics. FOTS was chosen because a specialized molecular vapor
deposition system was available (AMST MVD100), which can reliably deposit high quality monolayers of
FOTS, thus eliminating polysiloxane issues caused by the solution deposition of OTS which can lead to
rough surfaces. Further the fluorinated alkyl chain of FOTS provides films with even lower surface
energies than OTS (27.31 vs. 12.47 ml/m?® [16]), providing better mobility for pBTTT during
crystallization. The trichlorosilane and siloxane group of OTS, FOTS, and HMDS can react with any
available hydroxyl groups on PVP just as they do with the hydroxyl groups on SiO, surfaces. Thus, PVP
and SiO, samples were coated in the same manner, except an ozone plasma cleaning step was
eliminated in the deposition of FOTS on PVP to avoid damaging the dielectric. The contact angle of de-
ionized water onto PVP, HMDS PVP, and FOTS PVP was 56.4°, 74.6°, and 17.2°, respectively. The low
contact angle of the FOTS treated sample was surprising, and could be indicative of a chemical reaction
of the FOTS with the de-ionized water in the PVP FOTS system. Further, ink-jet printed silver lines were
impossible to make on PVP samples with FOTS coatings as drops failed to sufficiently wet the substrate.
To account for this, silver contacts were printed before FOTS coating. Lines could be formed on HMDS,
and thus samples were made both with HMDS coated before contacts, and after (samples labeled HMDS
2nd).
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Figure 5.8. Saturation mobilities, on/off ratios, and linear mobilities for devices spun in air. In these graphs, the
dielectric for a given sample is SiO, and the anneal temperature is 160° C unless otherwise noted.

pBTTT was spun from a 5mg/mL solution in dichlorobenzene, in air or nitrogen as prescribed. To
keep the solution fully diluted, the syringe and 1 um filter were kept warm by placing them on a hot
plate at 100° C. Immediately after spinning, samples were annealed on a hot plate in N, ambient for 10
minutes and allowed to cool with a medium cooling rate on a copper bar. Samples were then tested in
an N, purged probe station. Transistor widths X lengths were 250um X 10um down to 250um X 2um for
gold contact devices, while they were 540um X 80um to 540um X 20um silver contact devices. No short
channel effects were observed for the shorter channel length devices; mobilities, on/off ratios, and sub-
threshold slopes also remained unchanged.
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Figure 5.9. Saturation mobilities, on/off ratios, and linear mobilities for devices spun in nitrogen. In these
graphs, the dielectric for a given sample is SiO, and the anneal temperature is 160° C unless otherwise noted.

Saturation mobility, linear mobility, and on/off ratios for these devices are arranged in two
different ways in the following figures. Figure 5.8 presents data for devices spun in air, Figure 5.9,
presents data for devices spun in nitrogen. This allows an easy comparison of the effects of dielectric,
surface treatment and contact. To better see the effects of spinning in nitrogen, Figure 5.10 and Figure
5.11 present data for devices with gold contacts and silver contacts separately.

One of the most notable findings in this study is that ink-jet printed silver contacts can provide
TFTs of equivalent performance to devices with gold contacts, despite a significant work-function
difference between the two metals, and the HOMO level of the semiconductor. No significant
difference in saturation mobility or on/off ratio can be found between silver and gold contact HMDS
oxide samples regardless if they were spun in air (Figure 5.8) or nitrogen (Figure 5.9). However, for
both spin conditions, silver contact samples provide significantly higher linear mobilities.
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Figure 5.10. Saturation mobilities and on/off ratios for devices with gold contacts (top) and printed silver

contacts (bottom). In these graphs, the dielectric for a given sample is SiO, and the anneal temperature is 160° C

unless otherwise noted.
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Figure 5.11. Linear mobilities and threshold voltages for devices printed with gold contacts (top) and silver
contacts (bottom). In these graphs, the dielectric for a given sample is SiO, and the anneal temperature is 160° C
unless otherwise noted.

Work-function differences would dictate that silver contacted devices would have significant
Schottky barriers between the source/drain contacts and the semiconductor, thus exhibiting a gate
dependent series resistance that would affect the saturation mobility, but most significantly, the linear
mobility. In fact, the exact opposite trend is observed. Devices, fabricated with silver contacts show
much smaller contact barriers than do gold contact devices. As seen in Figure 5.12, silver contact
devices show little or no concavity in the low field region of the output characteristic, while gold contact
devices do show concavity in this region indicative of a Schottky barrier at the contact.

The Schottky barrier observed for the gold contact devices is not an anomaly, and is observed on
most published devices. Hamadani and Gundlach have reported that in fact this contact resistance is a
limiting factor to performance for pBTTT devices [10], finding that using platinum with a work-function
of 5.3 eV, provided better HOMO alignment to pBTTT and thus lower contact resistance, than gold with
a work-function of 4.75 eV. The improved contact enabled devices with a s, of 1 V/cm?s. However,
silver has a work-function of 4.3 eV and should perform worse than gold.

The surprising result from silver has been recently described by Wu [17][18] and Kim [19]. Wu
and co-workers prepared silver nanoparticle inks using an organic hydrazine to convert silver
trifluoroacetate to oleic acid-stabilized silver nanoparticles [17]. In their study they found that the
contact angle of films printed from these nanoparticles exhibited a much higher contact angle with
water than did their thermal evaporated counterparts (112° vs. 54°) suggesting that perhaps a layer of
oleic acid remained on the film even after thermal treatment and multiple solvent washes. Moreover,
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they fabricated TFTs with three contacts materials — their oleic acid stabilized silver nanoparticles,
oleylamine-stabilized silver nanoparticles, and evaporated silver — and the polythiophene based
semiconductor PQT-12. As with our observations, they found that the oleic-acid stabilized nanoparticles
provided transistors with significantly lower contact barriers than either the oleylamine-stabilized, or
thermally evaporated silver films, concluding that the oleic acid stabilizer was acting as a molecular
doping to the semiconductor, creating an ohmic contact at the interface, despite a large metal work-
function to HOMO level mismatch (4.3eV to 5.2eV). In a later study, the same group reported similar
results for silver-salt based inks which again contained the oleic-aid stabilizer [18].
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Figure 5.12. Transfer (top) and output (bottom) characteristics for pBTTT transistors fabricated on HMDS oxide
with gold contacts (left) and silver contacts (right). p...=.12 and .06, on/off = 5e6 and 3e6, w;,=3.5e-3 and 3.7e-2
for gold and silver contact devices, respectively. Insets show good square law behavior for both devices, and
curves used to extract V; (-15 V for gold, -13 V for silver) and subthreshold slopes (0.76 V/dec for gold and 1.12
V/dec for silver).

