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Abstract

Templated Dry Printing of Conductive Metal Nanoparticles
by
David Alexander Rolfe
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley
Professor Albert P. Pisano, Chair

Printed electronics can lower the cost and increase the ubiquity of electrical components
such as batteries, sensors, and telemetry systems. Unfortunately, the advance of printed
electronics has been held back by the limited minimum resolution, aspect ratio, and feature
fidelity of present printing techniques such as gravure, screen printing and inkjet printing.
Templated dry printing offers a solution to these problems by patterning nanoparticle inks
into templates before drying.

This dissertation shows advancements in two varieties of templated dry nanoprinting.
The first, advective micromolding in vapor-permeable templates (AMPT) is a microfluidic
approach that uses evaporation-driven mold filling to create submicron features with a 1:1 as-
pect ratio. We will discuss submicron surface acoustic wave (SAW) resonators made through
this process, and the refinement process in the template manufacturing process necessary
to make these devices. We also present modeling techniques that can be applied to future
AMPT templates.

We conclude with a modified templated dry printing that improves throughput and iso-
lated feature patterning by transferring dry-templated features with laser ablation. This
method utilizes surface energy-defined templates to pattern features via doctor blade coat-
ing. Patterned and dried features can be transferred to a polymer substrate with an Nd:YAG
MOPA fiber laser, and printed features can be smaller than the laser beam width.
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Chapter 1

Introduction

This dissertation discusses improvements to templated patterning of metal nanoparticles.
Templated patterning is any method in which the shape and layout of nanoparticle features
are defined by a pre-fabricated template material. The following contributions were made
over the course of this research.

e Improvements were made to the evaporation-driven microfludic process that is referred
to in this dissertation as AMPT

— The process for fabricating AMPT templates was improved to create templates
with uniform heights

— A modeling approach was developed for AMPT to predict the likelihood of pre-
mature drying based on template geometry

— A surface acoustic wave resonator was designed, fabricated, and tested using the
AMPT process

e A novel method of laser-transferring surface energy patterned nanoparticle layouts,
called LIDART, was developed in order to improve the throughput and lessen pattern-
ing restrictions of AMPT.

This chapter discusses the motivation for this work and existing body of research on
templated metal patterning, and AMPT in particular, and concludes by describing the scope
and methods of the research in this dissertation

1.1 Motivation for Templated Patterning of Metal
Nanoparticles

Electronics manufacturing has gone through unfathomable transformations since the intro-
duction of the integrated circuit in 1958[1]. Advances in lithographic processing has brought
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the pitch size for processors and memory shrunk from 10 pgm in 1971 to 14nm today. As
effective as lithography is, it is best suited for high resolution patterning on rigid substrates.

The need for electronics outside of the sphere of traditional computing has been increas-
ing. Traditional lithographic processing is too expensive and cannot be used to fabricate
electronics on flexible substrates. New, ubiquitous sensors and transmitters require inexpen-
sive fabrication more than small feature size.

Estimates show a rapid increase in the market for flexible electronics, reaching $1 bil-
lion by 2020, as shown in Figure 1.1[2]. Notably, this projected growth comes not only
from increasing demand, but by cost reductions and performance improvements for printed
electronics. As the capabilities of printed electronics increase, so will the market in appli-
cations such as flexible displays, conformable lighting, flexible photovoltaics, smart sensors
and systems on foil.

Projected Printed and Flexible Electronics Market
$1,200

41,000
$800 o
$600 S

$a00 o

Market Value (In millions)

$200 < —

S0
2012 2013 2014 2015 2016 2017 2018 2013 2020 2021

Year

Figure 1.1: Expected market for printed and flexible electronics [2].

The current flexible and printed electronic market is especially limited by the resolution
and fidelity of printed components. Depending on the process, the minimum feature size for
a printed component can range from about 10 ym to over 100 pm|3]. When compared to the
15 nm pitch of modern lithographically-processed semiconductors, the present limitations of
modern printed electronics become clear.

This section describes the current landscape for printed electronics, primarily focused on
printed metal nanoparticles. In addition to a discussion of modern printed electronics meth-
ods, it describes previous work on the advective molding through vapor-permeable templates
(AMPT) process. AMPT, and the concept of dry-templating nanoparticle patterns, is the
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basis for the remainder of the work in this dissertation. This chapter concludes with an
outline of the dissertation.

1.2 Prior Work

This dissertation discusses new techniques for dry-templated conductive metal nanoparticle
structures. To provide more context for the need for nanoparticle printing, this section
discusses the current state-of-the art of metal patterning. The techniques presented here
have been chosen due to their prevalence in the industry, their applicability to the novel
methods discussed in later chapters, or both.

Metal Etching, Lift-off and Damascene Processing

The majority of metal patterns fabricated for modern electronics are not printed from
nanoparticles. Instead, they are deposited by either sputtering or evaporation. These pro-
cesses leave a mostly conformal metal film on a surface. Patterning these films requires
additional steps to define the desired metal pattern, and remove the unwanted parts. Three
processes will be discussed in this section: lift-off, metal etching and damascene processing.

Lift-off and metal etching are especially relevant as the current methods for making
surface acoustic wave (SAW) resonators as is discussed in Section 4.1.

Photolithography

Photolithography is the basis for all traditional microfabrication, including metal etching,
lift-off, and damascene processing. In these three metal deposition processes, the desired
pattern must be photolithographically defined on each substrate.

In photolithography, ultraviolet light is used to develop a photopolymer. The photopoly-
mer is a light-sensitive polymer that is spin-coated on a substrate. In the case of a positive
photoresist, exposure to ultraviolet light degrades the polymer, making it possible to wash
away the exposed resist with a solvent, known as a developer. In the case of a negative resist,
light cross-links the photopolymer, making it insoluble in developer.

In photolithography, UV light is blocked in select places by means of a mask, usually a
chrome pattern on a glass or quartz plate (shown in black in 1.2). The mask is either held in
contact with the photoresist surface, or slightly above it. For an optical lithography system,
the resolution of the pattern, R, can be calculated as[4]

A A
R_klNA_klnsinoz (1)
where A is the wavelength of the light source and NA is the numerical aperture, which is
a measure of the concentration of the light. In contact lithography, where the photomask is
placed directly over the photopolymer, the numerical aperture is 1, n is the refractive index

of the medium, and « is the angle that the light takes from the concentrating lens to the
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Figure 1.2: Process overview comparing the metal deposition process for lift-off, metal etch-
ing, and damascene processing, with AMPT for comparison. These printed metal processes
require many more steps than AMPT and other printed processes. AMPT will be discussed
in greater detail in Section 1.3. Minimum feature sizes range from 1um for lift off, to tens
of nanometers for Damascene processing.

wafer. The constant, k; is usually 0.61, but can depend on the ability of the resist chemistry,
topology and reflectivity of the wafer below the resist.

While photolithography is especially important for metal etching, lift off and damascene
processing, it is relevant to many components of this dissertation. It is the primary method
for producing the templates for both the AMPT and LIDART processes. Central to both of
these processes is that while a template must be defined by lithography, the template may
be used to make new patterns many times.

The ability to use a template many times also means that template may be created by
more time-intensive but higher-resolution means such as electron-beam lithography and/or
nanoimprint lithography.
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Metal Etching

Metal etching was the standard procedure for creating patterned horizontal metal inter-
connects in early computer fabrication. Metal etching is an appropriate approach for any
situation in which the metal can be etched without the concern of damage to the layer below
and without chemically damaging the metal itself with the enchant.

Wet etching technology is especially well suited to aluminum. Wet etched aluminum
features can be as small as 3 um in size and 8 pum pitch [5]. Beyond this point, process
control becomes extremely difficult. Wet etch processes are often limited by their inherent
isotropy, and etch bias can often play a role in lowering the fidelity of the patterned metal
shape. Plasma etching allows for much better resolution, but can damage surface chemistry
[4]. Aluminum can be etched in a fluorine plasma, but Cly etches aluminum isotropically.
Inhibitor gases such as CHCl3, CFCIl3 and CCly can be used to increase anisotropy.

Copper is much more difficult to etch than aluminum. It is less reactive in wet etches
and it does not create volatile byproducts when plasma etched. As the industry migrated
from aluminum interconnects to copper, it abandoned chemical metal etching, and switched
to damascene processing.

It is difficult to discuss an overall minimum feature size for metal etching. In reactive
ion etching with an inductively coupled plasma, it is possible to create features with critical
dimensions on the order of tens of nanometers [6], but this varies by metal and the permissive
level of contamination|[4].

Lift-off

Lift-off is a simple alternative to metal etching that can create reproducible, high-fidelity
structures without the risk of etch bias or chemical contamination [5]. A lift-off processed
metal pattern is created by patterning one or more layers of photoresist in the negative image
of the desired metal features. After the photoresist has been deposited and lithographically
patterned, metal is deposited by evaporation. The photoresist is then swollen or dissolved,
removing any metal deposited on the photoresist. The directionality of the evaporation
keeps the metal deposited on the substrate from making contact with the metal on the
resist. The high quality and repeatability of lift-off has made it a desirable process for
creating reproducible SAW resonators [7].

As the resolution of lift-off shrinks, several problems arise. The largest is retention, which
is when unwanted metal is not completely removed. This occurs when the resist is not fully
dissolved, or when too much metal bridges between the features and sacrificial area. Another
problem is ”ears”, which are made of excess metal sidewall sticking above the feature. The
practical limit for lift-off resolution is 1 um, below which, it becomes increasingly expensive
to pattern high-aspect ratio photoresist [8]. This limit is the basis of the investigation into
printed SAW resonators in 4.1.
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Damascene Processing

The semiconductor industry shifted from aluminum to copper, primarily for the higher inher-
ent conductivity of copper. However, because copper is difficult to etch, a new process had to
be developed to pattern it [9]. In Damascene processing (named after a similar technique for
making gold-inlayed jewelry), a trench is first etched into a substrate. Then, a thin, confor-
mal layer of SiOj is deposited to protect silicon from copper diffusion. A thick layer of copper
or other metal is deposited over this surface, filling in trenches completely and coating the
top of the wafer. Excess copper is then removed by means of chemical-mechanical polishing
(CMP), so that what remains are copper traces, encased in SiO,, sunken into trenches in the
substrate. The process is extremely high resolution, because it takes advantage of anisotropic
etching of ceramics. However, the process is more complex than lift-off and metal etching.

Metal Feature Construction Through Nanoparticle Deposition
and Sintering

The previously discussed methods of metal deposition by means of vacuum processes like
evaporation and sputtering which generate uniform thin films by depositing metal atoms at
a substrate surface [4].

Evaporation and sputtering have exemplary film uniformity, but they are expensive pro-
cesses, requiring time and expensive vacuum equipment. Furthermore, they waste metal by
coating the entire wafer and parts of the chamber in metal. In comparison, printed metal
nanoparticles can be deposited on only the areas of interest in an ambient atmosphere.

The major difficulty of metal printing is the transition from a liquid phase (for printing)
to a conductive solid sintered phase. Metal printing research in the 1980s and 1990s initially
focused on the printing of molten metals, but success was limited by the accelerated oxidation
of metal at high temperatures [10], and the difficulty of adhering molten metal structures
on substrates [11]. The difficulty of handling molten metal also increased the difficulty of
patterning. Other work in the field included printing metallo-organic inks that could be
decomposed into conductive metals [12] and solid metal powders that could later be sintered
[13]. These printing methods were eventually superseded by nanoparticle ink printing [14].

Nanoparticles are particles with a critical dimension in the nanometer range (definitions
vary between 100 nm and 1 pm). Nanoparticles have many useful properties for printed
electronics. They are small enough to be passed trough microfludic channels and nozzles, and
can be formed into high-resolution micro- or nano-scale features. Many types of nanoparticles
are also relatively inexpensive to produce and suspend in solvents.

At the nano-scale, a large portion of the atoms in the particle are located on the surface.
The energy associated with these surface-facing atoms is higher than the energy of an atom
embedded within the bulk lattice of a material. Nanoparticles have a tendency to melt
or sinter at lower temperatures than their respective bulk materials because the bulk state
is energetically favorable. The melting tendency of nanoparticles can be described by the
Gibbs-Thomson equation, and is given as
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(1.2)
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where T, is the melting temperature of the nanoparticles, T}, ~ is the melting temper-
ature of the bulk material, 7, and 7; are the surface energies of the solid and liquid phases
of the metal, respectively, p is the metal density, r, is the particle radius, and AH,,  is
the enthalpy of bulk phase transition [15]. From a practical perspective, the melting point
depression from the Gibbs-Thomson equation becomes relatively insignificant for particles
larger than 10 nm. However, the increased surface energy-to-volume ratio of nanoparticles
can still be used to create conductive traces through the process of sintering.

Figure 1.3: Grain boundary showing the dimensions discussed in Equation 1.3 and the two
mechanism of neck growth, js along the surface of the nanoparticles and j,b along the grain
boundary.

Sintering is a process by which a solid object is made from small particles held at elevated
temperatures or pressures. The particles become interconnected, creating a porous, but
interconnected structure. Because of their structure, and impurities inadvertantly introduced
during the sintering process, sintered components generally have lower strength, conductivity
and density than their bulk counterparts.
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Sintering is a gradual process that occurs below the melting point. Both gold and silver
can be readily sintered below 300°C [16]. Sintering is a process of material migration, as
the divide between two metal spheres is bridged by diffusing metal. The sintering of two
particles is shown in Figure 1.3. The flux during diffusion can be represented by the equation

2D l
| = —sinh| — —V 1.3
T R ( kT “) (13)

where D is the diffusion coefficient, ¢ and €2 are the atomic spacing and volume, re-
spectively, k is the Boltzmann constant, and T is the temperature in Kelvin. The chemical
potentials, u are different for the two different grain boundaries [17]. The chemical potential

for the grain boundary jg is

Mgb = —Qo (14)

where o is the stress normal to the grain boundary. The surface chemical potential is

ps = —Qysk (1.5)

where ~, is the specific surface energy, and « is the free surface (particle). After some
simplification, the driving force of diffusion at the edge of the grain boundary is:

Q 1
(a/R)? R?

Where a/R is the normalized half neck size. It is notable from Equation 1.6 that the
driving force F' increases by the square of the decreasing particle radius. This is what leads
to the huge driving force for sintering nanoparticles.

In the context of nanoparticles, “sintering” referrs to both the sintering of the metal
particles and the prerequisite removal of any ligand layer that surrounds the nanoparticles.
In the case of easily-oxidised metals, such as copper, the ligand layer protects the nanoparticle
from oxidation. Depending on the method of nanoparticle synthesis, the ligand can serve
as the “cap” that cuts off nanoparticle growth. Ligands also protect the nanoparticles from
getting close enough to agglomerate.

While ligands are important for a nanoparticle suspension, they prohibit nanoparticles
from sintering. Thus, the sintering process for a nanoparticle ink consists of three separate
steps: solvent evaporation, ligand vaporization, and particle sintering. The process is shown
in Figure 1.4. In the case of silver nanoparticles, both ligand removal and nanoparticle
sintering have logarithmic correlation between the inverse sintering temperature and sintering
time [18].

Since most ligands are organic, they insulate the nanoparticles electrically. Dried nanopar-
ticle inks with thick ligand layers are insulating, while nanoparticles with smaller ligand layers
can be weakly conductive.

F=Vu=2v(4—a/R) (1.6)
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Figure 1.4: The process of nanoparticle sintering from ink to conductive, sintered metal.
First the solvent in an ink droplet is evaporated. The ligands are then vaporized, and the
particles are sintered. The result is a conducting metal mesh.

Silver Nanoparticle Printing

Silver is much less expensive than gold, and it has an oxidation rate much lower than that
of aluminum, iron or copper[19][20]. These qualities make it a good choice for nanoparticle
patterning. Silver was one of the first nanoparticles to be printed [14], and is now used to
print flexible devices such as RFID tags on an industrial scale [21].

Silver can be sintered at temperature between 200°C and 300°C, with sintering times
lasting from several hours to tens of minutes, respectively [18]. The speed of sintering
increases as nanoparticle size decreases. However, successful sintering has been demonstrated
through a variety of other approaches including electrical sintering, microwave sintering,
plasma sintering, and photonic sintering through flash bulbs [22] and lasers [23].

Silver nanoparticle ink is widely available commercially. Because the oxidation risk is low,
silver can be produced with a variety of ligands. Citrate ligands are most common, but thiol
and acids such as humic acid [24] and myrystic acid are sometimes used [18]. All experimental
work in this dissertation was conducted using DGP AP ink from Advanced Nano Products
Co. LTD, (Buyong-myeon, South Korea). This ink contains nanoparticles averaging 20 nm
at about 40 wt% in ethanol. The ligand for these nanoparticles is proprietary, but small
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enough that bulk conductivity of unsintered particles is about an order of magnitude below
that of sintered particles.

Copper Nanoparticle Printing

Silver is versatile and resists oxidation, but the lower cost of copper makes it an exciting
option for large-scale metal construction. Evaporated copper interconnects were first intro-
duced by Skyworks in 2009 [25]. Copper costs less than 1% as much as silver, but is 95% as
conductive. If electronics are to be printed on a large scale, they will need to be made with
copper rather than silver. Still, copper oxidises at a much faster rate than silver, too fast for
unprotected nanoparticles to be exposed to atmospheric levels of oxygen.

Copper nanoparticles are relatively easy to produce via a variety of methods, including
sonochemical reduction, microemulsion techniques, thermal reduction, radiation methods,
polyol process, reducing flame synthesis, metal vapor synthesis, vacuum vapor deposition,
and chemical reduction in solution [26].

The oxidation of copper has been a major hindrance to the development of copper
nanoparticle inks. In recent years, oxidation-resistant inks have been brought to market.
Copper can resist oxidation if the nanoparticle surfaces are protected from contact with oxy-
gen by a barrier. There are two different types of barriers: conductive protective shells that
become alloyed or suspended in the nanoparticles after sintering, and insulating shells that
must be vaporized before the copper can become conductive.

Noble metal shells are designed to protect the copper from oxidation while remaining
conductive themselves. Since they are mostly made out of copper, these nanoparticles can
theoretically cost less than comparable particles made out of exclusively precious metals. Bi-
metalic shells produced by the successive reduction of one metal over another are common,
and include Au-Pd, Au-Pt, Ag-Pd, Ag-Pt, Ag-Cu and Ag-Au [27]. Silver-shell copper-core
nanoparticles, a more recent innovation, are now gaining popularity for their low cost and
limited oxide growth [28]. Conductive shells have also been made of non-metals, such as
graphene and silica [26].

Insulating shells are usually produced from polymer ligands or surfactants. Common
small-molecule surfactants, such thiols and lauric and oleic acids improve oxidation resis-
tance somewhat[26]. However, polymer capping agents have been more successful. Most
notable of these is poly(N-vinylpyrrolidone) (PVP). Copper sintered from these particles is
less conductive than pure copper, owing to the growth of a small CuO layer on the surface
[29], though it is possible to reduce this oxide buildup in hydrogen [30].