Kim and co-workers found similar results to Wu’s and those presented here using a slightly
different material system. They used poly(vinyl pyrrolidone) stabilized silver nanoparticles to print silver
contacts for TFTs fabricated with dihexylquarterhiopene (DH4T) as a semiconductor. Using the
transmission line method, they measured contact resistances for devices made with nanoparticle
contacts, and evaporated contacts, and found a 5x decrease in contact resistance by nanoparticle lines
annealed at 200° C and above versus the evaporated silver electrodes.  Using x-ray photoemission
spectroscopy (XPS) and ultraviolet photoemission spectroscopy (UPS) they determined that the shift in
metal work-function was caused by chemisorbed poly(vinyl-pyrrolidone), which then decomposed to
leave behind a coordinate bonded oxygen that induced a large surface dipole, increasing the effective
work-function (Figure 5.13).

Another important finding from this screening experiment is that PVP can be optimized to yield
devices of comparable performance to those with SiO, dielectrics. However, as with SiO, PVP must be
treated with HMDS to yield adequate performance. Figure 5.8 and Figure 5.10 show that while devices
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prepared with pure PVP yield considerably lower mobilities, those coated with HMDS are comparable to
their SiO, counterparts.
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Figure 5.13. Metal work-function and DH4T HOMO level alignment for evaporated silver metal (left), poly(vinyl-
pyrrolidone) stabilized nanoparticle films annealed at 100°C (middle), and poly(vinyl-pyrrolidone) stabilized
nanoparticle films annealed at 200°C and above (right). The chemisorbed pyrrolidone group causes a small
incresae in metal work function to 4.27 eV due to an induced surface dipole, which increases to 4.72 eV when
the pyrrolidone decomposes and leaves behind coordinate bonded oxygen. Adapted from [19].

The performance improvement obtained by HMDS treating PVP is encouraging because to our
knowledge we have not found reports of pBTTT TFTs with PVP dielectrics. Noh and Sirringhaus [20]
reported on the use of cross-linked PVP and PMMA dielectrics for top gate polymer thin film transistors
using a combination of thiophene-based polymer semiconductors including F8T2, P3HT, and pBTTT, but
did not specifically report on the combination of PVP and pBTTT, presumably because of poor results.
Yet, Yamamoto and co-workers found an improvement in crystallinity of P3HT films drop cast onto
HMDS coated PVP as opposed to untreated PVP [21], showing better molecular ordering and larger grain
size by STM.

Interestingly, devices made with HMDS treatment after contact formation underperformed
those with HMDS coated before contact formation. This may be indicative of a reaction with HMDS and
the silver contact.

Additional observations can be made from the data. First, spin coating the semiconductor in air
provides significantly lower device performance than spinning in nitrogen. It is believed that oxygen
may be absorbed into the film during the spinning process and then reacted with the semiconductor
during the annealing process. This could also explain how mobility decreases with increasing anneal
temperature for samples spun in air as oxygen may react less with the semiconductor at lower
temperatures. Second, the threshold voltage for silver contact devices were on average larger than
those for gold contact devices as can be seen in Figure 5.11. This could be indicative of a larger
workfunction difference between the metal and semiconductor, or a degradation effect of reduced
injection from the contact.

5.3.3 Top gate vs. bottom gate devices

Top gate devices are investigated to probe the process flexibility of the PVP pBTTT system. Top
gate device structures present a few advantages over bottom gate device structures [3]: source/drain
spacing and thus channel length can be determined in the first step, allowing for greater process
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optimization for one of the most critical printing steps; the gate dielectric is deposited over the
semiconductor thin film, which tends to be smoother than printed metal lines; the gate dielectric
coating on the semiconductor provides encapsulation reducing the devices susceptibility to
environmental effects; and the top gate architecture enables an inverted staggered configuration, which
has been found to provide lower contact resistance.

However, the top gate structure also offers a series of drawbacks. The semiconductor is
deposited early in the process, which due to its sensitivity to thermal processing and contamination puts
added restrictions to the process flow. Similarly, the choice of dielectric and deposition method is
critical as solvents and materials must be chosen such that they will not interact with the semiconductor
and degrade its performance. Further, the semiconductor/dielectric interface is determined by the free
surface of the semiconductor which is often a rough, polycrystalline surface with large inter-grain
distances and of lower crystalline order than the bottom surface. Thus these devices tend to provide
lower overall mobilities. Nonetheless, it is clear that the possible advantages provided by a top gate
structure make its investigation worthwhile.
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Figure 5.14. Transfer characteristics and data table for a pBTTT device undergoing a top gate fabrication
process. Tests 1-4 correspond to the graphs clockwise from the top left. The bottom interface of the
semiconductor film has not been affected by the deposition of pBTTT and top gate device, as can be seen from
tests 1 and 2. The saturation mobility and on/off ratio are considerably lower for the top gate configurations of
the same device (test 3 and 4).

We fabricated bottom gate devices on HMDS SiO, with Cr/Au contacts as before. These devices
had pBTTT spun in nitrogen and were annealed at 160° C for 10 minutes. After cooling, devices were
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tested in an N, probe station, then coated with a solution of 1g PVP in 15 mL of hexanol with 200 pL of
melamine cross-linker at 2000 RPM for 30 seconds. Hexanol was chosen as a solvent because PVP inks
prepared in PGMEA solvent dewet the semiconductor. A sample with only half of its devices coated
with PVP and a sample without any PVP treatment were prepared as controls, and sent through the
same heating and printing process steps as the test sample. After coating with PVP, devices were
annealed at 210° C in N, for 10 minutes to cross-link the dielectric. Devices were again tested and no
noticeable loss of performance was found. Gate contacts were then ink-jet printed with Cabot CCI-300
nanoparticle ink in air, and annealed at 150° C for 20 minutes in N,. Again, bottom gate devices
remained unaltered (Figure 5.14). Finally, the top gate configuration was tested by removing contacts
to the silicon back-gate and probing the ink-jet printed top-gate.

Unfortunately, the top gate configuration exhibited low on current and low saturation
mobilities, despite having low leakage. The output characteristics for devices in the top gate
configuration show a very clean cut-off, and relatively straight linear region, indicating that the current
in this device is channel dominated (Figure 5.15). The bottom gate configuration, on the other hand
shows a considerably higher on current than the top gate configuration thanks to better mobility at that
semiconductor interface.

A number of explanations can be found for the large discrepancy in mobility between the top
gate and bottom gate configurations. As mentioned, the surface roughness of the top surface of the
semiconductor could definitely be a major factor in reducing the carrier mobility. Additionally, we have
demonstrated that pBTTT shows lower performance when interfaced with pure PVP dielectrics as is the
case with the top gate structure where it is not possible to HMDS treat the semiconductor/dielectric
interface. Further, this test has not completely ruled out deleterious effects of solvent interactions and
contamination of the semiconductor due to processing as those effects may have not diffused far
enough to damage the bottom interface of the semiconductor.
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Figure 5.15. Output characteristics for a pBTTT device tested in bottom gate configuration (left), and top gate
configuration (right).

Though this test has shown that top gated pBTTT devices fabricated with PVP as a dielectric are
inferior to their bottom gate counterparts, it has shown that bottom gate pBTTT devices can withstand a
high level of thermal processing, and can be successfully encapsulated by PVP without any appreciable
loss to performance.

5.3.4 Ink-jet printed pBTTT

The major benefit of most polymeric semiconductors over their small-molecule counterparts is
the ease with which they can be solubilized into a variety of organic solvents, and deposited via various
printing methods. The length of these polymers and their inherent disorder facilitate their solubility, but
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also hinder their thin-film crystallinity. Small-molecules generally offer much better crystallinity, but
their flat rigid structures make the molecules bind tightly to each other affecting their solubility. In
order to overcome this solubility/crystallinity trade-off, several small molecules have been developed
which have functional groups that sterically hinder the Van der Waals attractions between molecules so
they can be easily dissolved. These functional groups are designed to be easily removed from the
molecule by thermal decomposition, allowing the small-molecule to regain its tight-packing structure
once heated; or to be positioned in such a matter that they do not hinder crystallinity upon solvent
removal. pBTTT offers benefits of both small molecules and polymers, having the crystallinity only
previously seen in small-molecules, yet allowing for better solubility. However, in practical terms pBTTT
crystallizes so well that its solubility is considerably lower than most other polymer semiconductors and
thus requires heating of the solvent to nearly 100° C to be solubilized. Upon cooling of the solution, the
system forms a high viscosity gel which could potentially be printable, but contains a considerable
number of crystallites that are formed during the gelling process, and which would compromise the
overall uniformity of the film.

Currently no alternative to solvent heating has been demonstrated to allow the formulation of
pBTTT inks, so any printing technique employed must allow for the use of a heated ink. Fortunately, ink-
jet had been demonstrated to be a viable technique for printing hot inks. Most notably, it has been
used for printing molten solder [22] at temperatures up to 300° C.

Despite its low-throughput, inkjet demonstrates good potential for a deposition technique for
semiconductors. As a process it requires very small amounts of ink, and utilizes only as much ink as is
patterned, making it useful for development but also minimizing waste in fabrication. As it is a non-
contact method, it minimizes damage to bottom gate TFTs where the semiconductor is printed last.
Further if the problem of satellite droplets can be avoided, ink-jet leaves no residue in the non-
patterned areas, and with the use of multiple printing heads could deposit multiple materials in a single
pass. This would be ideal for CMOS circuits where different n-type and p-type semiconductor must be
deposited.

A custom heated ink-jet printed system was developed to allow for the deposition of pBTTT.
This system is comprised of a Microfab microjet piezo-electric printing system, a custom print-head
heating unit and heated ink reservoir and ink delivery. A pBTTT ink was prepared as for spinning, and
printed with an ink-jet head temperature of 100° C.

Printing proved to be difficult as solvent evaporation at the nozzle increased the viscosity of the
ink and clogged the head. In order to begin printing the printer nozzle had to be dipped in hot solvent to
re-dissolve the polymer and re-establish jetting. As long as jetting was enabled, replenishing the nozzle
with fresh ink, clogging could be avoided. However, this lead to reliability problems when print patterns
required long periods of printer motion without jetting.

Test devices were made using PVP on Si, and printed silver contacts. Because of the inability to
reliably ink-jet print the material, thickness control was poor, and resulting devices exhibited extremely
low mobilities, and a very large V1 (-35 V) despite having a dielectric thickness of only 200 nm.
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Figure 5.16. Transfer and output characteristics for a test TFT with PVP dielectric, ink-jet printed silver contacts,
and ink-jet printed pBTTT. W=550 um, L=28 um, tp,p=200nm, p,,;=1.2e-4 cm?/Vs, on/off=5e3, Win=7.5e-6 cm?/Vs,
Vi=-35V, V,,=-28 V.

Aside from the poor thickness control obtained in the ink-jet printing process, a few other
factors undermined the performance of these devices. Printing was done in air, which due to the large
surface area to volume ratio of the printed droplets could have resulted in a large amount of oxygen and
moisture incorporated into the film. Further, the PVP in this experiment was not treated with HMDS
limiting the performance of the semiconductor.

With some technological improvements such as a heated solvent reservoir where the ink-jet
head could be programmed to rest, and a nitrogen printing environment, it could be possible to improve
the printability of pBTTT solutions, obtaining more uniform films and better performance.

5.4 Fully Printed Devices

With optimal process parameters for annealing and crystallizing pBTTT films established, and
tests made with PVP as a dielectric and printed nanoparticle silver as contacts, it has been shown that a
printable material system can be used to fabricate high performance organic thin film transistors. These
findings, along with the work presented in Chapter 5 on gravure printing thin, smooth, high-resolution
metal lines, and the work presented in Chapter 6 on gravure printing thin film capacitors with PVP were
used as a baseline to develop a process for gravure printed pBTTT thin film transistors.

Yet to be demonstrated is a method for printing the pBTTT semiconductor that can provide
comparable performance to spin coated films and any specific process steps required for integrating the
established process modules. This is presented below.

5.4.1 Gravure printed pBTTT

In an effort to overcome the challenges to printing pBTTT with ink-jet printing, the use of
gravure as a deposition method was considered. Gravure rolls and doctor blades are metallic and thus
impervious to organic solvents regardless of their temperatures, further they can be heated [23] to
maintain a pBTTT ink dissolved and at a consistent viscosity. In a manufacturing environment the
printing station could be purged in nitrogen and the ink delivery could be either a warm bath with the
ink at its ideal temperature or an extrusion coater type device which would minimize solvent
evaporation.

In the laboratory, the gravure roll is heated prior to printing in an oven. Because of its high
thermal mass, the roll can easily maintain its temperature to complete a print; ink is delivered to the nip
from a heated syringe as for spinning. An electromechanically engraved gravure roll with 16 patterns,
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each having different screens and well depths (as detailed in Table 5.3) was used to test the uniformity
and thickness of the printed material.

Table 5.3. Cell parameters for IGT 402.100 electromechanically engraved gravure roll used in pBTTT print test.