The work in this dissertation used copper nanoparticles with insulating shells purchased
from Intrinsiq Materials (Hampshire, UK). These particles have a proprietary coating de-
signed for up to 6 months of shelf life, and an average resistivity of 2-3x bulk copper. Though
the exact coating is not known, it is volatile enough that can be vaporized with a laser, as
will be discussed in Chapter 5.
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Ink-Based and Wet Printing Methods

Most modern printing methods are wet printing methods. In these methods, ink is deposited
onto a substrate while it still contains liquid solvent. Liquid inks can be easily forced into
a template shape with shear force and brought into conformal contact with the substrate.
This generates the van der Walls force (a bond based on surface energy) and/or mechanical
adhesion (the filling of voids and pores across an interface) that keeps an ink onto the
substrate.

Wet printing can either be direct-write or templated. In a direct-write process, such as
inkjet or fused deposition, ink is positioned by a print head [31]. These processes are good
for low-throughput applications, since they do not require any initial tooling costs to make
new patterns. In a direct-write process, ink in the form of a filament or droplet, is deposited
onto desired locations on the substrate.

Templated printing processes rely on a template rather than a print head to position the
ink on a substrate. This section will discuss two leading templated printing methods. The
first is gravure, in which ink is first loaded into wells, then transferred to a substrate. The
second process is screen printing, in which ink is forced through a patterned screen, directly
on a substrate. Together, these processes comprise most of the modern templated printing
market [3].

Each wet printing process has its own advantages and disadvantages, but there are several
common problems among all types of wet printing. Issues related to volume changes are most
significant. As an ink droplet evaporates, it loses its solvent volume. This makes it difficult
to create features of a precise height. Drying also hurts the uniformity printed structure
profiles through the “coffee ring effect” [32], in which the evaporating along the edge of
a droplet pulls nanoparticles and solutes to the droplet’s edge. This phenomenon can be
observed by drying a drop of coffee on a table. The coffee solids gather in a ring around the
edge of the drop, rather than in a solid disc.

Desired Deposited Solvent Coffee
Shape Droplet Volume Ring

- i Loss Effect

Figure 1.5: Examples of problems with wet-printed droplets. The shape of the droplet is
initially limited by the surface energy forces, then the droplet changes sizes due to the loss of
solvent. Dried droplets can also experience the “coffee ring effect”, when solute preferentially
deposits around the edge of the droplet

Ink droplets are also subject to interfacial forces. The shape of a drop (at sufficiently low
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viscosity) is determined by the balance of forces along the interface of the drop. This is what
leads to a droplet’s hemispheric profile. Interfacial forces also cause droplets to wet different
surfaces to different extents, so each ink in a wet process must be carefully formulated to
match its substrate. The contact angle of a drop on a flat surface (Figure 1.5, second from
the left) is shown in Equation 1.7

cos = 154 ISL (1.7)

YLA

where vs4, sz, and v 4 are the surface tensions of the solid/air, solid/liquid and lig-
uid/air interfaces, respectively.
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Figure 1.6: A diagram of the gravure process. Ink wets the cylinder in the ink well. Excess
ink is scraped off by a doctor blade, so that only the ink in the well can wet the substrate.
The imprint cylinder keeps the substrate in contact with the ink at a high pressure (Image
obtained under CC BY-SA3.0 [33])

Gravure is a process that has long been used for the printing of text for newspaper . It has
since been transferred to electronic printing applications including organic semiconductors
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[34] and nanoparticles[35]. In the gravure process, ink flows into wells etched into a large
cylinder. Gravure drums traditionally contain a set of discrete wells of uniform dimensions
separated from each other by a small distance. This lets a gravure process print features
of varying sizes. A similar process, called “intaglio” uses a drum with continuous trenches
of varying sizes[36]. Once the ink is loaded into wells, excess ink is scraped off the surface
by a doctor blade. The ink is then transferred to the substrate at high pressure, where
it preferentially wets and re-flows onto the substrate. Some gravure processes, contain an
intermediate offset roller, where the ink is first deposited before it is transferred onto the
substrate. Once transferred, the ink reflows from isolated features defined by the gravure
well to a continuous shape. The solvent in the ink then evaporates, leaving a dry pattern on
the substrate. This process is shown in Figure 1.6.

The strong-point of gravure printing is its speed. Initially designed for high-throughput
printing, gravure can make functional parts such as electrical leads at speeds up to 1000
m?/min [37]. This has made gravure extremely attractive for low cost, high volume electronic
manufacturing.

There are a number of limitations associated with gravure. The first is the initial tooling
cost. Gravure systems require an assembly of highly complex parts that operate at high
speeds and pressures. The drum in particular, where the pattern is etched, must be extremely
smooth and round. FEtching features into a cylinder is significantly more complex, since
lithography may only be done on flat surfaces. For this reason, gravure is only appropriate
for high-throughput processes. A larger limitation of gravure is related to the ink dynamics.
In order for a gravure process to be successful, the ink must have all of the following properties

[38]:

1. The ink must fill completely into every well or trench with an equal amount of ink.
Variability in inking creates a variability in feature size.

2. Excess ink must be completely removed from the surface of the drum. Any remaining
ink will cause unwanted features.

3. The ink must de-wet the drum and wet the substrate completely.

4. The ink must reflow sufficiently to create continuous features from the isolated gravure
wells.

Screen Printing

Screen printing is a process by which viscous ink is templated directly on the substrate.
It can be used for rigid or flexible substrates. The technique of screen printing is used in
graphic arts and fabric printing applications, usually for small batches.

The screen in screen printing is a mesh with holes larger than the ink particle size with
areas on the screen selectively rendered impermeable. The screen is suspended above the
substrate, and a squeegee is used to force the ink over the screen, and through the mesh
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Figure 1.7: Schematic of the screen printing process. A squeegee is used to force a viscous
material through holes in a screen. The squeegee brings the screen into contact with the
substrate just at the point where ink is transferred through the pattern holes.

features. The downward force exerted by the squeegee presses the screen in contact with
the substrate only at the point of patterning. This prevents damage to the pattern by the
squirm of the screen at any other point.

This process of bringing the screen in contact only below the squeegee makes alignment
of the screen pattern to other layers extremely difficult, though the process is improving and
now multi-layer printing is possible. Multi-layer screen printing is now used in solar cells
[39].

Screen printing ink is generally significantly thicker than inkjet or other inviscid nanopar-
ticle inks. A nanoparticle screen printing paste is roughly 70% nanoparticles by volume. The
viscosity of a nanoparticle ink must be so viscous so that it can keep its shape after the screen
is lifted from a given location. Since the nanoparticle ink is not constrained by the screen
template after the screen is lifted from a given location, reflow can be severely limiting to
the resolution of the pattern [40].

In a lab setting it is possible to make 10 um lines spaced 10 ym apart. However, on an
industrial scale, the resolution is limited to about 50 pum [37]. When an ink is forced through
a screen, it remains the same thickness as the screen mask. This limit to the aspect ratio
makes it exclusively a thick-film process [41].
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Laser-Transfer Methods

Laser-transfer patterning can be either a direct-write or templated method of transferring
solidified or highly-viscous material from a ribbon to a substrate. Current processes do
not pre-pattern the material in a template. A novel process of laser transferring template-
patterned nanoparticles, called LIDART, is discussed in Chapter 5.

Laser-transfer methods go by many names, each with slight variations in laser, patterning
medium, or transport mechanisms. In most laser transfer processes (shown in Figure 1.8),
a very short-pulse laser is fired through an aperture, and focused by an objective lens on a
glass ribbon coated with a solid film or nanoparticle coating. The coating is heated by the
laser, and launches off the ribbon onto a substrate, where it adheres and cools. There are
many variations to this process.

Aperture
Nd:YVO, I Mirror/
Femtosecond Beam Splitter
Pulse Laser I

o Sintered
Objective
Feature

Nano Coating

/ Moving Glass Ribbon

Substrate Mounted on X-Y Stage

Figure 1.8: Schematic of the laser decal process. In the process, light comes from high-speed
pulsed laser, and passes through an aperture where the image of the transferred shape is
defined. It is then focused on a glass ribbon coated with nanoparticle paste. The laser sinters
the particles and launches them onto a substrate. In the LIFT process, the nanoparticle past
is replaced by a solid film that is liquefied by the laser. In the MAPLE-DW process, the
laser ignites a small explosive film (such as triazene polymer) between the glass slide and a
transfer material (such as a cell culture).

e Laser Induced Forward Transport (LIFT) The LIFT process uses a femtosecond
laser to liquefy a metal film and launch it onto a substrate. Metal films including Cu,
Ag, Al, W, Cr [42], Au, and Zn [43]; oxides such as Al,O3 and Iny,O3 [42]; and indium
tin oxide [44] have been patterned.
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In the process, a laser pulse first heats the metal film at the interface between the
glass ribbon and metal film. The melt front (the part of the metal in its liquid phase)
propagates to the free surface of the film. By time the free surface melts, the film at
the ribbon interface has begun to vaporize. This launches a now-molten segment to the
substrate, where it cools and solidifies [42]. The exact size of a feature depends on the
material properties and thickness of the film, as well as the shape of the feature. Dots
the size of 2.5 ym have been deposited, along with lines with widths of 15-30 pm [45].
The profile and aspect ratio of LIFT features are dictated by the fluidic properties of
the molten metal. Aspect ratios are generally about 1:4, and the profile is rounded.

e Laser Decal Transfer (LDT) The LDT process is perhaps the most widely studied
in research, because it has the capacity to create high-aspect ratio devices with well
defined boundaries. The process is very similar to that of LIF'T, but rather than
using a metal thin film, LDT uses a high-viscosity, shear thickening nanoparticle ink
(~100,000cP) [46]. Whereas the liquid material from the LIFT process bubbles and
forms a droplet that eventually splatters on the substrate, in the LDT process, the ink
separates from the surrounding nano-paste in a brittle fracture mode, and transfers to
the substrate at about 1m/s, or an order of magnitude slower than LIFT[47]. After
the materials are transferred, they must be sintered with a continuous-wave laser or
heat in order to become conductive[46].

The most significant advantage of LDT is that, because the nanoparticle paste remains
relatively solid throughout the process, it can be used for a wide variety of applica-
tions including micro-cantilevers and micro-bridges [48] that are useful in the repair of
electronics, or as interconnects to a chip or other surface[49]. Individual building block
features transferred by LDT, called ”voxels” can be assembled into three-dimensional
shapes such as pyramids and pillars [50].

Generally, the shape of an LDT feature is defined by the aperture used to constrain
the laser profile before it is focused on the nano-paste. However, recent work has
shown the viability of using digital micro-mirror devices and spatial light modulators
to dynamically change the shape of an LDT feature with a resolution under 20 pm
[51]. The primary limitation for LDT dimensions is that the diameter of the transferred
feature must be at least 10 times the paste thickness[47]. Features as small as 2 um
have been reported [52].

e Matrix Assisted Pulsed Laser Evaporation Direct Write (MAPLE-DW) and
Dynamic Release Layers (DRL) The MAPLE-DW process adds an additional
sacrificial matrix designed to absorb energy from the laser. It is related to the use
of a dynamic release layer (DRL), with the difference being that the DRL does not
necessarily absorb the light, but does ablate more readily than the printed material [42].
The DRL might also absorb the laser radiation, so the two terms are used somewhat
interchangeably. The laser absorption material may be located just at the interface



CHAPTER 1. INTRODUCTION 17

with the slide[53], or interspersed throughout the material[54] and can contain diverse
components such as gold, titanium, TiOy [53], graphite, silver [54], or BaTiO3 [55].

Applications of MAPLE-DW have mainly focused on organic materials and polymers.
These materials are generally more transparent to light, making them less amenable
to traditional LDT. Of particular interest in this process is the patterning of chemos-
elective or chemoresistive polymers [56][54], polymer based surface elements [55][54],
and biological materials [53].

The use of a dynamic release layer is discussed in the context of LIDART in Chapter
5.

e Nanomaterial Enabled Laser Transfer (NELT)

In its most simple form, NELT is a modification of the MAPLE-DW process that
uses nanoparticles to lower the laser fluence threshold required to launch the material.
The typical fluence required for the NELT process using silver nanoparticles of 30-
40 nm is only 0.05-0.12 J/cm?, compared to 0.25-5 J/cm? for metal thin films [57].
The increased absorption of visible light by noble metal nanoparticles is likely due
to increased vibratory modes of surface plasmons [58]. Nanoparticles also have lower
thermal diffusion than films, so heat dissipation to areas outside of the laser focal zone
do not need to be compensated for. This makes NELT good for transferring sensitive
materials such as the OLED semiconductors, which are heat sensitive, and absorb
light in both the UV and IR spectrum [59]. The nanoparticles are separated from the
ribbon by an alkanethiol self-assembled monolayer (SAM), that eases the removal of
the nanoparticle and feature layer. A benefit of this process is that NELT may be used
to deposit large patterns using a laser in a raster scanning zone [57].

A modification of the NELT process of particular relevance to dry-templating is the
use of a pre-templated ablative layer to launch mostly-transparent materials. In this
process, the slide is pre-patterned with a thin film of gold, and the gold is coated with
an alkanethiol SAM. Tris(8-hydroxyquinoline)-aluminum (Alqs), a green fluorescent
monomer was coated on this patterned surface. When a laser passes over the gold-
SAM ablation layer, it launches the Alqs onto a substrate, but when it passes over
Alqs without a gold-SAM layer, the Alqs remains untouched [60].

e Laser Induced Thermal Imaging(LITI) The LITI process along with similar laser
thermal imaging processes, such as Radiation-Induced Sublimation Transfer (RIST)
and Laser Ablative Transfer (LAT), have gained traction for the printing of OLED
panels[61]. In these processes, a laser excites a light-to-heat conversion layer (LTHC)
mounted between the ribbon and the transferred material. IN LITI, the LTHC layer
liquefies, while in RIST, it vaporizes [62]. The change in volume presses the warm
OLED material layer into the substrate, where it is patterned [63].
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Figure 1.9: Schematic of different laser transfer methods. All of these methods are variations
of the basic layout shown in Figure 1.8

1.3 Previous Work on Advective Molding in
Vapor-Permeable Templates (AMPT)

The AMPT process was initially conceived by Michael Demko, and his thesis remains an
important source for information in the details of the AMPT process [64]. This process has
been described by various names, most notably, "High Resolution Additive Patterning of
Nanoparticles and Polymers by Vapor Permeable Polymer Templates,” but will be described
as AMPT in this dissertation for clarity.

AMPT is a microfludidic process that can create high-resolution patterns through the
advection-driven self-concentration of nanoparticle inks in microfulidic channels. Unlike the
other methods discussed so far in this thesis, nanoparticles are fully patterned and dried in
the template, before the template is removed. Because the ink is dilute during patterning,
the process lends itself well to submicron resolutions, with lines demonstrated as small as
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350nm.

AMPT Process Outline

In AMPT, a template consisting of polymer channels in the form of a desired pattern formed
in a vapor-permeable polymer is fabricated. Nanoparticle inks are introduced to the open
ends of the fill channels at the edges of the templates. As the ink evaporates, it concentrates
the nanoparticles to form the inverse shape of the template.

An AMPT template is created out of a polymer material that is permeable, but non-
porous, such as poly-(4-methyl-2-pentyne) (PMP) or poly-dimethylsiloxane (PDMS). The
bottom of the template contains a negative image, composed of interconnected features
connected to fill ports on the outside of the template. The template is cast from a master
containing the same layout as the desired final pattern (e.g., Si, SiOy and/or SU-8). More
details about template fabrication are discussed in Chapter 2.

A major advantage of the AMPT process is that the template is relatively resolution-
agnostic. Pattern resolution is defined by the resolution of the master on which the template
is cast, and a single master can be used to make templates multiple times. This means that
masters can be fabricated through expensive, low throughput methods such as electron-beam
lithography while adding minimal additional cost to the ultimate AMPT-patterned feature.

In the patterning process, shown in Figure 1.10, a clean substrate is covered with a layer
of clean solvent. A template is then placed with the feature side facing down onto the wet
substrate, so that the clean solvent can fill all of the channels. After any remaining bubbles
evaporate, and the squeeze-film left between the templated and the substrate evaporates,
nanoparticle ink is placed on the outside of the template, where it comes into contact with
fill-ports that lead from the template edge to the features. As the clean solvent evaporates
through the feature walls, it creates a microfluidic flow, beginning at the flow channels at the
edge of the mold, and ending at closed channels on the interior of the template. This fluid flow
of the clean solvent pulls the nanoparticle ink into the template channels. The nanopaticle
ink self-concentrates by the same means of evaporation, so that the nanoparticles pack
starting at the ends of the channels, and towards the flow channels. When the template is
completely packed with nanoparticles, the temperature is raised, allowing the tightly-packed
nanoparticles to completely dry out. When the nanoparticles are dry, the template can be
removed, and the nanoparticle features can be sintered. A diagram of packing and sintering
is shown in Figure 1.11.