Screen Cell Depth (um)

Pitch Cell Volume (ml/m?) or Max film thickness (um)

70 l/em 5 10 15 20 25 30 35 40
A .5 1.0 1.7 2.8 4.1 6.6 8.8

40 l/em 45 50 55 60 65 70 75 80
6.1 8.0 10 13.1 15.6 19.3 20.7 23.3

The optimal film thickness for pBTTT is known to be between 30 and 60 nm. To design a print
experiment around these values the estimated volume of ink per unit area, or equivalently film
thickness, deposited from the patterns in the table is used as a reference to set the concentration of the
inks tested. Using half of the cell volume as a rule of thumb for estimating the amount of ink deposited
from each engraving, an optimal ink dilution is determined. For example, the 20 um deep well prints a
maximum film thickness of 1.7 um, if all the ink was deposited. Half of that ink would be 0.85 um. If a
film of 45 nm thickness should remain after printing, the ink dilution should be 45 nm / 850 nm, or 5.3%
by volume. This volume concentration is equivalent to 50 mg of pBTTT per mL of solvent, which is above
the maximum solubility of the material (20mg/mL). Thus study only prints on the 40 I/cm screen
patterns were studied. Inks with 5 different concentrations were prepared and printed. Table 5.4
provides the expected film thicknesses from these solutions.

Table 5.4. pBTTT ink concentrations and estimated film thicknesses for prints made from an IGT 402.100 gravure
roll with a 40 I/cm screen and indicated well sizes.

pBTTT Concentration Roll Location (402.100) 1 2 3 4 5 6 7 8
(mg/mL) (mg/mg) % Vol. Wellsizes (mL/m~2): R40 6.1 8 10 13.1 15.6 19.3 20.7 23.3
5 3.846154 0.5 Thickness (nm): 30.5 40 50 65.5 78 96.5 103.5 116.5
3 2.307692 0.3 18.3 24 30 39.3 46.8 579 62.1 69.9
2 1.538462 0.2 12.2 16 20 26.2 31.2 38.6 41.4 46.6
1 0.769231 0.1 6.1 8 10 13.1 15.6 19.3 20.7 23.3

pBTTT prints were made on planarized Q65A PEN samples with 4 minutes of UV ozone
treatment to improve wetting of the pBTTT film. Prints were then made for each dilution of pBTTT,
using the same print speeds, and pressures as used for metal lines and dielectrics. After printing, the
substrates were dried in an oven at 100° C in air, while the gravure roll was cleaned, first in a solution of
hot dichlorobenzene, then in acetone, isopropanol, and soap water using ultrasonic agitation, followed
by rinsing in DI water, and drying with an N, gun.

The prints were visually inspected to determine which patterns produced the most uniform
films, and which concentration provided the most adequate thickness. The optimal
pattern/concentration was determined by looking for the best uniformity and comparing the color of
the film to a test sample with spin coated pBTTT with approximately a 50 nm thickness. Ideally these
measurements would be quantified, extracting the exact film thickness and variance for each print
condition. This would be particularly well suited for spectroscopic reflectometry or ellipsometry.
However, exact values for the optical indices (n’ and k’) of both pBTTT and planarized PEN substrates
have not been established. Nonetheless the eye is incredibly capable of comparing color and
establishing film thickness, a practice commonly performed with SiO, on silicon [24].
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Figure 5.17. Apparent film thickness variation (top) and equivalent gravure cell spacing (bottom) for gravure
printed pBTTT films. Large cells (a) merge in the vertical print direction causing band-like thickness variation.
Small cells (c) are too far apart to allow ink to uniformly spread. An ideal cell spacing (b) allows for fluid flow to
form uniform films.

Patterns printed with a high print volume (21 or 23 ml/m?) presented an oscillatory thickness
perpendicular to the print direction but good uniformity in the print direction (Figure 5.17 (a)). Patterns
printed with a low print volume (6 and 8 ml/m?) had an incomplete film as wells were spaced too far
apart for the deposited ink to spread and merge. Patterns with a slightly higher print volume (10 ml/m?)
were continuous films, but exhibited a similar color oscillation as the dithered patterns (Figure 5.17 (c)),
while a few print volumes (13 and 15.6 ml/m?) yielded optically uniform films (Figure 5.17 (b)). Best
results were found using a pBTTT concentration of 3mg/mL of pBTTT in DCB and a 13.1 mL/m?” pattern.

At this point the printability of pBTTT with gravure has been established and print parameters
optimized to yield thin, uniform films. Ideally, these films would be tested on a silicon test structure to
confirm the semiconducting quality of the film independently from other print factors, but as discussed
in Chapter 1, direct gravure is not amenable to printing on hard substrates; fully printed structures a
thus fabricated.

5.4.2 Afully printed TFT process

Having established process modules for thin gravure-printed metal lines suitable for both gates
and contacts, a gravure printed capacitor with sufficient capacitance to be used as a gate stack for a TFT,
ink-jet printed contacts, and a gravure printed semiconductor, both a bottom gate and top gate
(staggered) process were designed for the fabrication of all-printed TFTs.

The process flow is demonstrated in Figure 5.18 for both bottom gate devices (left) and top gate
devices (right). Top gate transistors were printed despite having shown poor performance in our model
devices because of their facile preparation and to rule out any unforeseen interactions from the printed
process.

5.4.2.1 Bottom gate transistors
In the bottom gate process (Figure 5.18 (left)), the gate and dielectric were printed as shown in
Chapter 5 and 6. The gates were printed using Inktec PR-010, on planarized Q65FA PEN substrates,
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which had been cleaned using an N, gun, and treated with UV Ozone for 5 minutes. The printed lines
were made with patterns composed of 30 um wide gravure cells with ~¥32 um spacing such that the
wells almost touched. After printing, the lines were annealed in an oven at 150° C for 15 minutes. Line
widths were 20-21 um with a thickness of 70 nm, and a dome shaped profile giving a low roughness of
5.8 nm RMS and 20 nm peak to peak.

UV Ozone PEN 3min

UV Ozone PEN 3min

¥ 4
Gravure print silver Gravure print silver S/D
4 ¥
Anneal 150°C 15 min Anneal 150°C 15 min
4 ¥
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‘ Gravure pBTTT
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Figure 5.18. Hybrid gravure/ink-jet process flow for bottom gate transistors (left) and top gate transistors

(right).
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The gate dielectric was printed using an IGT 402.100 roll which prints blocks of material with % the area
found on the 402.101 roll described Chapter 6, but offers a wider number of cell depths and thicknesses (as
shown in Table 5.3, Section 5.4.1). PVP was printed in three different concentrations. Capacitors were then
printed using ink-jet printed CCI-300 silver nanoparticle ink as a top electrode and film thickness was extracted
from capacitance measurements. These same capacitors were used to determine breakdown voltage.
Measured thickness and breakdown distributions are shown in

Table 5.5 and Figure 5.19.

Table 5.5. Printed dielectric thickness and breakdown field for gravure printed PVP dielectrics. The cell depth
used was 40 um on a 70l I/cm screen.

11 1.5 345 1.6

13 1.75 403 2.3

14,16 2.0 412 3.9
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Figure 5.19. Breakdown voltage distributions for gravure printed PVP capacitors sample numbers correspond to
those listed in

Table 5.5.

As can be seen, dielectric thicknesses were higher than comparable prints made with similar cell
patterns on the roll presented in Chapter 6.

The sample with the thinnest dielectric and thus highest capacitance (13 nF/cm?) was chosen to
fabricate source and drain contacts which were printed onto the PVP dielectric without any surface
modification. A unique printing process was developed to allow the contact lines to be ink-jet printed
close enough to each other to ensure overlap with the gate (< 20um line spacing), yet avoid shorting the
source and drain, which was a common problem found when ink-jet printing two straight rows of drops
in close proximity as seen in Figure 5.20.
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Figure 5.20. Two printed thin film transistors (left) with channel lengths ~15 um showing a risk of a source/drain
short failure due to the bulge on the left side of the ink-jet printed lines. The bulge in these lines is due to the
nature of line formation, as shown in the diagram (right).

The growth mechanism for the bulges is also presented in Figure 5.20. Drops merging at the
beginning of an ink-jet printed line will try to adopt the least energetic shape possible, a larger, circular
drop. As the line begins to get drawn out, ink deposited at the end of the line will flow towards the
initial drop due to a pressure differential between the small deposited drop, the line, and the larger drop
or bulge that was initially formed and is now growing. Eventually the pressure between the bulge and
the line is equilibrated in part due to the increased size of the bulge, and in part due to the flow
resistance of the long line, and the bulge ceases to grow [25].
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Figure 5.21. Optical micrograph of a pBTTT TFT with ink-jet printed contacts employing fluid guiding to allow for
a 15 um channel length (left). Diagram of the fluid guiding process flow (right). Guide drops printed above and
below contact lines, direct fluid flow away from the channel during the initial process of line formation.

The bulge is thus a natural result of steady state line formation, which can be minimized using a
few approaches. Larger drop spacings could be employed at the beginning of the line to minimize the
amount of fluid supplied to the growing bulge. Otherwise, a higher print speed could be utilized such
that the line grows faster than the fluid can flow back to the bulge. However, due to the drop spacing
and speed restrictions of the Dimatix DMP printer these strategies are difficult to implement. Instead, a
novel “fluid guiding” approach was implemented where guiding drops are placed at the beginning of the
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line such that the fluid that forms a bulge early in the print process is guided away from the channel
(Figure 5.21).

Using this fluid guiding technique, contacts are printed over the gate stack. The leakage of these
structures was tested before printing the semiconductor as shown in Figure 5.22. The overall leakage
was low, providing 10° A/cm? at 1 MV/cm fields.
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Figure 5.22. Leakage measurement for a printed TFT structure prior to pBTTT deposition. Estimated gate to
source/drain overlap area is 775 um x 4 um and dielectric thickness is 345 nm.

After printing contacts, the sample was once again annealed at 150° C for 15 minutes. pBTTT
was gravure printed over these samples as described above. An IGT 402.100 roll was heated to 70° Cin
an oven prior to printing, and prints were made using a 3mg/mL solution of pBTTT in DCB, which was
deposited on the nip through a 1 um PTFE filter from a heated syringe. Samples were then annealed in
N, at 170° C for 10 minutes and allowed to cool before being tested in an N, probe station.

As printed, the devices exhibited reasonable saturation mobilities of 0.06 cm?/Vs but very high
off currents and thus a very low on/off ratios of 10% to 10%. Transfer and output characteristics for a
prototypical device are presented in Figure 5.23. The large off current was primarily due to leakage
through the gate during probing. Because these devices had pBTTT printed over a large area, the probe
tip came into contact with the semiconductor as it was pushed through the dielectric to contact the
gate. A common method to avoid this leakage path is to scratch the semiconductor with a razor blade
or probe tip such that isolation can be provided.
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Figure 5.23. ID-VG and ID-VD graphs for an all printed organic TFT using a gravure printed gate, dielectric, and
semiconductor, and ink-jet printed S/D contacts. W=770um L=18um, Cox=13nF/cm’ Usar=6.2e-2, On/Off=2.0e2.

Gate_ Probe

Figure 5.24. Schematic of a printed transistor structure. Three transistors share the same gate line. To provide
isolation between the gate contact that the channel, the semiconductor is scratched using a probe tip as shown
in the diagram.

Such isolation was provided as shown in Figure 5.24. Devices tested in this manner had a
dramatic improvement in off current yielding devices with on/off ratios as good as 1e6. Despite being
tested 3 weeks after initial fabrication, these devices gave reasonable mobilities of 1 to 2e-2 cm?/Vs, a
5x reduction in mobility from freshly fabricated devices (Figure 5.23). The onset voltage and threshold
voltage for these devices have had a positive shift from their initial state, which could be an indication of
oxygen doping. Yet these are among the highest performing gravure printed TFTs to date, and as has
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been demonstrated through test devices, with better dielectric optimization, and improvements in
semiconductor deposition, a 10x increase in performance can easily be expected.
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Figure 5.25. a) Transfer characteristics, b) output characteristics, c) transfer characteristic on and \/E showing
square law behavior with a -4 V V;, and subthreshold slope of 9.5 V/dec. The transfer characteristic shows a low
gate current throughout the operation range, and provides a psar=1.5e-2 cm2/Vs, on/off of 3.7e5, pn=2.6e-2
cm’/Vs. d) Shows an optical micrograph of the device (center), W=754 um and L=18 pm.

5.4.2.2 Top gate transistors

A top gate device structure was also investigated. In the process flow for this device, shown on
the right of Figure 5.18, gravure is utilized to define the source and drain. These contacts are printed
first, using PR-010 and are printed in the same manner as gate contacts for bottom gate devices. A key
advantage to printing S/D contacts with gravure is that the spacing between the lines is determined on
the roll, and can be accurately controlled during the print process because of the contact nature of the
print technique.

However a key disadvantage is that the non-image areas of a gravure roll remain coated with
residual ink as ink removal by the doctor blade is never perfect. This residual ink, or scum, transfers to
the substrate and can contaminate key surfaces such as the channel found between source and drain
(Figure 5.26). This residual ink can cause chemical contamination of the semiconductor, and increase
the roughness of the surface onto which the semiconductor is to be deposited. It is well known that the
crystallinity and performance of organic semiconductors is very sensitive to the roughness of the surface
onto which they are deposited [26][27], and thus any residual material on these surfaces is of real
concern.
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Figure 5.26. An optical micrograph of a series of capacitor structures, showing a considerable amount of
residual ink, or scum between the gravure printed bottom electrodes which are directed from top-left to
bottom-right of the image.