AMPT Inks, Templates and Solvents

The AMPT process is especially notable for its versatility of materials and substrates. The
process can be used to pattern nanoparticles and polymers on a wide variety of substrates.
Table 1.1 shows a range of materials, substrates, ink solvents, and pre-fill solvents (solvent
that is flooded over the substrate before the template is introduced) that have been demon-
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Figure 1.10: A schematic of the AMPT process. A substrate (a) is flooded with solvent
(b). A vapor-permeable template is placed over the solvent so that the solvent can advect
through the template and bring the template into contact with the substrate. Nanoparticle
ink is placed at filling ports located on the back side of the template, and evaporation
drives ink into the template (c). The ink concentrates to the point at which all available
template locations contain tightly packed nanoparticles (see Figure 1.10(a). At this point,
the template is heated until all remaining solvent evaporates, and the template is removed,
revealing dry, cohesive patterned nanoparticles (d).

strated with AMPT. Materials used over the course of this dissertation work are shown in
red. They will be discussed in later sections.
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Figure 1.11: The ink filling process of AMPT, as seen between (b) and (d) of Figure 1.10.
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In this plot, (a) The template is brought in contact with the substrate, which is covered
in solvent (b) The template is brought into contact with the substrate, and solvent begins
evaporating through the template, bringing the template in conformal contact with the

substrate (c) ink is introduced to the edge of the filling channel (d) evaporating solvent

brings the ink into the mold (e) the ink begins packing tightly at the end of the template

(f) the ink is fully packed, and the remainder of the solvent is baked out (g) the template is

removed (h) the nanoparticles are sintered

Table 1.1: Table of materials, substrates, ink solvents and
pre-fill solvents used in the AMPT process. Components
shown in red were used in this dissertation, all previous

work comes from Demko [64]

Material Substrates Ink Solvents Pre-Fill Solvents
Alumina
) Glass Hexadecane
Silver . Toluene
N tiel Polyimide Toluene Ethanol
anoparticies Silicon Ethanol ano
Lithium Niobate
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Ethylene Glycol

Ethylene Glycol

C . Glass Diacetone Alcohol | Diacetone Alcohol
Noplpe icl Silicon 1-Butanol 1-Butanol
anoparticies Lithium Niobate | Terpineol Acetone
Ethyl Acetate Terpineol
Molybdenum
Disulfide Silicon Water [sopropanol
Nanoflakes
Tungsten(IV) - . ‘
Sulfide Nanoflakes Silicon Water Isopropanol
Boron Nitride .
Nanoflakes Silicon Water [sopropanol
. Toluene
P3HT Sth(?n . Toluene Acetone
Polyimide Choloroform
Chloroform
PCL Glass Chloroform Chloroform
. , ‘ Acetone Acetone
Nitrocellulose Glass MIBK MIBK
CcOC
Glass
.. Acetone Acetone
Cellulose Acetate P.o.lylmlde NMP NMP
Silicon
PTFE
Glass Terpineol NMP
Gold Nanoparticles Polyimide P Terpineol
o Toluene
Silicon Toluene
Iron Ode.e Silicon Water None
Nanoparticles
Zinc Ode.e COC Ethanol None
Nanoparticles Silicon
Glass Acetone
PMMA Silicon NMP NMP
ABS Glass Acetone Acetone
PVDF Glass DMF DMF
Chitosan Glass Acetic Acid Acetone
Cell Culture Glass Water Acetone

Medium

22
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Previous Modeling of AMPT

Previous modeling of the AMPT process considered analytic models of nanoparticle con-
centrations within a long, thin channel of either a circular or square cross section[64]. This
model assumes that there is a constant mass flux through the walls of the channel, ¢”. Since
the velocity of the fluid at the end of the channel must be zero, the velocity along the length
of the channel is given by

q//P
v(z) = AP(LO — ) (1.8)
where P, is the part of the perimeter consisting of the permeable polymer, A is the cross-
sectional area of the channel, and x is the distance along the total length, Lg, or the channel.
By introducing a characteristic time scale, t, the velocity can be normalized to give

L
v(z) = =2(1 — ) (1.9)
where ¥ is the normalized distance. If the diffusion of the nanoparticles within the ink
is negligible with respect to velocity, the concentration along the channel at a normalized

distance and time is

- 1
8(7.0) =
where u(() is the step function. During the drying phase, the effective length of the

channel changes, since the closely packed nanoparticles block any further flow. At this
point, the effective length of the channel, L(f) may be modeled as

L (- ) "

where ¢ is the initial concentration of the ink, and ¢ is the concentration of the closely
packed channel.

While this work is useful for determining the concentration of a single simple channel,
it is not effective for modeling more complex shapes. This is discussed in greater detail in
Chapter 3.

ju(l —exp(—t) — T) (1.10)

Previous Work on Isolated Features

A major disadvantage of the AMPT process is that it is not well developed for isolated
features. Some work had been previously done on isolated nanoparticle features, and though
the process is complex and can only be used to create features with a low aspect ratio, the
method was successfully used to create infrared light sensors[65].

In this process, shown in Figure 1.12; a 5 um layer of cellulose acetate (or other polymer)
is patterned by the AMPT process. The polymer must have low adhesion to the substrate.
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A dilute nanoparticle ink is then dropped on the substrate and dried. Tape is then used to
pull the cellulose acetate off the surface of the substrate, leaving only nanoparticles behind.
The remaining patterned nanoparticles can then be sintered. Though the exact thickness
of the nanoparticles deposited in this process was not reported, it is assumed to be under 1

pm.
a) “
_—_———

H R —p—
C)“
e

g = =

"L N

o)

Figure 1.12: Schematic of the AMPT process for isolated features. In the process, (a) a
template is lowered onto a substrate with clean solvent. Polymer solution is added (b),
and concentrated through the AMPT process. When the template is removed (c), it leaves
isolated features. A dilute nanoparticle ink is dropped over the features (d) and dried (e)
so that a small film of nanoparticles is left. Tape (f) is placed on top of the polymer and is
peeled off (f), pulling excess nanoparticles and polymer with it

The inability of this process to create high quality isolated features has been a major
drawback to previous AMPT work. LIDART is a solution to the problem of isolated layers,
as discussed in Chapter 6.

1.4 Summary of Existing Templated Patterning
Methods

A table summarizing the existing methods for patterning metal features discussed in this
chapter is included in Figure 1.13
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Mechanism

Summary

Materials

Resolution

Advantages

Dis-
advantages

Microfluidic

Evaporation-
driven
patterning of
nanoparticles
in permeable
template

Nanoparticles
or polymer
on any
substrate

lpum

No residual
film, low heat
and pressure

Slow, few
complex
features

fabricated

LithographicProcessing

Metal
deposition
ona
dissolvable
photoresist

Evaporated
metal on
rigid
substrate

Ium

Inexpensive
for
lithographic
processing

Low
resolution,
poor
uniformity

Plasma
etching of
lithography-
patterned
featured

Evaporated
or sputtered
metal on
etch-
resistant
substrate

>100nm

Reliable and
versatile

Etching can
damage
metal or

substrate

Lithography-
patterned
trenches with
metal
deposited
and polished

Evaporated
or sputtered
metal in
oxide
channels on
silicon
>100nm
High
resolution,

no metal
diffusion

Expensive,
complex and
time
consuming

Templated Patterning

Inviscid ink
loaded into
the wells of a
roller and
pressed on a
substrate

Nanoparticles
or polymer
on any
pressure-
resistant
substrate

10pm

High
throughput,
low heat

Expensive
initial cost,
difficult
coregistration

Viscous ink
forced
through a
selectively-
permeable
screen

Nanoparticles
or polymer on
any substrate

100pm

Inexpensive,
low heat and
pressure

Low
resolution,
difficult
coregistration

Laser Transfer

LIFT

Direct laser-
transfer of
molten drops
from metal
film

Metal on heat
resistant
substrate

10pm

High speed,
inexpensive
patterning

Limited shape
control,
expensive
laser

LDT / DRL/
MAPLE-DW

Direct laser-
transfer of solid
nanoparticle
voxels from
slides

Nanoparticles,
polymers or
cellular
material on any
substrate

10pm

High speed, 2.5
dimensional
pattern of
many materials

Shape
controlled by
optics,
expensive laser

ison of current templated patterning and laser direct-write methods

A compar
discussed in this chapter. LIDART and improvements made to AMPT over the course of

this dissertation work are not included.

Figure 1.13
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1.5 Thesis Outline and Description

The main goal of this thesis is to develop templated patterning techniques to pattern con-
ductive metal from nanoparticles. A large portion of this work is adapting the AMPT
process to be used to create complex, functional structures using commercially-available
metal nanoparticles. The culmination of this work is the fabrication of a surface acoustic
wave (SAW) resonator fabricated from silver and copper nanoparticles using the AMPT pro-
cess. Creating complex shapes using the AMPT process required developing modifications
to traditional etching technology. More complex fluidic structures also require the creation
of numerical modeling techniques to develop template designs that were not prone to pre-
mature drying. An additional component to this work is to speed up the AMPT process
and allow for isolated features using a new laser-driven technique called laser-induced direct
ablative rapid transport or LIDART.

Limitations With the State of the Art

Current methods of printing nanoparticles suffer from poor quality compared to traditional
lithographic methods for metal patterning. The size, aspect ratio and fidelity of these printed
features have still not reached the point in which they are a good substitute to expensive
processes such as metal etching, lift-off and damascene etching. The AMPT process shows
promise in creating features with a 1:1 aspect ratio, high fidelity, and sub-micron resolution,
but very little work has been done to demonstrate the viability of creating complex shapes
using this process. In previous works, all features patterned were long, thin channels. To
make the AMPT process appealing, it must be tested and demonstrated for use in more
complex features.

Capacity of the Techniques Presented in this Work

In this work, the AMPT process is used to create a surface acoustic wave resonator with
resolution as small as 500nm. At this scale, SAW resonators can be considered a competitive
option for cell phone applications. A new method of modeling the AMPT that can be
used to improve complex mold designs to eliminate premature drying is also demonstrated.
Finally, LIDART is shown to fabricate conductive silver features as small as 10 um on flexible
substrates at a fraction of the speed of the AMPT process.

Outline of the Thesis

This thesis contains a four chapters of experimental and modeling results. In Chapter 2,
improvements to the AMPT template design are discussed, including master fabrication,
template fabrication and inking. In Chapter 3, numerical modeling techniques are introduced
that can be used to make molds that are less prone to premature drying. A discussion of
the mechanisms of transport through PMP and its impact on ink selection is also included.
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In Chapter 4, the application of these improvements to the AMPT process are shown on the
creation of a SAW resonator fabricated exclusively through the AMPT process. The chapter
also includes discussion of other devices and applications of the AMPT process, that may
be of interest for future work. Finally, Chapter 5 discusses the novel LIDART approach,
in which a laser is used to sinter nanoparticle features and transfer them from a surface
energy-patterned template onto a flexible substrate. A summary of results and an outlook
for future work is included in Chapter 6.
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Chapter 2

AMPT Fabrication Techniques

AMPT is a considered a templating method rather than a direct write method because it
forms nanoparticles into the shape of a mold master. This approach has two key advan-
tages. Firstly, the master can be constructed from a wide range of materials better suited
to nanofabrication than nanoparticles, including silicon, SiOq, poly(methyl methacrylate)
(PMMA) and SU-8. Masters can also be processed through means that are too expensive
for large-scale fabrication, including LIGA, electron-beam lithography, deep-UV lithography,
x-ray lithography and nano-imprint lithography. Since many of these lithographic methods
can achieve a smaller maximum resolution than traditional lithography, AMPT can be used
to produce devices at higher resolution and lower costs than traditional methods.

2.1 Introduction to Template Fabrication

The resolution of the AMPT process is limited to four factors: the resolution of the master
fabrication method, the quality of the master reproduction in the template, and the template
deformation and adhesion while patterning, and the completion of filling. This chapter
will discuss the first three components of this process, and evaluate the advantages and
disadvantages of different fabrication techniques in order to establish guidelines for future
AMPT research. Template filling will be covered in Chapter 3. Materials and processing
techniques were chosen so that, as much as possible all master and template fabrication
approaches can be used interchangeably. Most templates can be used interchangeably for
any ink.

The template fabrication process is shown in Figure 2.1. The template is the negative
of a master. The master is fabricated from a silicon wafer (2.1a) the wafer has features
patterned in to it (2.1b) by some combination of etching and lithography. Features have
been constructed from silicon, SiO,, and SU-8. An aluminum casting ring is attached to
a finished master with SU-8 (2.1c). PMP solution in cyclohexane is then poured into the
template and covered with a vapor-permeable metal-reinforced PDMS layer (2.1d). The
PDMS slows the evaporation process and raises the partial pressure of cyclohexane above
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casting the PMP solution. The PMP is set to cast on a level surface at 40°C. The increased
temperature raises the evaporation rate to speed up the process, and increases the solubility
of PMP in cyclohexane. Once the cyclohexane has completely evaporated (2.1e). Solid PMP
templates are then removed from the master (2.1f). Usually, the PMP film is gently pulled
from the surface of the master with tweezers while it is being sonicated in isopropanol.

Permeable Reinforced PDMS Barrier

d)

a) Silicon Wafer PMP in Cyclohexane

Silicon Wafer

b) Permeable Reinforced PDMS Barrier
Silicon Wafer

Dried PMP

Aluminum Casting Ring

c) / (Secured with SU-8) Silicon Wafer

f)

Silicon Wafer

Figure 2.1: Overview of the mold fabrication process, from a wafer to the PMP mold.

This chapter begins with several approaches to master fabrication and method for miti-
gating template fabrication issues related to the lithography and roughness. It then compares
possible template materials that have been used or proposed for AMPT, and concludes with
a discussion on inks and processing parameters. In addition, this chapter serves as necessary
background for a discussion of AMPT fluid modeling in Chapter 3, and AMPT device design
in Chapter 4

2.2 Master Fabrication Techniques

In this dissertation, most AMPT masters were fabricated using lithographic techniques such
as SU-8 photolithography and patterned with reactive ion etching. Such techniques have
been developed for semiconductor processing for decades, but special considerations must be
made to adapt lithographic processes for AMPT to optimize factors such as trench depth,
adhesion, and roughness.
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SU-8 Lithography and Imprint

SU-8 is a negative epoxy photo-polymer. It is available in a variety of different viscosities,
and may be spin coated, brushed on, or imprinted. Because SU-8 is highly-crosslinked, it
withstands long-term exposure to cyclohexane. SU-8 also has low surface energy, so devices
may be easily de-molded from it.

SU-8 may be lithographically defined using a i-line UV light source with an alignment
system for patterning or flood exposure for attaching aluminum casting rings [66].

SU-8 may also be embossed using a vapor-permeable material such as PDMS during the
pre-exposure bake step. Though this cuts down on necessary lithography, the embossing
resolution in atmospheric pressure is limited to about 8um [67].

DRIE-Etched Silicon and Micro-loading

Unreacted lon Narrow channels
Rt IG prevent reactive
ion replacement e
P Silicon Master

Small trenches etch slower

Silicon Master

i,

Wide features Narrow features
creating fully- creating non-enclosed
enclosed channels channels

Silicon Master

Figure 2.2: Schematic of the mechanism of aspect ratio dependent etching. ARDE occurs
when channels of different aspect ratios are etched by an insufficiently dense plasma. Un-
reacted species are rapidly depleted in long, narrow channels and cannot be replaced fast
enough. The result is a set of features that etch at different heights. The effects in AMPT
are catastrophic, because they prevent complete channels from forming in the template.
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In order to achieve a better resolution than 8m, a method other that SU-8 lithography is
required. Projection lithography uses a lens system to achieve an image several times smaller
than the mask. The exact resolution is limited by the optical properties and wavelength of
the system. For the work in this dissertation, patterns were created using an ASML DUV
stepper model 5500/300 with a minimum resolution of 250nm and a Nikkon NSR-2205i11D
i-line stepper with a 350nm resolution.

Figure 2.3: Multiple features on the same wafer, etched to different heights because of
aspect ratio dependent etching. The features shown are (clockwise from the top left): 1um
interdigitated electrodes, 2um holes in a contact pad, 5um holes in a contact pad, and 10um
fill channel.

These lithography systems use photoresists that are easily dissolved with organic solvents,
but which are robust to plasma etching. For this reason, master features must be etched out
of ceramics such as silicon or SiO,. Of these, silicon is the smoothest and most mechanically
robust.

Aspect ratios on the order of 1:1 are best achieved with deep reactive ion etching, or
DRIE. In DRIE, a gas such as CFy is energized until reactive ions are formed. These species
are launched toward the substrate by an inductively generated field and into the substrate,
where they react with surface atoms. These non-reactive products desorb from the surface
and diffuse into the bulk gas.

The DRIE process is effective at producing features with high aspect ratios, but the exact
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etch rate for a trench is determined by its aspect ratio. In narrow trenches, the diffusion
rate of ions into the trench becomes the limiting step in the etching process. This is known
as aspect ratio dependent etching or ARDE. The mechanism for ARDE is shown on the left
side of Figure 2.2.

.

Figure 2.4: An example of a printed feature made from a template affected by ARDE. Part
of the feature is not patterned because of a decreased surface area to volume ratio, while part
of the pattern is filled with nanoparticles, but features that should be discrete are conjoined.

ARDE is less of an issue in traditional semiconductor and MEMS processing. The precise
depth of semiconductor trenches is not a major concern. However, for the AMPT process,
it is critical for all features to be etched to the exact same depth. If features are not etched
deeply enough, they can cause AMPT channels to not close off properly, as can be seen on
the right side of Figure 2.2. Figure 2.3 shows the results of etching on the first generation
AMPT masters using DRIE. The masters show that etching depth decreases 25% between
trenches that are 10um wide and channels that are 1pm wide.

In practice, AMPT templates affected by ARDE fill incompletely because higher features
stop templates from reaching the substrate in some parts. An example of this can be seen
in Figure 2.4

Oxide-on-Silicon

A potential solution to ARDE is to use an ”etch-stop”, in which an easily-removed layer can
be etched to completion over a substrate that etches at a much slower rate. With minimal
refinement of parameters, this allows all features to be etched to the same depth regardless
of their aspect ratio.
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A second generation of AMPT templates were fabricated based on this concept, using a
layer of thermally-grown SiO, over silicon. Etching was performed using a Surface Technol-
ogy Systems (STS) Advanced Planar Source (APS) system: an inductively coupled plasma
(ICP) deep reactive ion etcher (DRIE) system. The STS oxide etcher can etch SiOy 13 times
faster than silicon using a combination of C4Hg and Hy gas [68].

Si0, patterning with an etch stop does a good job of creating uniform trenches, but it
poses two other problems. Etched SiO, sidewalls are rougher than silicon sidewalls, and the
difference in conductivity between the silicon and SiO, surfaces can cause charge imbalances
that create trenches at the silicon/SiOq interface. Rough features and trenching cause the
PMP to mechanically adhere to the SiO, features. Removing the PMP can rip off narrow
features with high aspect ratios. If the PMP is successfully removed, the same thing can
happen to patterned nanoparticle features. Figure 2.5 shows the both rough SiO, surfaces
and the effect of SiOy roughness PMP templates and patterned features.

1 m el

Figure 2.5: Examples of SiO, master freatures (top), showing roughness and trenching, both
of which can cause a PMP template to become damaged upon removal (bottom).

SiO5 roughness may be overcome by coating the template in conformal layers of nonstick
polymers. A conformal polymer can smooth out rough surfaces if the polymer thickness
is greater than half of the distance between asperities. The rest of this section discusses
different nonstick polymer coatings for SiO, features.
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Parylene Coating, Adhesion and Annealing

Parylene, a trade name for poly(p-xylylene), is a vapor-deposited, conformal polymer. It
has low adhesion (water contact angle of 87°)[69] and extremely high chemical resistance.
It comes in a several varieties. The most common of is parylene C, which has a high
deposition rate and high chemical resistance. Since it is vapor deposited, parylene deposition
is completely conformal, even on vertical sidewalls.

Parylene does not inherently adhere well to silicon or SiO,. Without any additional
treatment, parylene deposited on Si/SiOs will preferentially adhere to a solvent-cast layer of
PMP. An adhesion layer is necessary to promote chemical adhesion to the substrate. The
leading promoter agent is 3-(trimethoxysilyl)propyl methacrylate, also known as A174 [70].

The process for adhered parylene coating in Appendix A.