After gravure printing the S/D contacts with Inktec PR-010 and annealing at 150° C for 15
minutes, pBTTT was gravure printed as before and annealed for 10 minutes at 180° C, then allowed to
cool. PVP was gravure printed over the pBTTT coated samples using hexanol as a solvent instead of
PGMEA then the samples were annealed at 220° C for 5 minutes. The gate electrode was ink-jet printed
using Cabot CCI-300 nanoparticle ink and annealed at 150° C for 20 minutes before testing in an N, glove
box.

The electrical characteristics of these devices, shown in Figure 5.27, exhibit very high off
currents, and low on currents. The off-state leakage was determined not to be caused by gate leakage,
but by S/D leakage caused by a poor semiconductor, which may in turn, be caused by rough surface
onto which it was deposited, or by chemical doping or contamination from the residual ink in the
channel. Considering that the channel for this device is formed on the roughest surface of the
semiconductor, the saturation mobility is comparable to that observed on bottom gate devices.
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Figure 5.27. Transfer and output characteristics for top gate, gravure printed TFTs. W=854um, L=21um,
Uee=6.8e-3, On/Off=17.5.

Removal of the scum deposited during gravure printing of the contacts is thus imperative to
improving the performance of these devices. Because the residual scum is only a small fraction of the
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total deposited material, a simple wet etch process could be developed that could remove the scum
without causing significant removal of the patterned lines. Further device improvement is encouraged
by the lower operating voltage, and low gate leakage obtained thanks to a thinner dielectric (280 nm).

5.4.2.3 Semiconductor comparison

To compare the performance of the gravure printed semiconductor, samples with pBTTT spin-
coated onto gravure and ink-jet printed contacts and dielectrics were made alongside bottom gate, all-
printed devices.

The performance of these devices was measured to be quite comparable to the all printed
devices, yielding psar=1.5e-2 cm?/Vs, on/off of 2.1e6, p=1e-3, V1=-28 V, V,,=-1.7 V, and a subthreshold
slope, S=3 V/dec . The significant difference was in subthreshold slope and may be indicative of a much
lower trap state density which allows for faster control of the channel carrier concentration.

1.E-04 -7.E-06
—\/G=0V
1.E-05 1 -6.E-06 A
1.E-06 1 -5.E-06
1.E-07 1
= 4E-06
21.E-08 { =
—1 E.00 3.E-06 A
= *VD=-5V
1.E-10 | & ~2.E-06 1
: o =\D=-42.5V
. o -1.E-06 A
1.E-11 1_ . VD=80V
1E12 Do . 0.E+00 r r r
0 -20 -40 -60 -80 0.00 -20.00 -40.00 -60.00 -80.00
VG [V] Vo[V]

Figure 5.28. Transfer and output characteristics for gravure printed transistors with spin coated pBTTT
semiconductor. W=727 um, L=27 um, psar=1.5e-2 cmz/Vs, on/off of 2.1e6, y,n=1e-3, V;=-28 V, V,,=-1.7 V, and
S=3 V/dec.

Atomic force microscopy was used to study the crystallinity of the semiconductor films
deposited in this chapter. As can be seen in Figure 5.29, the most crystalline films are afforded by spin
coating pBTTT onto HMDS coated SiO,. Films spun onto printed PVP gate stacks were slightly less
crystalline than those spun onto spin-coated PVP on silicon. Printed pBTTT films were considerably
rougher than other deposited films, perhaps because they were thicker films, yet produced large
dendritic grain growth. Fortunately, the high roughness of the printed pBTTT leaves much room for
improvement of top-gate transistors.

Clearly, printed devices can benefit from a more ordered semiconductor film. Optimization of
deposition conditions, and perhaps dielectric interface could yield large performance gains for these
devices, increasing their mobilities from low to mid 10%cm?/Vs as observed in printed devices, to
mobilities closer to 0.2 cm?/Vs, as observed on the test devices. Yet the printed devices are an
encouraging sign of the feasibility of using gravure in combination with ink-jet to provide high-
performance organic thin film transistors.
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Figure 5.29. Crystallinty of pBTTT studied by atomic force microscopy for pBTTT spun onto A) HMDS coated
Si02, B) PVP coated N+ Si, C) a Ag/PVP printed gate stack, and printed pBTTT on D) a Ag/PVP printed gate stack.
All images are scaled to a 30nm height as shown.

5.5 frand performance

The DC characterization of printed pBTTT TFTs presented in Section 5.3 and 5.4 is essential to
understanding the materials properties and electronic behavior of the devices. Performance
parameters extracted from DC characterization are used to model how a device will operate in a real
circuit. However, most transistors operate, not in DC, but in AC for analog circuits, or near AC for digital
circuits under high utilization, and thus DC characterization alone does not provide sufficient
information about how a transistor will operate under these conditions. At high frequencies,
capacitances dominate a transistors performance, shorting the signal from the gate to channel due to
overlap capacitance, decreasing the gain of a transistor in an analog circuit; and ever increasing drive
current required to charge capacitive loads, limiting the rise and fall times of digital signals.

For organic thin film transistors, the operating speed of the device can also be limited by charge
injection from the source/drain contacts into the channel [28][29][30]. In this case injection is limited by
trapping and de-trapping rates at the metal/semiconductor interface, which can be difficult to measure
directly.
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A direct form of assessing the AC performance of a transistor is through the measurement of its
transition frequency, fr. The transition frequency is defined as the frequency at which an unloaded
transistor exhibits unity current gain. This measurement is particularly useful for analog circuitry where
fr gives a clear bound on the maximum frequency an analog circuit can be expected to provide
amplification.

In high performance transistors, the transition frequency is measured using high frequency test
structures with load matched transmission lines connecting the contacts of the device. A network
analyzer is then used to extract the scattering parameters from the device and these results are fitted to
a small signal model to obtain f; [31][32]. For OTFTs, operating frequencies are much lower and
microwave techniques can be avoided. Instead, a direct measurement of f; can be made by the circuit
shown below. The transistor is operated at its standard DC bias point (saturation), a small signal current
is applied to the gate, and the corresponding output current is measured at the drain of the device.

Voo Fin G Cﬂd D
i 1
0 0
/> 6\3 Vin Cgs C\D gmvgs fo % C0
iin
e
([~ ) , S
A) | lout
$ Py L T
Vv - -

Figure 5.30. Schematic of a f measurement setup with a PMOS transistor (left), and equivalent small signal
model (right). An ideal ammeter will behave as a short in small signal (far right).