Figure 2.6: Examples of parylene that have stuck to 1um features during the delamination
process. Parylene layers look darker than the surrounding PMP features. The contrast
between IDT lines with and without paryelene is especially visible at the IDTs at bottom of
the left image. Parylene adhesion to the substrate can be improved though A174 silinization
and annealing

Parylene C is chemically robust, but it is susceptible to UV light. It is necessary to cover
parylene with an opaque material (aluminum foil, for instance) when performing UV flood
exposure needed to attach an aluminum casting ring. Though parylene is not dissolved by
cyclohexane, it can be weakened through long-term cyclohexane exposure, and even after
adhesion treatment, it is not uncommon for parylene to stick to the PMP template during
the demolding of smaller features. The strength and chemical robustness of parylene can
be improved further through an annealing step[71]. Annealing crystallizes weaker amor-
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phous parylene layers[72] after deposition. Though the resulting crystallized parylene layer
is stronger, it is noticeably rougher|73] and more opaque.

Combining A174 silane treatment with three hours of thermal annealing makes a parylene
layer that can withstand PMP solvent casting without delamination. However, the annealing
step roughens the PMP too much to properly pattern. The roughness is so small (on the
order of tens of nanometers) that silver nanoparticles stay within the channel, but leaking
solvent diminishes the driving force of flow within the channel. Figure 2.7 shows examples
of leaking dyed cellulose acetate.

Figure 2.7: Examples of leakage underneath a PMP template that has been cast on a master
coated in annealed parylene. The parylene roughens as it anneals, which causes solvent to
leak into the template/substrate interface. Patterns were formed with dyed cellulose acetate,
which is small enough to travel through asperities that are on the order of tens of nanometers
in scale. Leaked dyed cellulose acetate appears a dark smudges above and to the right of the
features in the left image, and along the edges of the channels in the right image.

Though no patterns were successfully created with parylene treatment it might be made
viable through careful refinement of the anneal time, temperature and adhesion treatment.
Parylene coating may be of interest for coating polymer features that are not chemically
compatible with cyclohexane. The parylene layer can form a largely impermeable barrier to
protect such features during solvent casting.

Fluoropolymer Deposition

Plasma-deposited fluoropolymers are a critical component of most DRIE plasma systems.
Conformal fluoropolymer layers are deposited in alternating cycles with etching plasma in
order to protect the sidewalls of high aspect ratio features from etching. If no etching plasma
is used, the process may also be used to deposit fluoropolymer layers. The fluoropolymer
layers are pinhole-free[74], and low surface energy (contact angles of about 110°)[75]. Most
fluoropolymers also withstand organic solvents without damage.
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Plasma deposition on AMPT templates was done in a Plasma-Therm PK-12 parallel plate
reactive ion etch system. A deposition rate of approximately 20nm/min was accomplished
with a C4Fg flow rate of 50sccm (about 85mtorr of pressure) and 100W of power.

A 40nm fluoropolymer layer improves the template demolding from the master signif-
icantly, but it does not seem to improve the roughness of the template. Ink adheres to
templates coated with fluoropolymer even more than those cast from untreated SiOy. This
indicates rough template sidewalls. Despite its roughness, the template can be removed from
the master because of the low adhesion of fluoropolymer. Since there is no fluoropolymer
layer, nanoparticles cling to rough template features during the demolding process. Images
of both templates and printed features can be seen in Figure 2.8.

Figure 2.8: The results a plasma-deposited fluoropolymer-coated master. Images (a) and
(b) show high quality patterning of 1um interdigitated fingers in the template. (c) shows
a template after patterning, with nanoparticles still attached to the 1um template features.
The substrate with remaining features after the template is removed are shown in (d) and

(e).
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Two-Layer Masters

AMPT features must be kept a safe distance (several millimeters) from the edge of the
template so that a constant pressure is maintained around the features. All features are
connected through the edges of the templates by means of fill channels. In theory, the fill
channels can be indefinitely long, but their volume must be scaled with their length, so that
ink does not dry out before it reaches features.

The upper limit for the aspect ratio of AMPT features is 1:1. Above this limit, removing
the template from the patterned nanoparticles without damage becomes too difficult. That
means that as AMPT features decrease in size, so too does the height of the fill channels.
If fill channels become too wide relative to their length, the tops of the channels begin to
collapse and block flow. The solution to this problem is to create a master that has features
of two different heights: short, high resolution features and taller fill channels.

As previously mentioned, it is of utmost importance that masters be fabricated with a
base of uniform height. In a two-layer master, this is achieved through two different materials.
The high-resolution layer may be made of silicon or an SiOs layer on silicon. This layer is
patterned through lithography and DRIE. Fill channels made of SU-8 may then be added to
the patterned feature. These features can both be covered with parylene or fluoropolymer if
the need arises. The process for creating a two-layer pattern is shown in Figure 2.9.

a) c)
b) d)

Figure 2.9: Process for creating two-layer masters. The process first starts with an SiO,-
coated silicon substrate. Photoresist is lithographically patterned on the substrate (a), which
is then etched into the SiOs (b), with the silicon layer serving as an etch-stop. SU-8 is
spun and lithographically aligned and patterned on top of the patterned SiO, features (c).
Parylene or fluoropolymer may be optionally patterned on top (d).
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During the SU-8 patterning of two-layer masters, it is critical not to overbake the SU-8
during both the pre- and post-exposure steps. The asperities of patterned high resolution
ceramic features can make it difficult to remove SU-8 when all the solvent is removed. Small
amounts of SU-8 can be removed with a combination of soaking in Remover PG (a stripping
agent of mostly n-methyl-2-pyrrolidone) and oxygen plasma.

SU-8, like many negative photoresists, has a tendency to form a sidewall with a negative
incline. This can make it difficult to remove the PMP from the master, or to remove the
template from the patterned features. Oxygen plasma can be used to round off the top of
SU-8 features to make it easier to remove the masters. Four minutes of 200W O, plasma at
20scem of gas flow etched off about 100nm of SU-8. The templates cast off of these masters
made significantly better features.

Dummy-Peg Fabrication

Si04 etch stops are a good method for keeping a uniform etch depth, but in some situations,
the roughness and trenching in SiO, features may be unworkable. An alternative approach for
eliminating ARDE is to fabricate dummy pegs with an identical channel width of surrounding
features. This locally keeps the trench width constant, which keeps the etching depth uniform
around high-resolution features.

Interdigitated
Electrodes

| Suneis uopos)ay

Pad with
Support
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B b be b b e
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Dummy Pegs '

Figure 2.10: Layout of a one-port resonator using a two-layer mask (left). Yellow shows
features that are etched into SiOs, while light green shows SU-8 fill channels. Dark yellow
shows Si0O, features, while light yellow shows the locations of dummy pegs. The right image
shows a close-up optical photograph of the location outlined in red on the left.

Two-layer features were designed with dummy pegs surrounding the resonators on all
sides, extending half the distance of the resonator features in all directions. Since ARDE
etches narrow trenches less than surrounding features, this gives a wide area around the
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resonator for the template features experiencing ARDE to be stretched to make contact
with the substrate. This keeps a tight seal around the template near important features.

2.3 Template Fabrication Techniques

An AMPT template is cast on a master, removed, and then used to generate a nanoparticle
pattern on a new substrate with the same profile as the master. It is, in a sense, the most
critical component of the AMPT process. Though it is not complex to fabricate as the
masters, the template fabrication affects the speed of filling and the fidelity of a patterned
feature. This section discusses template materials and the fabrication methods, focusing on
poly(4-methyl-2-pentyne) or PMP.

Template Materials

AMPT templates must be vapor-permeable and non-porous. They must be cast conformally
onto a master, and removed without causing damage. The template must be pliable enough
to be fully conformal to the substrate during patterning, but it must be rigid enough to
withstand the pressure of the patterning process. Finally, a template must be able to with-
stand a wide range of chemicals to be used for inks or cleaning. This section will discuss
four potential polymers, whose stiffness and permeability characteristics are compared in
Figure 2.11.

Evaporating solvent creates a pressure gradient along the length of the fill channel. The
negative pressure at the closed end of the fill channels is the driving force that pulls nanopar-
ticle ink into the AMPT features. A byproduct of this pressure is the potential of template
deformation. High negative pressures can cause the walls of fill channels to bow inward. A
stiff material resists bowing better than a flexible material does. Leading materials are com-
pared in terms of stiffness in Figure 2.11. Experimental results show, PDMS is an effective
template material only for features larger than 10um [64]. Below that, PMP or some other
stiffer polymer is necessary.

Gas permeability and solubility are key to patterning channels quickly and completely.
Figure 2.11 shows examples of permeability for several materials over a range of common
benchmark gases. These gases give insight into permeability, but do not tell the whole story.
Some polymers, such as PMP and PDMS transport condensable gases and organic solvents
faster than they transport smaller gases. The effect of the solvent properties on transport
are complex, but largely depends on the critical volume of the solvent. In the case of PDMS
and PMP, permeability increases with critical volume, while the permeability of Teflon AF
decreases with critical volume.

The trend of increasing permeability with increased critical volume is a mixed bless-
ing. The solvents used in AMPT ink are liquids at room temperature, and therefore have
extremely high critical volumes. This means that the transport rate in polymers such as



CHAPTER 2. AMPT FABRICATION TECHNIQUES 40

5000
100000
10000 2
;]
b ©
a o
.;":: 100 4
£ =
»vn 5 E
10 »
o
(W)
T
sH ]

V("‘-me thyloy V(d:meth fr! Oly(4 ‘methyij_ on,q,c2400

) (b ") (1) PN (1

Figure 2.11: Comparison of template material options in terms of their permeability to a
range of gases and their stiffness

PDMS and PMP is especially high. However, increased permeability comes at a cost. High
permeability in condensable polymers is caused by the increased saturation concentration of
the solvent in the polymer material. As a result, these materials have a tendency to swell in
the presence of some solvents.

A more comprehensive discussion of the mechanisms of transport in PMP can be found
in Chapter 3.

Poly-(4-Methyl-2-Pentyne) (PMP)

Poly(4-methyl-2-pentyne) or PMP is a rigid, glassy, disubstituted acetylene-based polymer.
It is the stiffest of the available polymers, and is highly permeable. These factors have made
PMP the leading candidate for AMPT templates. PMP is also extremely solvent resistant.
It dissolves in only methyl-cyclohexane, cyclohexane, and carbon tetrachloride [77]. PMP is
a thermoset plastic, but at about 200°C, it begins to pyrrolize. This temperature may be
increased over 300°C in a nitrogen environment.

PMP is not available for purchase, and is difficult to fabricate. Polymerization requires
a nitrogen environment, and several purification steps. The fabrication process for PMP is
discussed in Appendix B.



CHAPTER 2. AMPT FABRICATION TECHNIQUES 41

12

10

Log(P)

j E——

—

0 50 100 150 200 250 300 350
Critical volume (cm?/mol)
HPDMS PvP M AF1600 AF 2400

Figure 2.12: Plot showing the correlations of the logarithm of permeability to the critical
volume of the solvent for different template materials. Both grades of Teflon AF decrease in

permeability as the solvent critical volume increases[76]. The permeability increases solvent
critical volume with PMP[77] and PDMS[78]. Data for TPX was not available.

Poly-(4-Methyl-1-Pentene) (TPX)

TPX is inexpensive and commercially available. Though it is considered permeable, its
permeability is 1-2 orders of magnitude less than PDMS, PMP or Teflon AF. TPX has a
surface tension of 24nM/m, making it easy to demold. TPX begins to soften at about 100°C,
which means that it can be fabricated by hot embossing, but this limits its applications for
patterning with less volatile inks[79]. Tt can also be solvent cast in cyclohexane or a range
of other solvents. TPX is the least solvent-resistant polymers on the list. It can withstand
simple ketones and alcohols, but it softens significantly in toluene. It may dissolve in other
solvents such as NMP.

Polydimethylsiloxane (PDMS)

PDMS is a glassy silicone, or a silicon-based polymer. It is commonly used in soft lithography
processes as a stamp or mold. It is an attractive choice because of its wide availability,
solvent resistance, and ease of fabrication. PDMS is available in a viscous resin form. When
a crosslinking agent is added, PDMS begins to solidify, particularly in the presence of heat.
PDMS can be difficult to remove when it is cast on silicon or glass, but two hours of vapor
treatment with trichloro(1h,1h,2h,2h-perfluoro-octyl)silane.

PDMS is available in a range of grades, ranging in stiffness and permeability. All PDMS
used for this dissertation was Sylgard 184. Sylgard 184 is usually mixed with a crosslinker
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at a ratio of 10:1, though a ratio of 5:1 can be used to increase the degree of crosslinking and
therefore the stiffness[80]. A similar material, hPDMS, includes a vinyl group that makes
the PDMS even more brittle. However, hPDMS must be spin-cast on a surface, making it
difficult to generate high-resolution features[81].

PDMS makes an attractive material for large templates, however its relative lack of
stiffness can hurt the quality of small features[82]. Furthermore, solvents like chloroform
and toluene can cause PDMS to swell to more than twice its size[78]. Even if the flexibility
of PDMS makes it a bad candidate for small features, it makes PDMS the ideal backing
material for any AMPT template during patterning. PDMS, when mounted to PMP or
TPX, helps to keep uniform pressure over the entire template surface during patterning,
while enabling solvent to escape.

Amorphous Fluoroplastic Copolymer Resin (Teflon AF)

Teflon AF is an amorphous copolymer of 2,2- bistrifluoromethyl -4,5-difluoro-1,3 -dioxole(PDD)
andtetrafluoroethylene(TFE) sold by DuPont. It is sold in two grades, 1600 and 2400. The
key difference between the two is the melting temperature. The glass transition temperatures
are 160°C and 240°C for AF 1600 and AF 2400, respectively. The permeability of Teflon
AF2400 is slightly higher than AF1600 as shown in Figure 2.12. Because the permeability
of Teflon drops off with critical volume, there is reason to suspect it may be several orders of
magnitude less permeable than PMP or PDMS for larger ink solvent molecules. This makes
PMP and PDMS ideal candidates for mid- and large-scale patterning, respectively. However,
as pattern resolution dips into the nanometer range, Teflon AF becomes more appealing as
a template material.

Teflon AF does not swell in the presence of organic solvents [83]. Teflon AF is a fluo-
ropolymer, and therefore only soluble in fluorinated solvents. These solvents include Flu-
orinert (FC-22, FC-17 and FC-75), Flutec (PP50, PP2 and PP6), and Galden (HT-110,
HT-135, DO2, DO2 and DO5) [84][85]. This makes it possible to solvent-cast Teflon AF
using the same method as PMP. Teflon AF can also be hot embossed, by heating it about
100°C past the glass transition temperature and applying 4-7MPa of pressure [84].

The fact that Teflon AF does not swell has already made it a popular option for patterning
materials at resolutions below 100nm using traditional micromolding [83]. Swelling can
change the thickness and shape of the template, At low resolutions particularly, this seems
to distort patterned features. This makes Teflon AF a compelling material choice for future
template designs.

PMP Template Processing

The quality of AMPT pattering with PMP depends critically on the quality of the PMP,
and the quality of casting on the master. This section discusses best practices for PMP
processing.



CHAPTER 2. AMPT FABRICATION TECHNIQUES 43

Synthesis and Purification

PMP synthesis was done following a modified version of the protocol discussed by Demko[64],
and it is included in Appendix B.

PMP templates may be dissolved into cyclohexane and recycled. Prior to recycling,
PMP templates should be soaked in appropriate solvents like acetone and isopropanol to
remove any polymer impurities that might otherwise dissolve in the cyclohexane. This is
critically important for removing residual polymer when PMP templates have been used to
cast polymers.

If PMP templates have been used with nanoparticles, the templates may be cleaned
by ultrasonicating them with an appropriate solvent (usually the solvent of the nanoparticle
ink). The solvent of the corresponding nanoparticle ink is generally a good choice. Detergent
may also be added to improve wetting. Micro-90 is particularly effective at removing both
nanoparticles and adhered parylene from PMP layers.

Casting

PMP is cast in a casting ring that is sealed with metal-reinforced PDMS as shown in Fig-
ure 2.13. The casting ring is made from aluminum tubing, and is attached to the substrate
by SU-8 2075, which is resistant to cyclohexane. Depending on the desired thickness of the
PMP, 1-5 mL of PMP solution per cubic inch of template may be used. The PDMS slows
the patterning process and keeps the partial pressure of cyclohexane high in the vicinity of
the drying PMP. The temperature of the drying template may be increased as high as 50°C,
in order to speed up the drying process.

Delamination

PMP templates must be carefully delaminated from the master in a way that does not break
or deform any features. Templates can be damaged if they are stretched, swollen or torn.
Examples of features deformed during delamination are shown in Figure 2.14.

The most effective way to remove PMP templates is to first use a tweezers to carefully
peel back the edges of the template. Isopropanol can then be added so that it covers the
entire template. Once the isopropanol has fully permeated the PMP, the template may
be slowly pulled off the substrate. This process is most effective when the casting ring is
submerged in an ultrasonicating bath. If the template has been cast too quickly, residual
stress can build up in the PMP. If the PMP has too much residual stress, the template will
delaminate from the substrate in the presence of isopropanol without the need for peeling.

2.4 Ink Properties and Patterning Conditions

A major goal of this work was to fabricate devices using commercially available nanoparti-
cle inks. Nanoparticle inks have decreased in cost and increased in availability as printed
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Figure 2.13: The PMP casting setup, with an aluminum casting ring attached to the sub-
strate with SU-8. A metal-reinforced PDMS layer is mounted on top of the ring and sealed
with paraffin film

electronics have entered the industrial sphere. Dilute nanoparticle inks can reach about 20%
nanoparticle concentration by mass before agglomeration becomes a risk. Both silver and
copper nanoparticle were used in this research.

Inviscid inks are generally manufactured for inkjet printing. Inkjet printers generate
extremely small droplets of ink, so inkjet ink solvent is designed to evaporate slowly. Popular
options include glycols (ethylene glycol, propylene glycol, and triethylene glycol monoethyl
ether), and liquid higher alkanes (dodecane and tetradecane). Since the AMPT process is
driven by vapor evaporation, stock inkjet inks pattern too slowly. Ethylene glycol patterns
can take hours to form a single pattern. More volatile solvents pattern faster. Solvents with
boiling points around 80° are especially desirable, as their evaporation rate can be easily
changed with moderate increases from room temperature.

Inks must also be inviscid. Viscous inks can cause a large pressure gradient to form along
the length of a flow channel. Ink viscosity should stay below 2cP[86] to prevent templates
from distortion.
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Figure 2.14: Examples of bad delamination on a PMP template showing distortion, flanging,
and stiction due to swelling.

Ink Properties

Commercially available silver and copper nanoparticle inks were obtained from Advanced
Nano Products Co. LTD, (Buyong-myeon, South Korea) and Intrinsiq Materials Ltd (Hamp-

shire, UK), respectively.

Vapor Pressure . : s :

Ethylene Glycol 12.1 Pa 16.1 mPa-s 197°C
Diacetone Alcohol 96.8 Pa 2.79 mPa-s 166°C
1-Butanol Copper 435.2 Pa 2.54 mPa-s 177°C
a-Terpeniol 1400 Pa 67 mPa-s palE e
Ethyl Acetate 9831 Pa 0.423 mPa-s 77°C
Ethanol Silver 5925 Pa 1.07 mPa-s 78°C

Figure 2.15: List of copper and silver nanoparticle inks procured for AMPT patterning.

Inks are most effectively patterned when their vapor pressure is between 0.3 and 0.5atm.
At this vapor pressure, pattering is accelerated, but ink solvent can be replaced before it
dries. Vapor transfer through PMP increases at low temperatures, so volatile ink patterns

better.
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Figure 2.16: Comparison of ink solvents tested for the patterning of silver and copper
nanoparticles. Plots show the vapor pressure with respect to temperature as described by the
Antoine equation. Experimental results show that patterning occurs best in the ”patterning
zone,” as indicated in the image.

Pressure and Template Backing

The AMPT process can be done at low pressures because clean solvent on the substrate is
absorbed into the template, bringing the surfaces into conformal contact. However, printing
at higher pressures can increase patterning efficiency by eliminating solvent leakage at the
template-substrate interface. Pressures of 250kPa have been most effective, though even
higher pressures may work better.

Template Delamination From Features

The final step of the AMPT process is removing template after the features have been
patterned. Patterned nanoparticles can adhere to the template rather than the substrate,
especially if the template walls are rough or the aspect ratio is high.

There are two approaches to limit template adhesion. The first is to smooth sidewalls
by applying a parylene (Section 2.2) or fluoropolymer layer (Section 2.2). The second is to
sinter the nanoparticles while they are still in their template. This is discussed in more detail
in the next section.
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Sintering

All nanoparticle particles must be sintered in order to gain full conductivity. Sintering
may be accomplished with heat or with a Nd:YAG fiber laser. Silver nanoparticles can
be sintered above 200°C [18] in either nitrogen (to keep the template intact) or air (to
pyrolize the template). Sintering time depends on temperature. Features created in this
thesis were sintered for 30 minutes at 260°C. Copper nanoparticles need to be sintered at
a higher temperature, 350°C, because the ligands for copper are more strongly attached to
the particle. Copper is prone to oxidise, so all heat sintering must be done in nitrogen.

Laser sintering is a potentially faster approach. Copper can be sintered in a laser, but the
copper nanoparticle inks purchased from Intrinsiq were difficult to properly sinter without
ablating (launching off the substrate). Because copper nanoparticles must be protected by
a thick ligand layer, they have a high tendency for ablation. Dry copper particles frequently
launched off the substrate during laser sintering as their ligands were ablated. Silver particles
were successfully laser-sintered, though thermal sintering was preferred. A discussion of silver
laser sintering parameters is included in the discussion of LIDART in Section 5.8.

Features may be sintered while they are still in their template so that they do not
delaminate when the template is removed. Sintering should preferably be done at under
250°C and in a nitrogen environment in order to prevent the PMP from pyrolizing or melting.
If PMP is exposed to higher temperatures, it can adhere to the substrate. Templates that
are not damaged during the sintering process can be removed with the aid of an organic
solvent such as isopropanol or acetone. If PMP is exposed to oxygen at temperatures above
170°C, it turns brittle and red. Pyrolized templates can be removed with acetone after they
have been completely ashed.
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Chapter 3

AMPT Flow and Modeling
Techniques

This chapter considers theoretical underpinnings and modeling techniques for the AMPT
process. The goal of this work is two-fold: to construct a model of the transport mechanism
for ink through the template material and ink channel, and to develop tools that can be used
to improve template designs. As part of this work, some potential AMPT template design
rules are proposed. Future researchers considering the AMPT process can and should use
these tools to build better template designs.

3.1 Introduction

Previous work on AMPT as discussed in Section 1.3, established the theoretical basis for the
filling of long thin channels assuming a constant viscosity and flux rate through the walls.
Because of the limited modeling available, prior application of AMPT used layouts that did
not deviate much from the model of long, thin channels. Simple interdigitated electrodes had
been successfully patterned with multiple materials [64] and as electrodes for both UV and
gas sensors[65][87]. As the AMPT process transitions from experimental fabrication process
to a potential technique for functional devices and sensors, simple interdigitated electrodes
must be combined with features of varying aspect ratios and scale, such as contact pads.

AMPT process modeling can be used to predict the risk of premature drying, and the
rate of filling templates based on their geometries. Premature drying is the primary focus
of the work in this chapter. It occurs when a channel in a template dries out too quickly,
and stops the flow of nanoparticle inks to other parts of the template. As discussed in
Chapter 4.1, premature drying was a major issue in the fabrication of SAW resonators
during the AMPT process. Creating a new template with features on the scale of 200nm-
1pm can cost thousands of dollars and take months of fabrication time. The time and cost
of template fabrication prohibits iterative experimental template design. By comparison, a
simulation can give nearly instant feedback to a template designer.



CHAPTER 3. AMPT FLOW AND MODELING TECHNIQUES 49

The second purpose of modeling is to predict the rate of template filling, and to optimise
templates for faster filling. AMPT is a microfludic process, and the patterning speed is
limited by the rate of evaporation through the template. If the process is to be expanded to
a roll-to-roll system, a method for modeling fill rates of new template designs is needed to
predict patterning time and the rate of solvent deposition. When linked with experimental
data for a given solvent the work presented in this chapter can be used to model the fill rate.
The model presented in this chapter has been broken into multiple components to minimise
computational intensity so that fluid flow through large templates may be evaluated.

Theoretical Underpinnings of Ink Flow

The AMPT process consists of two linked processes: the fluidic convection of nanoparticles
and the diffusion of ink solvent through the template polymer. These two topics will first be
discussed individually, then linked together.

Microfluidic Flow in Mold Channels

The AMPT process is fluidic in nature, so in order to fully understand the process, the basic
fluid dynamics of a microchannel must be considered.
All fluid flow is modeled by the Navier-Stokes equation [88]

—

ou
ot
where U is the three-dimensional velocity of the fluid, p is the fluid density, p is the fluid
pressure, and 7 is the fluid viscosity. This version of the equation assumes an incompressible
fluid of uniform properties. The complete Navier-Stokes equation is unsolvable. Fortunately,
in the instance of microfluidics, the equation my be simplified to unidirectional creeping flow,
or Stokes flow [88].

If the fluid in question is assumed to be steady state, the first term of Equation 3.1 can

be removed. If the flow is assumed to be laminar, the second term may be removed.

+ pii - Vi = —Vp + nV3i (3.1)

Laminar flow exists only at low Reynolds numbers, Re << 1, where the Reynolds number
is given by [88]

D
Re = P42H (3.3)
n
where D), is the hydraulic radius, which is expressed as [88]
4A 2wh
Dy = = =10 (3.4)

P w+ h
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where A is the channel cross-sectional area, P is the channel perimeter, w is the width
of a rectangular channel, and A is the height of the channel.

Stokes flow is a good assumption for the AMPT process. For the case of ethanol flowing
through a 10um? channel at 1m/s, the Reynolds number is only Re =0.0073. Generally,
AMPT fluids travel even slower than this, so Stokes flow assumption is appropriate.

Finite element analysis of AMPT flow assumes Stokes flow with no-slip boundaries along
the channel walls. In the no-slip condition, the velocity of the fluid molecules directly along
the channel walls is zero.

Particle Diffusion Effects

The advective packing of nanoparticles opposes often works in the opposite direction of
diffusion, so if the diffusion of particles within the ink is sufficiently high, it can adversely
affect the packing of nanoparticles in an AMPT template. In its simplest form, diffusion is
defined by Fick’s law [89]

on
J=-D5 (3.5)

where J is the diffusion flux, or the flow per area per time, D is the diffusivity constant,
and n is the nanoparticle concentration. It should be noted that by Fick’s law, nanoparticles
diffuse in order to oppose concentration gradients.

In the case of nanoparticles, the diffusivity constant can be determined through the
Einstein mobility, as given by [89]

kgT kT
¢ 67057y
where kp is the Boltzmann constant, T is the fluid temperature, ¢ is called the friction
coefficient, which is the inverse of the mobility of the particles. The mobility is determined
by the the viscosity of the fluid 7y and the radius of the particles, 7.
The diffusion constant for nanoparticles traveling through a microchannel is increased

because of axial diffusion, as shown in Figure 3.1. This is known as the Taylor-Aris dispersion.
The effective diffusivity, D is given by [88]

D=

(3.6)

P 2
Doy = 29(1 + %) (3.7)

Where B is a constant that is related to the boundary and flow conditions. B is on the
order of 50 for most microchannel geometries. Pe is the Péclet number, which is given by

advective transport rate WU
Pe=— , = — (3.8)
di f fusive transport rate D

Where w is the width of the channel, and u is the velocity in the channel.
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Figure 3.1: Taylor-Aris diffusion, showing (a) a concentrated bolus of ink, (b) a parabolic
distortion of the bolus due to the Poiseuille flow profile (c) radial diffusion due to the dis-
tortion of the ink bolus and (d) the resulting spread-out ink profile that resembles axial
diffusion.

For a channel with a characteristic diameter of 10um, and 20nm nanoparticles in alcohol,
the ratio of advection to Taylor-Aris diffusion is given by the plot in Figure 3.2

From Figure 3.2, it is clear that for the AMPT process, diffusion is less than 0.16% of
the rate of advection. This is a negligible enough component that, the effects will not be
considered for the rest of this analysis.

Particle Drag Effects and Limitations on Flow Assumptions

Through most of the analysis presented in this chapter, the effects of the nanoparticles
within the channel is ignored. This assumption holds true given two requirements. First,
the concentration of the nanoparticles must be low. This will be discussed in the next section.

The second requirement is that the nanoparticles must be small with respect to the
channel walls. When a nanoparticle becomes large relative to the channel walls, it creates a
larger pressure gradient along the length of the channel, which is associated with the drag
caused because of the decreased film thickness between the fluid walls and the particle. This
drag force may be represented in terms of the known velocity of both the fluid and the
particle

Fdrag = 67T77f7np(kluoo - kQU) (39)

Where 7y is the velocity of the fluid, v is the velocity of the sphere, and u is the velocity
of the fluid at the same streamline as the sphere, but at an infinite distance away [91]. The
coefficients, k; and ko are function so the ratio of the diameter of the sphere and to the
channel, which are both expressed in terms of the fraction A = r,/R (where R is the radius
of a cylindrical channel) as

B 1—2X% —0.20217°
1 —2.105) + 2.0865A% — 1.7068)% + 0.72603A°

(3.10)

ki
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Figure 3.2: A comparison of the ratio of advective flux to diffusive flux for a 1% by volume
ink with 40nm particles for a range of velocities. The particles are assumed to be going
from fully dilute to close random packing (0.625 volume fraction [90]) in 1pm, which is the
highest conceivable concentration gradient. Even in this extreme case, the rate of diffusion
is no more than 0.16% the rate of advection

B 1 — 0.758557)\°
T 1 2.105A + 2.0865\% — 1.7068)> + 0.72603\°

These equations are presented for a cylindrical channel of radius R, but they can be
solved for a square channel of height H if the sphere diameter is scaled against the square
root of the area [92] so that

(3.11)

ks

2r,/H = +/(m/4)\ (3.12)
Using the Faxen theorem for a sphere traveling through a slit, the drag force can be
written as [93]

F = —ky[6mn;mp(0 — Uoo) — 75 Voo (3.13)

Through the use of a geometric correction factor, the pressure gradient is linearly pro-
portional to the channel velocity, giving [93]
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SUooT)f
2
where g(a) is a function of the aspect ratio ranging from 1 to a slit-shaped channel to
1.70 for a square channel.
Inserting the pressure gradient into Equation 3.9, setting the drag force equal to zero, we
get the velocity of a sphere flowing through the center line of a square channel [93].

_vaO = g(a) (314)

Uf:%{1—ﬂwig} (3.15)

The interesting outcome of this work is that the effect of particle drag is actually quite
small for most particle scales. If the particle is less than half the size of the channel height,
the velocity of the particle will not drop below 85% of the channel fluid velocity. This
assumption does not hold true if the particles agglomerate, but the agglomeration must
quite large for a serious problem with filling to arise. These approximations hold true if
multiple particles are located along the central axis of a channel, so long as the distance
between particles is at least twice the particle radius [94].

Particle Concentration and Viscosity

Since the AMPT process is driven by evaporation of solvent through the template polymer,
the rate of filling can be determined accurately through conservation of volume. Unlike in a
pressure-driven flow, the viscosity of the fluid does not majorly affect the flow-rate through
the channels. However, the viscosity should be taken into account because high viscosities
can distort the shape of templates, particularly if the template is constructed from a low
Young’s modulus polymer such as PDMS [64].

Nanoparticle viscosity is only a relevant consideration over the range of concentrations
in which the nanoparticles are evenly suspended in the ink. The saturation concentration
depends on the nanoparticle and ink chemistry, but generally occurs when the nanoparti-
cle mass fraction is between 0.2 and 0.4 of the ink. The maximum concentration can be
correlated to viscosity through two constants, a and b such that [95]

n=(1-ap—b)" (3.16)

Where ¢ is the nanoparticle mass fraction and 7 is the viscosity of the nanoparticle ink.
The maximum nanoparticle concentration can then be determined as [95]

C1-b
N a

Om

It should be noted that this correlation only holds for a particular solvent-nanoparticle
pair at a given nanoparticle size, solvent viscosity, and temperature[96].

The relationship between the viscosity of a nanoparticle ink and the size of the nanoparti-
cles inside the ink is poorly understood. This is not surprising given the difficulty of creating

(3.17)
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nanoparticles of uniform sizes, and the difficulty of varying the size of nanoparticles without
changing the chemistry of the ink. At low concentration, the size of the nanoparticles has
virtually no effect on the viscosity. However, as the nanoparticle concentration increases,
the viscosity can increase, decrease, or remain independent of the nanoparticle size [97].

For dilute nanoparticle suspensions, it is fair to assume that the viscosity decreases with
temperature. In such a case, the nanoparticles make a minimal contribution to the viscosity
of suspension, so the viscosity of the solvent is a reasonable approximation for the overall
viscosity. A common approximation for fluid viscosity is the Vogel equation [98].

B
n= ea:p(A + a3 T) (3.18)

The Vogel parameters for several fluids commonly used an the AMPT process are shown
in Table 3.1

Table 3.1: A list of parameters for calculating the fluid viscosity based on temperature as
determined by the Vogel equation [98] for solvents commonly used in the AMPT process

Solvent A B C
Ethanol -7.372 | 2770 | 74.68
1-Butanol -6.257 | 1957 | -24.97
Ethylene Glycol | -3.446 | 946.1 | -147.0
Acetone -3.380 | 553.4 | -46.96

3.2 Evaporation as a Driving Force for Ink Advection

AMPT is a microfluidic patterning process by virtue of the fact that ink is advected into
micro-channel by an evaporation-induced pressure gradient. Microfluidic patterning began
with a similar process called Micromolding in Channels (MMIC)[99][100]. In MMIC, ink
enters the mold because of capillary force. Ink is loaded from the outside of a mold with
open channels, and wicked into capillary templates, where it can be concentrated through
evaporation, or cross-linked with UV light[80]. The process is faster than AMPT but the
geometry of MMIC structures is extremely limited. The channels must be narrow enough
to keep a large capillary pressure. As a result, MMIC cannot be used to create features
that cover a large area (e.g., meshes) or that “dead-end” (e.g., interdigitated fingers). These
geometrical constraints in the channel construction limit the practical use of MMIC for device
fabrication.
The capillary pressure is defined in Equation 3.19[101]

_ 2ycost

Pe (3.19)

r
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where p. is the capillary pressure, v is the interfacial pressure, 6 is the wetting contact angle
of the liquid on the capillary surface, and r is the effective radius of the channel.

AMPT offers a major improvement over MMIC, because the driving force is less de-
pendent on the geometry of the channels. In AMPT, the driving force for the channels is
the evaporation of the solvent through the template. Unlike MMIC, it is not so simple to
determine this force for a given channel geometry.

Impetus for Model Design

The mechanism for fluid flow in AMPT is the evaporation of ink into the side walls of the
channels. The rate of flow in an AMPT channel is proportional to the rate of solvent flux
into the walls for a given cross-section of the template. In patterns with large variations in
feature size or surface area, the nanoparticle ink may dry-out in smaller features before it
reaches larger features, blockages to the flow of ink (or dry-outs). A representation of channel
blockage is shown in Figure 3.3. Such blockages occur in a variety of template features and
can be difficult to predict due to the geometric dependency of the drying force.

One solution to variations in dry-out is to decrease the nanoparticle concentration in the
ink. Low nanoparticle concentration inks are less prone to premature drying, but since more
solvent must be evaporated for the same pattern, the process becomes much slower|[86].

Previous work modeling the AMPT process determined analytic solutions for ink flow
by assuming uniform flux of the solvent through the channel walls for long, straight[86]. A
discussion of this analysis is in Chapter 1.3. The analytic model shows that nanoparticle
packing begins from the far end of a long channel, but it does not give insight into template
design.

This section discusses the use of finite element modeling to anticipate dry-out in order to
create a template that can be patterned completely without any blockages. This work focuses
on a two-part model, in which correlations between template geometry and transport through
the PMP template are determined by a multi-phase finite element model. This model can
be used to generate trends relating feature layout to absorption flux into the channel walls
These trends used to to create finite element simulations of Stokes flow of the nanoparticle ink
in complex template structures with uniform drying flux. From these models, a parameter
related to dry-out, called the ”flow-factor” may be calculated using post-processing. Areas
identified by the model to be high-risk can then be compared to real features to verify the
model’s usefulness.

Mechanisms of Transport in Templates

Transport through a vapor-permeable template is dependent on a number of factors including
the polymer structure, solvent, temperature, feature size, feature shape, feature density,
template thickness and ink viscosity. Previous work on modeling AMPT used an arbitrary
sorption rate into the channel walls[86]. Modeling spatial variation of channel flux requires
an understanding of transport through the template material.
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Figure 3.3: A cross section of a channel showing (a) proper molding in which nanoparti-
cles concentrate at the far end of a channel, and gradually pack toward the open end and
(b) a blockage created by premature drying part-way through the template. Concentrated
nanoparticles block the passage of any more nanoparticles, creating an incompletely pat-
terned feature. This behavior is called ”dry-out”.

To simplify the analysis, we only consider a system of ethanol as the solvent and PMP as
the template material, neglecting the role of nanoparticle concentration. PMP is the leading
material for AMPT templates due to its high permeability and stiffness[82]. Ethanol is a
common solvent for silver nanoparticle ink and is known to have sorption in PMP at the
ideal range (above 10% and below 100%) for AMPT patterning[77].