In an ideal case, the ammeter at the drain behaves as a short in small signal and thus the output
resistance of the transistor and any output capacitance are shorted. Ignoring r;, which should be
negligible for a good source, v;;, = vy, and the input current can then be expressed as
lin = jw(cgs + ng)vgs (8)
the output current is
o = ImVys (9)
by substituting v, from equation i;;, = jw(CgS + ng)vgs (8), the current gain is given as

lo gm
lin ]w(cgs+cgd) (10)

Which, when l‘—n = 1 gives f;
gm
fr= 21(Cgs+Cga) (11)

In practice it is difficult to find an ammeter which can measure currents as low as those present
in an OTFT at AC frequencies without significantly loading the transistor with parasitic capacitance and
resistance. To measure the transition frequency a small load must be placed in series with the drain such
that req<<r, yet allow a high impedance probe to accurately measure a voltage drop across the load
such that the output current can be measured
i, = =2 (12).

Ttest

To test the printed devices presented above, a Burr Brown OPA602BP, operational amplifier
with a high impedance input (10"Q||3pF) was wired as a unity gain amplifier and used as a high
impedance probe to measure the voltage drop across the 1.2MQ test resistor (the output resistance for
the measurement devices was measured to be ~8e7Q). An Agilent 100V DC power supply was utilized
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to bias the source and drain to Vs=60V, V,=0V. A function generator was used to bias the gate at Vg=-
4V, and supply a 2V peak-to-peak sinusoidal signal to the gate. The frequency of the input signal was
swept while measuring the output voltage at the amplifiers output. This data was then used to calculate
i,y as described below.
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Figure 5.31. Schematic of experimental setup (top) for f; extraction and equivalent small signal circuit (bottom).

Before the measurement, the input capacitance of the transistor was determined by using the
measured dielectric capacitance (determined from capacitor measurements with an HP4285 LCR meter),
the size of the transistor, and the overlap area of the source and drain contacts (determined using
optical microscopy) such that

Cos + Cga = CinsW (3L + Ls,, ) + ConsW iy, (13)

where Ci, is the dielectric capacitance per unit area in F/cm? W and L are the transistor width and
length, respectively, and Lso, and Lpo, are the overlap lengths for the source and drain contacts. The
channel capacitance is assumed to be 2/3 of the channel length in saturation as is common practice.
Assuming that the overlap lengths are the same for both source and drain, and expressing these lengths
as a percentage, ¢, of the channel length, the input capacitance can be written as

2
Cos + Cga = ConsW (3L +200L) (14).
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An updated model of the measurement set-up is described in Figure 5.31. Because of the test

load and loading of the operational amplifier, i, is not accurately represented by equation i, = rv—"
test

(12). For f7, the current of interest is that flowing through the current source (gnVvgs) in the small
signal model. This current is defined as
: Vo Vo Vo . . 1
oyt =—+—+—=+jov,C,, — jov,C (1+ ) 15
out To Ttest Top J o~op J o~gd gm(ro||7'test||rop||cop) ( )
and i;, is now defined as

iin = jwvin(cgs) +jwvincgd (1 + gm(rollrtest”TopllCop)) (16)-
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Figure 5.32. Input and ouput current vs. frequency for an all printed pBTTT transistor. f;is measured at the
intersection of the two curves, indicating unity current gain. Data is for transistor presented in Figure 5.25.

With these equations and the measured output voltage, the small signal output current (i,,;) and
the input current (i;,) can be plotted to determine the f;of the device. Data for an all printed pBTTT TFT
is presented in Figure 5.32, showing a transition frequency of 18kHz. This is an excellent result and a
clear improvement over all ink-jet printed pentacene TFTs demonstrated in our lab, which exhibited a
transition frequency of only 477 Hz despite having similar field effect mobility as the device presented.

To better understand the source of this performance, equation fr = ﬁ (11)
gsTlgd

can be expanded to reflect the influence of device parameters by substituting g, with
w

Im = HCins— (Vg5 — Vr) (17)

giving

w w
fr = KCinsT Ves=Vr)  UCinsT Ves—VT)  u(Vgs—Vr)
T — - - 2
(Cgs+Cga) (cinsw(§L+2<pL)) JL2+20L2
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For the device presented here, a transition frequency of 27kHz was calculated with equation f; =
HCins‘i—V Ves=Vr) MCins‘i—V Ves=VT) _ u(Ves—Vr)

(Cgs+Cga) (cinsw(§L+2<pL)) T Az42q12
measured value.

It is evident that though clear improvements to f; can be obtained through improvements in
field effect mobility, the operation of the device is even more sensitive to its channel length. Herein lays
the success of the presented devices. Gravure printed features were scaled down to 20 um providing
devices with channel lengths of 18um which are a significant improvement over our inkjet printed
devices, where despite having a small channel length of 11 um, had an overlap length on the order of 70
um. Further, a 10x improvement in mobility can be expected after some dielectric and semiconductor
optimization, as has been demonstrated in test devices, leading to devices operating near 200kHz. If the
channel length can be further reduced to 10um, a transition frequency of 900kHz can be expected. We
have already measured devices with a 32kHz transition frequency using spin-coated pBTTT on the same
printed gate-stack, showing the promise of improved performance.

This data is very encouraging as digital circuits can as a rule of thumb, operate at speeds up to %
fr, and conservatively, 1/10" the transition frequency. As of now, the best results have been obtained
by Huebler [33], where 100 um channel lengths and mobilities of 1.3e-3 cm?/Vs, yield ring oscillators
with 3Hz operating frequencies; and Cho[34] where 200 um channel lengths and good mobilities of up
to 2 cm?/Vs provide ring oscillators with only 150 Hz operating frequency. We can thus expect that the
operating frequency of digital circuits manufactured with these devices will be significantly better than
any other gravure, or roll-to-roll printed transistor to date.

(18), which is in good agreement with the

5.6 Conclusion

Through a combination of materials and process development, gravure / ink-jet printed organic
thin film transistors based on the poly(bi-thieno thiophene) pBTTT semiconductor were demonstrated.
These transistors take advantage of the gravure printing processes described in previous chapters for
depositing fine metal lines and uniform thin film dielectrics to give a reliable gate stack. They also take
advantage of the ability to use hexamethyldisilazane to passivate unreacted hydroxyl groups on the
poly-vinyl phenol dielectric, giving a good interface for pBTTT to crystallize; a chemical interaction at
metal semiconductor interfaces which gives nanoparticle based silver lines much lower contact
resistance to the semiconductor than expected; and a novel ink-jet printing process that can maintain a
close and uniform spacing between source and drain contacts to make the devices presented here some
of the best gravure printed thin film transistors to date. This is also the first time gravure has been used
to print pBTTT, which required a heated solution and gravure roll to maintain stability in solution.