Solvent evaporation through a template can be considered a special case of pervapora-
tion with only one species. Pervaporation is the process of evaporating solvent through a
polymer membrane and is a common industrial technique for separating organic liquid mix-
tures through selectively permeable polymers[102]. In pervaporation, a membrane is kept in
contact with a liquid solvent on one side, and left open to a flowing gas on the other. One of
the leading approaches for describing pervaporation is a solution-diffusion model[103]. This
model consists of three components, (i) the sorption of the solvent into the membrane mate-
rial, (ii) the diffusion of the solvent across the membrane material, and (iii) the desorption
of the solvent and evaporation into the atmosphere. These steps are shown in Figure 3.4.
The concentration on the solvent-rich side of the membrane is

Cioim) = K1 - cio (3.20)

where K is the partition coefficient and c¢;, is the molar density in pure solvent. In steady-
state with pure solvent, the concentration of the membrane at the boundary with the solvent,
Cil(m), 18 the saturation concentration solvent in the membrane material. The concentration
on the side of the membrane facing air is

Citim) = K5+ Dir (3.21)
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Figure 3.4: A schematic of a cross-section of a simplified PMP template with a channel in the
center. Ethanol leaves the template (i) by adsorbing onto the PMP surface (ii) by diffusing
through the PMP template and (iii) by desorbing from the PMP and diffusing into air

where the concentration of the solvent in the membrane at the interface is ciy), the partial
pressure of the solvent vapor on the gaseous side of the membrane is p;;, and the gas partition
function that relates them is K.

If the concentration on both the channel and air interfaces with the PMP are known via
the partition functions, the one-dimensional diffusivity across the membrane is defined by

Fick’s law P
J = _Dzﬁ _ _Di Cit(m)
dx Cio(m)

(3.22)

where J is the flux.

Transport Through Poly(4-methyl-2-pentyne)

Poly-(4-methyl-2-pentyne) (or PMP) is a glassy di-substituted acetylene-based polymer with
a fractional free volume of 0.28 and a density of 0.78g/cm3[77]. In a glassy polymer, sol-
vent molecules are transported through highly-mobile free-volume elements in the polymer
structure[104]. Glassy polymers with high permeability generally have stiff chains that pack
poorly, creating the voids that result in a high fractional free volume[105].
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The specifics of solvent transport in PMP are poorly understood. The rate of diffusion
through PMP is inversely proportional to temperature and the size of the molecules, at
least for molecules as large as n-butane[77]. Due to the many factors affecting transport
properties in PMP, the diffusivity, permeability and maximum saturation concentration of
the solvent in PMP at a given temperature must be determined experimentally. The next
several sections discuss the experimental work needed to create an accurate model for PMP
transport.

Diffusivity

Diffusivity is determined by the ISO 62 standard for thin films[106]. A polymer film is
submerged in pure solvent and, at regular intervals the film is dried and weighed. During
the initial part of the diffusion curve, the normalized mass fraction of the membrane can be
expressed as
(T 2 Dt
m(t) 2 /Dt (3.23)

Cs LN

where ¢ is the film thickness, D is the Fickian diffusion constant, and ¢ is the time since
the polymer was initially submerged. The saturation concentration ¢, is equivalent to c;o(m)
in Equation 3.20 and Equation 3.22. If the polymer that experiences negligible sorption
hysteresis, the relative increase in mass of the polymer at time ¢ is

m(t) —my

my(t) = (3.24)

mo
A plot of this trend is seen in Figure (3.5)

Samples of PMP film were dried in a vacuum chamber for an hour, soaked in ethanol
at 50°C, quickly dried on a bonded fiber wipe, and weighed on an analytic balance. The
normalized mass fraction of the solvent in the PMP film was plotted against the time that
the film was submerged Figure 3.5 and Equation 3.23 were used to fit the value of diffusivity
for the trend. The diffusivity for ethanol in PMP was found to be 1.53 4 0.48 x 10~ %cm?/s.
No solvent hysteresis was observed.

Maximum Saturation Concentration

The maximum saturation concentration, mg was determined by submerging the same film in
solvent until the mass increase with respect to time was undetectable (about 5 minutes for
a 110 wm PMP film). For the AMPT process, the maximum concentration of the template
must not be so large as to deform the template due to swelling. If the template swells
too much, it will soften and deform under the evaporation-induced pressure that drives
nanoparticles through the channel[86]. Swelling can limit pattern fidelity at approximately
100% by weight. Since the rate of transport through PMP is directly proportional to the
solvent saturation, the saturation should be above 10% by weight. Saturation concentration
of ethanol in PMP is 38.5% or 17000 mol/m3.
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Figure 3.5: The measured and fit normalized mass fraction over time. Equation 3.23 is fit
to the measurements to estimate the value of the diffusion constant D

Permeability

Though permeability is not necessary for this model, it is a commonly compared figure of
merit for membrane materials. If diffusivity is known, permeability may be used to determine
the sorption parameter at a given uniform vapor pressure as shown below [107]

J:P(W):DS«W) (3.25)
where P is the permeability and S is the sorption parameter.

Previous studies of gas permeability in PMP focused on the transport and selectivity of
noncondensable gases, not extending to molecules larger than n-butane[108]. Inks for the
AMPT process must be liquids at room temperature in order to pattern properly, so the
transport of larger molecules is of interest to the development of AMPT. Transport in PMP
increases with the size and condensability of a penetrating gas (see Figure 2.12)[109], so it is
expected that nanoparticle ink solvents should permeate quickly through a PMP template.

The permeability of ethanol in PMP was experimentally found to be 1.84x 10 5cm? (ST P)-
em-em™2 st emHg™! (185000 Barrer) by heating ethanol to 50°C in a sealed container
with a PMP membrane on one side. The container was exposed to freely circulating air

on the other side. The permeability of ethanol vapor is compared to that of other gases in
Table 3.2.
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Table 3.2: Comparison of ethanol (CoHgO) permeability with data from Pinnau[77]

Gas Permeability (Barrer)

Ny 1330

O, 2700
CHy 2900
CyHg 5800
CsHg 4700
COq 10700

n-C,4H;0 40300
CyHgO 185000

3.3 Modeling Approach

The experimental data from the previous sections allow for the creation of a finite element
model of solvent flux through a PMP template. A finite element analysis that models
the effect of all these factors is too computationally intensive for template designs more
geometrically complex than a channel. In an effort to minimize the computational needs of
the finite element analysis, a series of correlations between geometry and flow rate are first
developed so that they can be incorporated into a fluidic model. The chart for this analysis
is shown in Figure (3.6).

Dialysis Model

The most complete model of flow in the AMPT process is the three-domain model shown
in Figure 3.4. This model includes laminar flow and diffusion in the ink channel, diffusion
in the PMP, and convection and diffusion in the air above the template. This model can be
simplified through two assumptions.

The first assumption is that the template channel contains pure solvent (e.g., ethanol).
This eliminates the complications of a two-phase solution, which requires both the advection
and diffusion of nanoparticles. Any considerations pertaining to nanoparticle drying be
determined in post-processing by considering the conservation of volume of the ink (see
Section 2.12). This assumption holds true for nanoparticle sizes below half the channel size
and concentrations below 20%-40%.

A typical 1um tall template has a Reynolds number of roughly 107'2, which guarantees
Stokes flow regardless of ink viscosity. The pressure gradient that drives flow in an AMPT
channel can deform the template if the initial ink viscosity exceeds 5 cP[86]. The initial
viscosity of the ink can be correlated to nanoparticle size, nanoparticle concentration, solvent
viscosity and temperature[96], so integration of viscosity change into the process model is
not necessary.
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Figure 3.6: A flowchart for evaluating the pattering quality of a vapor-permeable template.
The chart simplifies flow modeling by first creating correlations between the template geom-
etry and flux through the wall. Post-processing is then applied to determine the likelihood
of premature drying.

The air domain above the template can be also removed to reduce computation time
of the model if the assumption that the ethanol concentration at the PMP-air interface is
Cieimy = 0. The rate of diffusion for ethanol in air (11.81 x 10m?/s)[110] is ten orders of
magnitude higher than that of ethanol in PMP (2.63 x 107%m?/s), so air at the interface
with the PMP is effectively a sink for ethanol.

The resulting model after these simplifications consists of only two domains. The ethanol
in the flow channels is modeled with laminar (Stokes) flow, as shown in Equation 3.26[111].

puUNVU = —Vp+ uV:w (3.26)
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where p is the fluid density, % is the fluid velocity vector, p is the pressure, and p is the
fluid viscosity. Diffusion through the PMP is modeled by Fick’s Law Equation 3.22)[112].
The two domains are coupled through their interface using Equation 3.27 and Equation 3.28
for the ethanol-filled channel and PMP template, respectively.

(K1 *Cio — CiO(m))
Vmﬁthanol

Uboundary = — M (3 27)

Jpup = M(Kl *Cio — CiO(m)) (3-28)

In both Equation 3.27 and Equation 3.28, M is a stiff-spring velocity, which is used to express
a Neumann statement about the flux across the boundary, but achieves a Dirichlet condition
for the concentration on the interface. The stiff-spring velocity gives for an ethanol flux across
the interface, even though both sides of the interface are at saturation concentration[113].
The exact velocity specified by M has essentially no effect on flux, and is set arbitrarily high
(i.e., 10*m/s, as recommended by COMSOL)[114]. The inlet to the flow channel is treated
as laminar inflow with an inlet pressure of 0 atm, and the bottom surface of the channel (the
substrate) is treated as a no-slip wall.

Effect of Fill Density

The experimental results discussed in the previous section inform a one-dimensional analytic
diffusion model of ethanol through PMP. The geometry of a three-dimensional template can
significantly change the local concentration of solvent. If two features are adjacent in a PMP
template, the solvent flux from each channel contributes to the concentration of ethanol in
the template. This increased ethanol concentration slows the rate of flux through the walls
of both channels. Closely-spaced features are common in AMPT template design, so special
consideration must be made to the effect of feature density on the flux rate through channel
walls.

The geometric effects on drying rate in a channel were analyzed using COMSOL Mul-
tiphysics, with the creeping fluid flow of the ink through a channel linked to the diffusion
of ethanol through a three-dimensional PMP template. The boundary conditions for these
models can be seen in Figure3.7. The symmetry conditions on either side of the modeled
domain means that the model describes an infinite array of channels. Average channel flow
rate is determined for two different parametric variations.

The first parametric sweep considers 1:1 aspect ratio channels (w. = h.) with varying
distance between fill channels w,,. When the channels are very close together, the PMP
between the channels becomes nearly saturated with solvent. This lowers the flow rate
between the channels and causes a sharp loss in flow rate when w,, < w.. The trend can
be seen in Figure 3.8, in which the flow rate (as a percentage of the maximum flow rate) is
plotted against the fraction of the surface covered by channels.

The aspect ratio of the channels also affects the rate of drying. As solvent flux is ul-
timately directed through the top of the template where it can evaporate, the sidewalls of
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Figure 3.7: The boundary conditions for the finite element model used in the parametric
pitch studies in Figure 3.8 and Figure 3.9. The height of the template is kept constant at
200 pm, which is a common thickness for PMP templates. Since h,, >> h., the ethanol
velocity in the channel scales linearly with template height.

the channel sorb flow more slowly than the top of the channels since the area above the
side walls becomes saturated faster. When the channels become wider than their height, the
proportion of flux through the side wall decreases and causes the average flow into the walls
to increase Figure 3.9.

Constant Flow Modeling

In the previous section, correlations were developed for finite element models in which fluid
flow in the channels was coupled with the diffusion of solvent in the PMP templates. These
results can be used to determine different flow rates for each channel wall based on the
channel’s geometry without the need for finite element modeling.

For this work, a the correlations shown in Figure 3.8 and Figure 3.9 are used to as
formulae for the approximate flow rates into walls. An example of this modeling can be seen
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Figure 3.8: Normalized flow versus channel feature density for channels with a 1:1 aspect
ratio. The velocity of ethanol through the channel decreases with the increasing density of
the walls

in Figure 3.10, with each color indicating a different normal velocity into the walls of the
channel.

These wall velocities are input into a creeping flow fluidic model to determine ethanol
velocity throughout the template. The output for this model in COMSOL is shown in
Figure 3.11.

Post Processing of Locational Drying

For this model, drying is considered in terms of a control volume within a segment of a
template channel (Figure 3.12). Ink flows into and out of the control volume by means of
fluidic advection. Ink solvent also leaves the control volume when it is sorbed into the PMP
channel wall. The volumetric balance for the control volume is given by.

‘./;n = .out + Z Jwalls (329>

Control Volume Analysis

From Figure 3.12, the rate of drying for a single cross-sectional control volume segment of a
channel is equal to the advective flow into the control volume minus the advective flow out of
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fraction of the channel wall that is a top surface
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Figure 3.10: Zones of uniform flow rate determined by the correlations from Figure 3.8 and
Figure 3.9. In this case, since the pitch of all the features is uniformly 1:1, correlations are
determined by the varying aspect ratios of the template.

the control volume. For complex template geometries, the same control volume analysis may
be applied to arbritrarily small discrete segments with some modifications. If the template
is divided into an array of small control volume elements, most elements will not border a
channel wall. Elements near, but not adjacent to, a wall will experience the effects of drying
even though there is no direct flux into a wall bordering this element.

It is tempting to try to correlate flux leaving a control volume to vorticity, as the influence
of wall sorption would induce a curl in the flow velocity. This is appropriate in straight
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Figure 3.11: COMSOL model output showing the creeping flow velocity magnitude through
the mid-plane of the model. The constant flow rates through the walls are shown in Fig-
ure (3.10
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Figure 3.12: Control volume example shown in Equation 3.29

channels, but in a template with sharp turns, the angular component of the fluid velocity
moving around a corner is indistinguishable from the influence of wall soprtion. Instead,
a weighting factor (Equation 3.30) is introduced in post-processing of the velocity finite
element model (Figure 3.11) to determine the relative effect of sorption into the walls for
each control volume element.

Tmazx Ymaz Zmaz

B Quan(z,y, 2)
W = Z Z Z \/(33 —20)? + (y — y0)? + (2 — 20)? (330

Tmin Ymin Fmin

Equation (3.30) sums the distance from the control volume to all the walls of the channel,
weighted inversely to their distance from point (x,y, z). The bounds of the summation (e.g.
Tmin and Tp,q,) should be large, but not so large as to make calculation impossible. In
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Figure 3.13 the factor was calculated for 8 elements in every direction. This weighting factor
can then be implemented to find the fill factor for the given location. The fill factor is a
qualitative indication of the likelihood that an area will properly fill without drying out
prematurely. The fill factor is given by Equation 3.31

f o | Vflm'd(ivja k) |
lel - 1 + WLLWJ‘?)

Wp

(3.31)

WD (Zvjak)
where —

- is the weighting factor of the particular point normalized to the average
weighting factor for the entire layout. The fill factor can be seen in Figure 3.13. To make the
image, fill factors were calculated in three dimensions using MATLAB, then averaged along
the vertical dimension. This gives the user an understanding of template dynamics from
overhead. Since most templates have a uniform height, this two-dimensional presentation of
the fill factor is sufficient to evaluate the template shape.

Figure 3.13: Color map of the fill factor for the sample shape shown in Figure 3.11 and
Figure 3.10. The fill factor is used to determine the quality of filling. In this image, fill
factors in the bottom ten percent are highlighted red. The remaining are highlighted blue.
These red locations show areas of key concern, where prematurely dried nanoparticles are
most likely to block flow. Four call-outs (1-4) of areas of incomplete patterning due to
premature drying are compared to images of shapes printed with the AMPT process in
images Figure 3.14
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Validation With Experimental Results

Figure (3.13) shows the model’s predictions for the areas most likely to prematurely dry in
red. All channels with closed ends appear in red, though these areas are of minimal concern
as they do not pose any blockage risk. The same is true of channels open on both ends to
slowly drying (blue) channels, shown in location (2) of Figure (3.13).

|

Figure 3.14: Features created using the AMPT process demonstrate problems with pre-
mature drying in the same places predicted by the fill factor template parameter. Images
include (a) SEM micrograph of silver ink on silicon, optical micrograph of copper ink on
lithium niobate and (c) optical micrograph of silver ink on silicon.

Though the fill factor system is qualitative, it correctly identifies features that pattern
poorly in the AMPT process. Several examples can be seen in Figure 3.14. Locations that
fill poorly include channels perpendicular to the primary direction of ink flow through the
template (1 and 2), wide channels closed on three sides (3) and narrow channels beyond a
certain length (4).
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In general, the fill factor parameter shows that areas of low flow should be modified in
order to increase filling quality. For instance, square pegs are commonly used to keep wide
contact pads from collapsing, but they are prone to poor patterning as seen in location
(2) of Figure 3.14. The poor patterning observed on the upstream side of square pegs
can be improved by replacing square pegs with round pegs. The improvement is shown in
Figure 3.15.

(a) (b)

20pm

Figure 3.15: Comparison for a simplified contact pad with interdigitated fingers. Pad (a)
contains square pegs that hold up the contact pad, with a large area of poor filling down-
stream (to the left) of the pegs. Pad (b) shows a proposed improvement to this design,
evaluated using the fill factor model. The model shows better patterning on the downstream
side.

3.4 Conclusions

This chapter demonstrated a model the filling of templates in the AMPT process. We
presented a multi-part model designed to simplify finite element modeling for complex shapes
of nanoparticle templates. Post-processing is applied to determine a flow factor that relates
the fluid velocity through the channel to the absorptive flux through the walls of the vapor
permeable template.

In order to construct this model, correlations between drying rate and the geometry of
the patterned feature were established. As arrays of uniform features become more densely
packed, the average flux through the channel walls decreases. The normalized average chan-
nel velocity scales quadratically with respect to the feature density. If arrays of channels have
a uniform pitch and 50% packing density, but the aspect ratio changes, the flux through the
walls increases as the channels become shorter relative to their width. The average velocity
through such channels scales linearly with the fraction of channel wall surface area that is
located on the top wall.

The model corresponds well to patterning limitations. Areas that pattern poorly include
long, thin channels, and walls and corners on the upstream side of ink flow. Through trial
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and error, templates can be optimized without fabrication. Creating a new template for
AMPT can take weeks and cost thousands of dollars, so the ability to improve template

design virtually is invaluable.
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Chapter 4

AMPT Devices and Experimental
Work

Chapters 2 and 3 discussed advancements in AMPT template fabrication, printing and mod-
eling techniques. These improvements have all been necessary to fabricate complex, func-
tional devices using the AMPT process. This chapter will discuss the design and results
of a new AMPT-fabricated surface acoustic wave (SAW) resonator as a prof of concept for
AMPT electrical device fabrication.

4.1 Surface Acoustic Wave Resonators

SAW resonators are perfect for low-cost electrical filters. Because the frequency of a SAW
device depends only on the pitch of the IDTSs, it is possible to print several SAW devices
with different frequencies on the same substrate. This is advantageous in applications such
as cell phones, when many resonators of different frequencies are needed in a low-size and
low-cost package.

Current cellular phones require electrical resonators to filter frequencies around 2.4GHz
[115]. For a SAW resonator on a commercially viable substrate, these frequencies can only
be achieved when the electrode features approach 100nm in width. This exceeds the com-
mercially viable limits of lift-off lithography (between 250nm and 1pm)[7]. Increasing the
frequency requires either the use of higher harmonic frequencies or exotic substrates such
as diamond, which are limited by issues of efficiency and cost, respectively. However, if
the resolution of an inexpensive SAW resonator could be improved, they would be a viable
option for cell phones and other telemetry systems once again.

AMPT is a promising approach for fabricating SAW waves. Modern cell phones use
FBAR filters, which use bulk acoustic resonance through thin films to achieve frequencies
that would be too high for lithographically-patterned SAW resonators. FBAR filters require
precise bulk etching, and a separate patterning process for each resonator. If an AMPT
resonator were to approach 2.4GHz, it would lower the fabrication cost of cell phone telemetry



CHAPTER 4. AMPT DEVICES AND EXPERIMENTAL WORK 72

because AMPT can cheaply fabricate features in the submicron range, even if the master
must be fabricated by expensive methods such as electron beam lithography. The long, thin
electrodes of a SAW resonator are ideal features to pattern using an AMPT process.

SAW Resonator Theory

Surface acoustic wave (SAW) resonators are transducers in which an AC electrical signal is
coupled to a surface wave on a piezoelectric substrate by means of interdigited electrodes.
If two interdigitated electrodes are interlaced, a signal may be coupled between the two
electrically isolated electrodes at the resonance frequency. These electrode structures (shown
in Figure 4.1) are commonly called interdigitated transducers or IDTs.

The frequency of a SAW device is determined by the pitch of the IDTs and the speed of
sound in the substrate. The resonator’s center frequency f. is defined as

(% (%

Je=5q= 2(s + w) (4.1)

where v is the speed of sound along the surface of the substrate, d is the pitch of the elec-
trodes w is the width of a single electrode, and s is the distance between the electrodes|[116].

Y-Z cut lithium niobate was chosen as the substrate material for all SAW resonators
in this paper. Lithium niobate is a common substrate for SAW resonators, most notably
because of its high sound velocity and high electromechanical coupling coefficient (k?). The
high sound velocity enables a high frequency for a given IDT pitch size. The high electromag-
netic coupling coefficient indicates a high amount of energy transferred from the electrical
oscillations of the IDT, to the mechanical vibrations of the substrate, and back [117]. The
electromagnetic coupling coefficient may be expressed as

_ Energy Converted  v§ — v2,

k* =

= 4.2
Input Energy v} (42)

where vq is the surface velocity for lithium niobate in a vacuum, and v, is the surface
velocity for lithium niobate covered in a thin layer of conductive metal[117]. A material
with a high electromagnetic coupling coefficient leads to a SAW resonator with narrow filter
bandwidth and a low insertion loss.

Y-Z cut lithium niobate has a vy of 3488m/s and a v, of 3411m/s, giving k? = 4.4%
[118].

SAW Resonator Design

SAW resonators were fabricated in two phases. The first phase contained three different types
of 1um pitch SAW-based electrical devices. The second contained only one-port resonators
ranging in size from 500nm to 1um in pitch. Both designs have many design commonalities,
as described below.
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Figure 4.1: Layout of an one-port SAW resonator. An RF signal is fed into an input set
of electrodes (shown in red) that are interdigitated with a grounded electrode. The electric
field in the vicinity of these electrodes causes the piezoelectric substrate below to expand
and contract, creating a moving surface wave. The wave is constrained by an array of
reflection gratings (shown in black) along either side of the resonator. The wavelength (\)
is proportional to the pitch (d) of the IDTs.

GSG Pads

A ground-source-ground (GSG) probe is typical for RF interrogation of a resonator. Proper
measurements require pads that match the probe layout. The GSG pads for the SAW design
were 80um by 120um for the center source pad, and 203.5um by 120pum for the ground pads
on either side. The pads were spaced 50um apart. The GSG pads contained holes spaced
throughout. These holes resulted from pillars that were used in the AMPT template to keep
the PMP from collapsing under the evaporation-driven pressure gradient.
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Waveguide and Reflection Grating

Each resonator had an IDT and two waveguides on either side. The IDT had 80 lines.
Each IDT had an alternating pattern of long 130um lines and short 8um lines. Long lines
terminated with a 2um gap from a short line of the opposite side. The surface wave was
excited in the 120um where the RF and ground electrodes overlap, while the wave could
dissipate in the 10um on either side. This layout suppressed higher order diffracted transverse
modes from reflecting back into the IDT.

Waves were contained on either side of the IDT by reflection gratings, consisting of
80 140pm-long lines. These gratings were designed to reflect surface waves back at Bragg
condition intervals, further improving the efficiency of the resonator.

Resonator Phase 1

The first phase of AMPT SAW resonators attempted to create a variety of SAW devices
using a single-layer master. Wafers were fabricated using an ASML 5500/300 DUV stepper.
The minimum feature size fabricated was 1pum. After lithographic patterning, features were
etched using two different approaches of deep reactive ion etching. A first attempt used
silicon wafers, while a second approach used a thermally grown layer of SiO,. Both methods
are discussed in Chapter 2.

These layouts had a tendency to print poorly. Several features suffered from premature
drying in the patterning step, particularly on long, thin channels. Features also patterned
poorly due to fill channels with low aspect ratios. These channels had a tendency to dry too
quickly or collapse under pressure and block off flow.

Device Variants

The ASML 5500/300 DUV stepper masks can contain four different die layouts. This enabled
experimentation with different SAW devices. Phase 1 included three different layouts.

One-Port Resonator The one-port resonator (Figure 4.2) was filled using three fill ports.
With only one source pad, the resonator was designed to be used to measure admittance
with respect to frequency. At the resonance frequency, the reflected signal drops in
amplitude, as energy is transferred into the piezoelectric substrate. These devices were
the simplest to fabricate, but the channels from the ground pads to the grounded side
of the IDT frequently dried prematurely during patterning.
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Grating Grating

Figure 4.2: One-port SAW resonator design. This design is similar to that of the Phase 2
resonators. The resonator (light blue) uses a single GSG pad (dark blue) and requires three
fill ports (green). Two of these fill ports fill the grounded reflection gratings on either side
of the IDT that constraint the SAW gratings.

Two-Port Delay Line The two-port delay line (Figure 4.3) was filled using five fill ports.
In standard operation, two port delay lines use one IDT for an input RF signal and one
as an output signal. The input signal creates a moving wave at the resonant frequency
that travels across the piezoelectric substrate and induces an RF signal of the same
frequency in the output IDT. The signal is shifted by a phase that is proportional to
the speed of sound in the material, and distance between the resonators.
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Grating  IDT IDT Grating

Figure 4.3: Two-port delay line design. The ladder filter uses two GSG pads, one for the
input signal and one for the output signal. The design requires and requires five fill ports.
The space between the IDTs determines the measured phase shift between the input and
the output.

This device was designed to measure the transmission from one IDT to the other with
respect to frequency. The delay line can be used as a measure of the co-alignment
of the two IDTs. Even a slight difference in the angular orientation of the resonators
would cause significant attenuation. Delay lines were also sensitive to slight distortions
of the mask layout. The spacing between IDT's was 200um, or 50 times the wavelength.
A 2% distortion in size would create a 90° phase shift between the input and output
IDTs. These devices also suffered from premature drying for the grounded side of the

IDT.

Three Port Ladder Filter The 1.5 stage three-port ladder filter (Figure 4.4) was filled
using five fill ports. It was the most ambitious of the attempted designs. It was
designed to measure both transmission and reflection with respect to frequency. The
goal of the ladder filter was to test the control of feature size control down to 10nm
for an AMPT device. The bandwidth of the filter is determined by the difference in
pitch between the f, resonators and the f; — Af resonators. In practice, these devices
were particularly hard to fill, because the layout had three resonators connected to the
same fill port by a narrow channel. The wire diagram for the ladder filter is shown in
Figure 4.5.
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Figure 4.4: Three-port ladder filter. The filter contains three IDTs and requires six fill
channels. Drying was particularly common in the line that connected the three IDTs. It
was the most complex of the three Phase 1 designs. The electrical diagram for this filter is
shown in Figure 4.5. The input voltage is read between the top left source and the common
ground. The output voltage is read between the bottom left source and the common ground.

Figure 4.5: Schematic diagram for the circuit of the three-port SAW ladder filter. This
diagram corresponds to the layout shown in Figure 4.4
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Resonator Phase 2

Figure 4.6: Layout for the Phase 2 mask. Green shows SU-8 features, yellow shows resonators
filled by fill channels, orange shows top-loaded resonators, aqua shows test channels with a
1:1 channel-to-gap width ratio, blue shows test channels with a 1:2 channel-to-gap width
ratio, and red shows SiO, alignment and test features.

Based on the incomplete patterning of features in Phase 1, Phase 2 sought to simplify
resonator design down to one port, and to explore the possibility of SAW resonators with
submicron resolution. These resonators were fabricated in conjunction with Fuji Electric,
which manufactured the SiOy submicron layer using a NSR-2205i11D UV stepper with a
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250nm resolution. Fill channels were fabricated out of SU-8 on SiO, channels using an
EVG620 aligner with a 7in mask. Details for this fabrication process are discussed in Chapter
2.

Each mask of an NSR-2205i11D stepper creates a single 2.2cm by 2.2cm die. The in-
creased size of these dies over those used in Phase 1 allowed the creation of many more
features on a single die. Each die contained eight resonators and four sets of test arrays.
Four of the resonators were designed to be filled by fill channels from the edges of the tem-
plate, and four resonators toward the center of the template, that were designed to be filled
through top-mounted fill ports. These top-loaded SAW resonators have not been tested, but
their design is based on previous AMPT work[64]. The layout of Phase 2 resonators are
shown in Figure 4.6.

The features for the Phase 2 die are listed below:

1-Port Resonators | Test Line Structure
1x and 2x Pitch
lpm 2pum
800nm 1.5pum
600nm 1.25pm
500nm lpm
800nm
700nm
600nm
500nm
400nm
350nm

Table 4.1: Table of features in the Phase 2 die shown in Figure 4.6

Results

Silver one-port SAW electrodes, pads, and reflection gratings were patterned on a lithium
niobate by AMPT. The resonators were tested using an Agilent E5071B network analyzer
to measure reflectance with a GSG probe. The results were generally good, especially for
the 1pym and 800nm features. Residual stress in the PMP films around the tall SU-8 fea-
tures lifted the bottom of the template slightly and lead to some leakage near the SU-8 fill
channel termini. Template damage caused some distortion, which had detrimental results
for resonators below 800nm.

The frequencies shown in Figure 4.8 demonstrate a resonance peak for each of the res-
onators printed from a single AMPT template. The results show particularly good response
for a 1pm pitch resonator (Q=13.4) and for a 800nm pitch resonator (Q=9.72). The smaller



CHAPTER 4. AMPT DEVICES AND EXPERIMENTAL WORK 80

Figure 4.7: Images of AMPT-printed resonators ranging from 1um 500nm. The results of
these resonators are shown in Figure 4.8 and 4.9

resonators had lower quality factors (Q=4.51 and Q=5.91 for 600nm and 500nm resonators,
respectively).

The resonant frequencies of the AMPT-patterned resonators stray somewhat from the
theoretical resonance frequencies as derived in Equation 4.1. Resonance peaks deviated below
predicted values for larger resonators and above predicted values for smaller resonators.

The deviations in frequencies may be due to wrinkling or warping, which can especially
be seen in the 1um and 500nm resonators. The wrinkling, along with more uniform forms
of distortion may be due to some combination of template swelling and pressure-induced
stretching.

Both PMP[77] and PDMS[119] swell about 10% when saturated with ethanol. However,
the template is only saturated with solvent along the fill channel walls. The concentration
of the ethanol drops as the distance from the fill channel increases. The exact concentration
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Figure 4.8: Frequency response for four silver resonators printed simultaneously from a single
AMPT template on a lithium niobate substrate.

profile depends on the aspect ratio of the channels, as can be deduced from Figure 3.9. It
is possible that the low aspect ratio features of the smaller IDTs swell slightly more than
the high aspect ratio, larger IDTs. However, this would account for no more than a 10%
deviation.

Another possibility is that distortion occurred due to the compression of the PDMS.
PDMS has a Poisson ratio of almost 0.5[120], meaning that is is essentially incompressible.
During patterning, the PDMS is compressed roughly 30%, resulting in a 15% elongation
along its axes. This stretching may warp the layout in different places.
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Figure 4.9: Plot of theoretical resonance frequency (blue) and experimental frequency (green)
across the range of resonator features sizes. The size of the points show the relative quality
factors of each printed resonator from Figure 4.8.

4.2 Semiconductor Concepts

The majority of research for an AMPT discussed in this dissertation pertains to the con-
struction of SAW devices. SAW devices are easy to fabricate because they only require a
single layer of patterned metal. These characteristics make SAW resonators well suited to
the AMPT fabrication process in its current form. In order to become a truly versatile elec-
tronic printing method, AMPT must be able to pattern semiconductors as well as metals.
There exist several options for patterning semiconductors with AMPT.

A first option is to use nanoparticles of a traditional semiconductor material. Zinc oxide
has already been demonstrated as a patternable material for use in the AMPT process.
Zinc oxide nanoparticles were deposited through a modified AMPT process to make isolated
UV light sensors [65]. Zinc oxide can also be used to pattern traditional transistors if
printed nanoparticles are annealed after patterning [121]. These particles can be sintered at
temperatures above 600°C to form continuous pathways for current flow between isolated
particles. This technique may be possible for other lower-bandgap II-VI semiconductors such
as CdS, CdSe and CdTe [122].

Two-dimensional semiconductor nanoflakes have been of increasing interest in the semi-
conductor community as an option for solvent-processed semiconductors [123]. AMPT pat-
terning was attempted for two nanoflake semiconductors: MoSy, and WS,. Unfortunately,
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the behavior of solvent-cast nanoflakes depends heavily on the thickness of the nanoflake
layer. As the number of nanoflake layers increases from one to four or five, nanoflake
bandgaps change from direct to indirect[124]. The height of the bandgap changes as well.
These changes make nanoflakes a poor choice for AMPT patterning.

A final option of printed semiconductor is the use of printed silicon. Doped silicon,
already the standard for traditionally-fabricated semiconductors, is becoming a more popular
printed material. The primary limitation is the dense packing of doped silicon nanoparticles
necessary to create structures that carry charge. Work has already begun on this in both
an academic setting [125], and from industrial ink providers such as Intrinsiq. The primary
limitation of silicon is to get sufficient charge transport between particles. Through close
packing, thermal annealing and laser annealing, it is possible to bring conductivity up as
high as 5Q em™! [126], though this is still an order of magnitude below the conductivity of
bulk doped silicon.

P3HT

Another option for an AMPT semiconductor is the use of an organic semiconductor. Organic
semiconductors have gained popularity in academic research because they can be dissolved
in a variety of organic solvents and printed without determent to their electrical proper-
ties[32][36]. Organic polymers generally conduct due to their overlapping m-orbitals.

Figure 4.10: Laser-confocal image of AMPT-patterned P3HT. The distortion from the rigid

sidewalls usually seen in AMPT is a result of the toluene of the P3HT solution swelling the
PDMS.

The AMPT patterning of conductive polymers was first proposed by Demko[64] as an
impetus for the fabrication of polymers using the technique. For this dissertation, the fabri-
cation of conductive polymer patterns was attempted. Patterns were printed using 1% P3HT
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in toluene solution. P3HT is a polymerized thiophene commonly used in printed electronics
research[127]. P3HT is generally insulating, but the introduction of a dopant, such as iodine
or bromine injects electrons or holes into the 7 orbitals[128]. Depending on the percentage
of charged units along the polymer chain, the bandgap can be changed from 2.2 to 1.85[129].

For the purposes of patterning, P3HT was patterned in PDMS templates with 10um
channel width. The printed features can be seen in Figure 4.10. Results showed the feasibility
of PSHT patterning, though quality was limited because the toluene used as a priming
solvent and ink solvent swelled the template to the point that maintaining uniform pressure
between the template and the substrate was impossible. Better results could be obtained
by changing the solvent to one that swells less (e.g. tetrahydrofuran) and/or changing the
template material to Teflon AF.

Nanodiamond Semiconductors

Diamond is an unusual choice for a semiconductor. Diamond has an extremely high band gap
of 5.5eV[130]. However, recent years have brought increasing research in surface-conducting
hydrogenated diamond surfaces. If enough hydrogen is chemisorbed to the surface, the
diamond surface begins to exchange electrons with atmospheric water vapor. Atmospheric
ions deplete surface electrons through the redox relationship [131].

2H30+ +2e” = Hy + QHQO (43)

This electron transfer can generate a hole accumulation layer up to 30nm below the sur-
face layer of the diamond [131]. Surface-doped diamond research has generally focused on
diamond thin films, however, diamond nanoparticles can also become surface doped because
of their high surface area-to-volume ratio. Figure 4.11 shows the current-voltage characteris-
tics of a hydrazine-doped transistor. Detonation diamond nanoparticles, 2-10nm in diameter
in HCI solution[132] were drop-cast onto a die with a source, a gate and a drain. The dia-
mond structures were then exposed to hydrazine vapor for 30 minutes, doping the surface of
the particles with hydrogen.

The nanodiamond transistors were short-lived. After roughly 30 minutes in atmosphere,
their effects began to degrade significantly. However, hydrogen doping with a longer lifespan
could be done using ultra-high vacuum annealing [131] or plasma treatment. Since the
nanodiamonds are easily patterned through the AMPT process, this approach shows great
progress towards a hydrogen-doped nanodiamond transistor.
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Figure 4.11: Current-voltage characteristics for a drop-cast diamond transistor
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Chapter 5

Laser-Induced Direct Ablative Rapid
Transport

Up to this point, this dissertation has focused on the AMPT process: a microfluidic pro-
cess for closely-packing nanoparticles into vapor permeable templates for high-resolution,
high-fidelity patterns. As demonstrated, the AMPT process has many benefits, but as a
microfluidic process, its applications are limited in terms of both patterning throughput and
the range of viable layouts. Laser-induced direct ablative rapid transport, or LIDART, was
created in an attempt to expand the space of templated nanopatterning to non-microfludic
processes. The result is a promising method for high-speed patterning of sintered metal
nanoparticles onto flexible substrates.

5.1 The Need for Faster Fabrication and Isolated
Features

The key to any templated patterning method capable of patterning isolated features quickly
is a template that can be loaded from the top without the need for fill ports. This is how
both lift-off and screen-printing work. In both cases, the ink is loaded through the top of the
template and transferred directly onto the substrate. In lift off, the template is eventually
dissolved, while in silkscreen, a flexible template is used that can be removed while the
nanoparticle paste is still wet.