Channel lengths of 18 um have allowed these transistors to operate at very reasonable
frequencies as transition frequencies of 18kHz and 32kHz were measured with fully printed devices and
devices with spin coated semiconductor, respectively. Significant improvements in operating frequency
can still be expected as there is room for a 10x improvement in semiconductor mobility for the printed
devices, which has been demonstrated on test devices. At the speeds reported, these transistors could
already be used for logic on RFID tags, or as pixel drivers for small displays and near term improvements
will make these transistors even more appealing for such applications.
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6 Outlook and Conclusions

This work has demonstrated that the gravure printing technique can be used for the fabrication
of electronic components such as metal lines, capacitors, and thin film transistors. The devices
presented here are comparable in performance to devices fabricated using more established methods
such as ink-jet printing and spin coating. The discoveries made here have not only brought to light the
potential of gravure printing as a manufacturing process for electronics, they have uncovered a wide
range of possibilities in materials, devices, and processes for printed electronics as will be discussed
here.

A challenge to making printed electronics a feasible industry that is often insufficiently
addressed is the ability to deposit patterned thin films with thickness uniformity, shape uniformity, and
roughness comparable to their vacuum deposited counterparts. Chapter 3 described the challenge in
finding an ink suitable for depositing thin metal lines that could be used as contacts to thin film devices
at plastic compatible temperatures. A wide variety of researchers and manufacturers have developed
nanoparticle based inks for this application. Though the rheological properties of these inks have
increased dramatically in the last few years, their colloidal stability can still be improved. Even inks
formulated with nanoparticles smaller than 10 nm deposit films with aggregated clusters of sizes larger
than 150 nm, which is often sufficient to cause a short failure in a thin film device. We demonstrated
that organometallic or metal-salt inks can provide a solution to this problem as these inks do not suffer
from aggregation effects. However, by their nature, these inks have relatively low metal content by
volume, and thus can cause film cracking when deposited in thin films. Further, mass loading is
becoming a limiting factor in the scalability of gravure printed features as discussed in Section 3.4 and
3.5. Organometallic lines printed from 30 um wells are 20 um wide and only 70 nm thick. Scaling these
lines much below 15 um will make film thicknesses less than 50 nm which can lead to reliability issues.
Nanoparticle based inks could resolve this issue as their mass loading can be significantly higher,
however their stability at these higher concentrations must be dramatically improved to maintain low
roughness films.

Another important part of achieving low roughness patterned films is carefully controlling the
behavior of the fluids during their deposition and drying. The fluid mechanics of the gravure printing
process are still widely unknown. Though Chapter 3 and 4 described in good detail the effects of
gravure cell size, shape, and spacing on the printability of inks, there is still much that can be done in
terms of understanding how inks fill the gravure cells and how they empty these cells during the printing
process. There has been some work on understanding the fluid flow in a gravure cell during printing,
and the effects of surface energies on the percentage of ink transferred from the cell to the substrate,
most of these studies utilize features that have been scaled up in size dramatically to enable direct
observation. By and large these studies give a good foundation on the phenomena at hand, but their
results diverge increasingly from reality as feature sizes are scaled well below 20 um where surface
effects and capillary forces become dominant. There is thus ample opportunity to build on the field of
printing and microfluidics in general by studying ink transfer from the gravure at a microscopic level.
This work would allow for better cell designs that would facilitate reliable ink transfer and smooth,
uniform lines. Still, the drying process must be better understood to balance the fluid and material
flows during the drying process to avoid coffee ring formation and variance in film thickness.

The limits to the resolution and registration capabilities of gravure have been largely
technological as demonstrated in Chapter 2. As with photolithography tools for microelectronics,
careful precision machine design must be implemented in the development of gravure printing presses.
With a sufficient investment gravure printers could have registration capabilities below 1 pm,
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comparable to photolithography tools for active matrix LCDs. However, a significant hindrance to
realizing these registration capabilities have been the plastic substrates utilized to give printed
electronics both its low cost and flexibility. Most of these substrates have glass transition temperatures
well below 200° C and suffer shrinkage in the 0.1 to 1% range for short thermal cycles to 150° C causing
them to have significant dimensional changes during their manufacturing process. Further the elasticity
of these materials is quite low, making the handling of these materials a challenge. Truly there is
incentive to using more mechanically stable substrates such as metal foils, though perhaps a better
solution may be to develop manufacturing processes that are self-assembled or self-aligned such that
registration requirements can be relaxed.

As discussed in Chapter 4, gravure may not be the most suitable printing process for every layer
in an electronic component. Two drawbacks prevent it from being a universally applicable tool. The
pressure applied by the gravure roll and specifically thin cell walls, can be exceedingly large on the
micro-scale. This pressure can cause embossing and structural damage of soft materials such as
polymers, and thus may make gravure unsuitable for printing over multilayered polymeric devices.
Second, the inability of the doctor blade to perfectly wipe the non-image area of the gravure roll will
dictate that residual material will always be deposited between gravure patterns. These residuals can
be detrimental to roughness and impurity sensitive semiconductors, and may prevent gravure from
creating patterns in layers that interface with such materials. As shown in Chapter 4 and 5, ink-jet can
be leveraged to overcome these problems as it is a non-contact method that can deposit material
exclusively where desired. Thus the development and understanding of multiple printing and deposition
processes is necessary to achieve the best results and thus technologies such as flexography,
lithography, xerography, and screen printing should not be discarded.

As shown in Chapter 5, the ability of gravure to produce fine-lines with low roughness and
smooth uniform thin films was a key component to making high performance organic thin film
transistors. However, the development of these devices required a much larger effort in optimizing the
interplay between printing processes, and material interfaces such as those between the semiconductor
and dielectric, and semiconductor and metal. As for the field of printed electronics in general, there is a
large opportunity for improving device performance, stability, and reliability by optimizing these
interfaces. Only until recently has the focus begun to shift away from purely optimizing the
semiconductor material for higher mobility, to optimizing the semiconductor interfaces to dielectrics
and metal contacts to improve device performance. Here, all-printed devices made with pBTTT as a
semiconductor exhibited field effect mobilities of 2x10 cm?/Vs, on/off ratios of 1x10°, and maximum
operating frequencies of 18 kHz. Yet improvements in semiconductor mobility and contact resistance as
demonstrated on test devices could yield printed devices with operating frequencies as high as 900 kHz,
making them suitable for a wide variety of applications including RFID tags, and flexible electronic
displays.

Clearly there is much opportunity in the field of printed electronics. This work has
demonstrated that gravure is a good patterning method and that it deserves careful consideration in
any manufacturing process for printed devices.
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