In a dry-patterned method along the lines of silkscreen, gravure, or liftoff, ink would
loaded into the top of a template, then dried, sintered, and transferred onto the substrate.
The crux of such an approach has been how to transfer dry patterns from the template onto
the substrate.

LIDART uses a laser to transfer dry patterns. This makes it similar to the laser patterning
methods like those discussed in Chapter 1. The laser transfer methods in Chapter 1 use the
shape of a laser beam to define the shape of a patterned feature. In contrast, LIDART uses
a template to define the shape of the nanoparticles before sintering and transferring with a
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scanning laser beam. The nanoparticles are patterned by means of surface energy differences
in the template.

5.2 Selective Surface Energy Patterning Theory

In selective surface energy patterning, a meniscus of liquid is dragged over a patterned
surface, so that the liquid wets some areas of the surface but not others. Surface energy
patterning depends on the difference in contact angle between the hydrophilic surface and
the hydrophobic surface.

The wetting of surfaces in selective surface energy patterning is described in terms of
contact angle. The contact angle is the angle between the air /liquid and solid/liquid interface
of a small droplet resting on a surface, as shown in Figure 5.1. Contact angles are generally
measured for water. Surfaces with a water contact angle of greater than 90° are considered
hydrophobic, while surfaces with a contact angle less than that are hydrophilic. High energy
surfaces such as metals and ceramics are generally hydrophilic, while low energy surfaces
like polymers have higher contact angles. Fluoropolymers are generally hydrophobic[133].
Though the LIDART process does not use water as a solvent, the contact angle of any solvent
can be estimated using the solvents relative polarity[134] shown in Table 5.2.

Figure 5.1: Diagram of the contact angle as a ratio as a balance of surface energies.

The contact angle on a smooth surface can be expressed as a balance of surface energies
corresponding to interfacial surfaces

YsG + Vst + YrGeos(O¢) (5.1)

where Yo, Vsg, Vg, 1S the surface energy of the solid/liquid, solid/gas and liquid/gas
surfaces, respectively. The Young-Dupré equation creates a wetting parameter, S, which
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determines the extent of spreading on a surface. The equation is based on the condition that
complete wetting of a surface occurs when

Ysa > YsL T VLG (5.2)

which, combined with Equation 5.1 gives an expression for wetting such that

S =vrc(cos(©) — 1) (5.3)

where 1 is the surface tension listed in Table 5.2. Since a large portion of surface
tension is caused by polarity, good inks for LIDART are usually polar solvents.

The roughness of a surface can change the contact angle of a material. There are three
potential wetting states that a droplet can have on a rough surface shown in Figure 5.2 [135].
The first is the Cassie air trapping state, in which the droplet is suspended on the tops of
micro-scale asperities. This added air/water interface increases the effective contact angle of
the droplet. The modified contact angle, ©* becomes

cos(0") = =1+ fs(cos© + 1) (5.4)

where f; the fraction of the surface on which the droplet touches the surface. The Cassie
air trapping state makes it impossible to pattern features for the LIDART process, since ink
can roll over hydrophilic wells. The Wenzel state, when the ink penetrates into the wells,
becomes energetically favorable when the roughness becomes sufficiently high, or when

*
COSGCassie

8]
= cos© (5.5)

This result shows a counter-intuitive limit for LIDART if the feature size of the template
becomes too small, or the CYTOP surface becomes too hydrophobic, it becomes possible for
drops to be suspended above the hydrophilic glass wells. Once the droplet has penetrated
the well, or entered the Wenzel state, it is relatively easy to reach the Cassie impregnating
state by breaking the liquid meniscus that connects the impregnated well to the rest of the
droplet. This is achieved through the use of a doctor blade at a low capillary number.

5.3 Overview of LIDART Process

The LIDART process uses laser-transport to move patterned material from the template
and onto a substrate. The process is described in Figure 5.3. Nitrocellulose solution and
nanoparticle ink are sequentially loaded into a template through the use of a doctor blade.
The doctor blade is a metal bar held in close contact with the template (about 100pum off
the surface), that drags a meniscus of ink or nitrocellulose along with it.

In the LIDART process, the laser performs three major functions
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Figure 5.2: Diagram of the relative free energies for three different wetting domains. In the
Cassie air trapping domain, a droplet is suspended over the surface of the template, making
it impossible to pattern a feature. This can occur if the CYTOP is too hydrophobic or the
feature is too small. From the Wenzel state, the Cassie impregnating state can be reached
by stretching a drop with a doctor blade to break the meniscus. As shown in the energy
plots, both the Cassie air trapping and the Wenzel state are metastable[135], though it is
difficult to transition from Wenzel wetting to Cassie air trapping without electro-wetting or
increasing atmospheric pressure. For this reason, templates must be designed to avoid the
Cassie air trapping domain.

1. The laser sinters the nanoparticles by using a low-power continuous-wave beam. This
allows the nanoparticle features to hold together during the transfer process from the
template, onto the substrate.

2. A high-power pulse heats the metal until the nitrocellulose ignites, transferring the
nanoparticles onto the substrate.

3. The second laser pulse also heats the metal features in order to improve adhesion,
either temporarily melting the features, the substrate, or both.
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Figure 5.3: The LIDART patterning process. (a) A template of patterned, transparent, hy-
drophobic CYTOP fluoropolymer on a hydrophilic glass substrate is fabricated or cleaned.
(b) Nitrocellulose solution is loaded into the template using a doctor blade. (c¢) The nitro-
cellulose solution is slowly dried, leaving a solid layer of nitrocellulose. (d) Nanoparticle ink
is loaded into the template using a doctor blade. (e) The nanoparticle solution is dried, and
brought into contact with a flexible substrate. (f) A low-power, continuous-wave laser is used
to sinter the nanoparticle solution through the nitrocellulose without igniting the nitrocellu-
lose. (g) A pulsed laser is used to heat the sintered metal until it ignites the nitrocellulose.
(h) The template is removed, leaving sintered metal patterns on the substrate.

5.4 Template Fabrication

Templated patterning of nanoparticle ink is the key to the success of LIDART. The LI-
DART template must meet three key criteria. The first is that the template must contain
hydrophobic and hydrophilic surfaces with as large a difference in contact angle between
them as possible. Larger contact angles give higher resolution patterning of polar inks. A
second key criterion is that a template must be transparent enough to a near-IR (1064nm)
Nd:YAG laser that it does not become damaged during raster patterning. Finally, since the
template size drives the feature size, the template must have a resolution of the smallest
desired feature. To be compatative with the laser fabrication methods in Chapter 1, fea-
tures must be smaller than 10um. This section discusses the methods of achieving these
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requirements.

CYTOP and Materials Selection

Glass is an obvious choice for a LIDART substrate because it is 93% optically clear in the
near-IR range, and relatively inexpensive. Borosilicate glass has a particularly low thermal
expansion constant, making it less susceptible to thermal shock. Finally, the contact angle
of borosilicate glass is only 32°.

There are a variety of thin, patternable, hydrophobic, clear polymers that could be used
as nitrocellulose layers, including SU-8, parylene C, and CYTOP. They are compared in
Table 5.1.

Polymer | Contact Angle NIR Transparency  Patterning Method

SU-8 81°[136] 95%(137] Lithography
Plasma Etching
Parylene-C 87°(69] 70%[138] Lift-off

Plasma Etching
CYTOP 112°[139] 96%[139] Lift-off
Hot Embossing

Table 5.1: Comparison of useful properties for a LIDART template materials. Lithography
is the easiest and highest resolution patterning method. Plasma etching and hot embossing
are two of the most complex patterning methods.

Based on Table 5.1, CYTOP fluoropolymer is the best choice for a hydrophobic material,
even though it is more difficult to pattern than SU-8. In experimental testing, CYTOP holds
up up significantly better to a high-power raster Nd:YAG laser pulse than SU-8.

CYTOP Patterning Techniques

CYTOP cannot be patterned directly through lithography, but it can be patterned through
several methods, including plasma etching [140] [141], hot-embossing [142] [143], and lift-off
[141] [144]. The simplest two of these methods, hot-embossing and lift-off, were tested.

Hot-Embossing

The resolution of hot embossing is primarily limited by the resolution of the master. Hot-
embossing is more complex than lift-off, but it has been shown to make 1um features (see
Figure 5.7, bottom left). The process, which is shown on the left side of Figure 5.4 is as
follows:
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. In the hot emboss process, (1la) 3mL of 5% CYTOP 809M is deposited on a clean

borosilicate glass wafer, which is spun at 500rpm for 10 seconds followed by 900rpm
for 20 seconds.

The wafer is soft baked at 75C for 5 minutes, then it is baked in a vacuum oven at
150C for 50 minutes in order to remove any solvent.

The CYTOP side of the wafer is placed face-down on a pre-patterned master. A flat
PDMS block about 1.5” thick is placed on top of the glass wafer, and the whole setup
is placed in a carver press.

The temperature is raised up to about 120°C, and the pressure is increased to about
2 tons for a 4-inch wafer (1b) and left to imprint for about 30 minutes.

The temperature is dropped to 45°C before the pressure is eased on the press.

The wafer is removed from the master (1c), but still has a film of CYTOP over printed
features. This is removed using 300W O2 RIE with 60sccm of O2. The etching is done
in 90 second increments until all the O2 is removed.

The wafer is baked at 170°C to anneal the CYTOP.

Lift-Off

An alternative process is shown on the right side of Figure 5.4. This method uses lift-off to
pattern a thin layer of CYTOP.

1.

2.

A borosilicate wafer is cleaned, flooded hexamethyldisilazane (HMDS), then spun dry.

About 6mL of SPR 220-7 photoresist is deposited on the wafer, which is then spun at
1500rpm for 30 seconds.

The wafer is baked at 115°C for 90 seconds, leaving a roughly 10um layer of resist on
the wafer (2a).

The wafer is lithographically patterned with an exposure energy of 350MJ/cm?.
The wafer is set aside for 30 minutes.
The wafer is baked for 90 seconds at 115°C.

The wafer is developed in MF-319 for about 20 mintues, until the exposed areas are
fully removed (2b).

. 5% CYTOP 809M is deposited on the wafer, which is spun at 500rpm for 10 seconds

followed by 900rpm for 20 seconds (2c).
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9. The wafer is baked at 150°C for 5 minutes.

10. The wafer is soaked in acetone until all of the features patterned on photoresist are
removed (2d).

11. The wafer is baked at 170°C to anneal the CYTOP.

e 2a)

I — — SR

1) e —— 2 e ——————

Figure 5.4: Overview of the hot-emboss process (left) and the lift-off process (right) for
CYTOP patterning. The major steps of embossing are (la) a wafer coated with CYTOP,
(1b) embossing the CYTOP under heat and pressure, (1¢) removing the wafer from the press
and (1d) a finished wafer with the residual CYTOP layer removed by RIE. The major lift-off
steps are (2a) a wafer with a layer of SPR 220-7 photoresist spun on and (2b) developed.
CYTORP is then spun on (2c) and all remaining photoresist is developed (2d). In the image,
glass is shown in blue, CYTOP is shown in gray, and SPR 220-7 is shown in red.

5.5 Propulsive Layer

Ablative materials have been used by a number of researches of laser transfer, as discussed
in Section 1.2. An ablative layer allows greater flexibility in the material to be transported
by the laser.

Several materials have been proposed for laser transfer propulsion. A good ablative
material thermally decomposes to generate a large amount of gas. Of particular interest
are nitrogen-based precursors (molecules containing asido, nitro, and triazole groups) that
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produce N, gas when exposed to heat. Past laser ablative processes have used materials
such as glycidyl azide polymer (GAP), poly[bis(azidomethyl)]oxetane (poly-BAMO) and
polyvinylnitrate (PVN) [45]. Their structures are shown in Figure 5.5. A good ablative
material must contain about 10% thermally available nitrogen by weight. Such a material
must also be stable enough for safe handling, but propulsive in the temperature range that
the laser can reach. Since the propellant layer is bordered by sintered nanoparticles on one
side, and a the LIDART template on the other side, the material must require no oxygen for
combustion.

Finally, in the case of the LIDART process, a laser-ablative material must be soluble in a
polar solvent, but insoluble in alcohols, which are the most common nanoparticle ink solvent
used for LIDART.

An alternative to an propulsive layer is the possibility of a delamination layer, that
allows for the nanoparticle layer to break contact with template, but does not propel the
nanoparticle layer with gas. Such a layer can temporarily melt, or break down by means
of anaerobic pyrolysis, allowing the metal to adhere to the substrate. For the purposes of
investigation in this research, LIDART was tested using caffeine and table sugar (examples
of small molecules), cellulose acetate (an example of a polymer undergoing pyrolysis) and
polyethylene glycol with an average molar weight of about 6000 (a water-soluble polymer
with a high thermal mass but low melting temperature). Ultimately, none of these materials
were effective at delaminating sintered nanoparticle structures.

Controlled substances such as poly-BAMO, GAP, and PVN were ruled out as options for
LIDART propellant by virtue of their availability. AIBN, cast in both ethanol and acetone,
did not easily delaminate nanoparticles. Nitrocellulose was ruled to be the most effective
propellant layer.

Nitrocellulose Properties and Synthesis

Nitrocellulose has a number of properties that make it a good propellant layer. It is soluble
in ketones, but only minimally soluble in alcohols. This allows it to remain intact during the
nanoparticle coating step if the nanoparticle ink uses an alcohol solvent. Nitrocellulose is
also transparent in the visible and near-IR spectrum. This allows the laser to pass through
the nitrocellulose layer to sinter nanoparticles.

Nitrocellulose is notably easy to make, and its nitrogen content can be tailored during
the synthesis process. All nitrocellulose for this work was synthesized by nitrating cotton
fibers. Cotton consists of nearly-pure cellulose. If cellulose is soaked in sulphuric acid and
nitric acid, the hydroxyl groups of the cellulose (located where the nitrate groups are found
in the bottom right of Figure 5.5) are removed in a dehydration reaction

[06H7(OH)302]n + HQSO4 = [06H7O5}n + 3H20 + HQSO4 (56)

The sulphuric acid also protonates the nitric acid, producing nitronium ions in the fol-
lowing reaction
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Figure 5.5: Popular nitrogen-rich polymers considered for LIDART, including (clockwise
from top-left) azobisisobutyronitrile (AIBN), poly[bis(azidomethyl)]oxetane (poly-BAMO),
nitrocellulose, and glycidyl azide polymer (GAP).

HNO; + HySO, = H,O + NOJ + HSO; (5.7)

These nitronium ions react with the dehydrated cellulose, creating nitrocellulose

The above equations describe the synthesis of cellulose hexanitrate, an extremely ex-
plosive variant of nitrocellulose, in which all of the hydroxyl groups are nitrated (13.35%
nitrogen by mass). Though cellulose hexanitrate is an effective rocket fuel, and generates a
great deal of nitrogen, it is very unstable and must be kept in solution for safe keeping. The
procedure for cellulose hexanitrate is in Appendix C.

After synthesis, nitrocellulose looks nearly identical to cotton. However, unlike cotton,
nitrocellulose can be dissolved in ketones. Any insoluble impurities in the cotton can be
filtered out of the nitrocellulose solution.
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Nitrocellulose Ink Formulation

Nitrocellulose is soluble in both ketones and ethers. In order to pattern nitrocellulose on a
surface-energy patterned substrate, the nitrocellulose must be dissolved in a polar solvent.
Simple ketones are the best nitrocellulose solvents because they are relatively polar.

When properly solvent-cast, nitrocellulose creates a smooth, clear finish. However, creat-
ing a smooth nitrocellulose layer requires the slow evaporation of solvent. Acetone evaporates
too quickly, causing the nitrocellulose to ”blush”, or turn cloudy due to microscopic bub-
bles. The evaporation rate can be slowed by using a heavier ketone. However, the polarity
of the solvent drops off as the size of the ketone increases. The optimal compromise between
polarity and volatility was found to be methyl isobutyl ketone (MIBK), which allowed for
the casting of smooth nitrocellulose films without blushing. The saturation concentration of
nitrocellulose in MIBK is roughly 5%.

5.6 Template Inking

The benefit of the LIDART process is the speed of cleaning and patterning templates. This
speed is accomplished through the use of surface-energy patterning, in which the wettability
difference between template surfaces is used to direct the wetting of polar inks away from
CYTOP surfaces and into exposed glass wells. The quality of surface-energy patterning is
controlled by three features: the polarity of the ink, the difference in contact angle between
the CYTOP and exposed glass on the template, and the speed and height of a doctor
blade used to push the ink across the template. This section will focus on the last of these
components.

Ink Criteria

Surface energy-driven patterning occurs when a polar ink with a low capillary number is
drawn slowly over a patterned surface. The capillary number of the ink is determined by
the equation

Ca=" (5.9)
Y

which indicates that an ink must have a low viscosity (1), a slow blade coating speed (v)
and a high surface tension. Leading ink solvent candidates are given in Table 5.2.

Table 5.2 also includes the relative polarity, which is proportional to the driving force
in surface energy patterning. Ideal inks must have a low capillary number and high polar-
ity. Based on these results, 1-butanol was selected as the solvent for copper ink. Though
dimethyl sulfoxide (DMSO) and acetone look like ideal solvents for nitrocellulose, they cause
the nitrocellulose to blush upon drying, and were ruled out. Nitrocellulose solution can con-
tain up to 50% alcohol, which could have raised the polarity of the nitrocellulose solution.
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Solvent Colloid/Solute Rel. Polarity ~ Viscosity = Surface Tension
Ethylene Glycol Copper 0.790 16.1 mPa-s 48.4 mN/m
1-Butanol Copper 0.586 2.54mPa-s 26.3 mN/m
Diacetone Alcohol Copper 0.312 2.79 mPa-s 30.9 mN/m
Ethyl Acetate Copper 0.228 0.423 mPa-s 23.6 mN/m
Ethanol Silver 0.654 1.07 mPa-s 22.1 mN/m
Acetone Nitrocellulose 0.355 0.306 mPa-s 25.2 mN/m
Methyl Isobutyl Ketone | Nitrocellulose 0.228 0.58 mPa-s 23.6 mN/m
Dimethyl Sulfoxide Nitrocellulose 0.444 1.99 mPa-s 43.0 mN/m

Table 5.2: Comparison of commercially available nanoparticle inks for use in the LIDART
process [145]. These affect the capillary number in Equation 5.9

Unfortunately, though both methanol and butanol were tried as additives, both appeared to
cause nitrocellulose blushing.

Doctor Blade and Rig

As the ink passes over hydrophobic features, it becomes pinned, and the meniscus is stretched.
If the surface area to volume ratio becomes too large, the meniscus breaks, creating an iso-
lated feature. The doctor blade is used to drag the meniscus and keep it as thin as possible
so that it breaks easily. The capillary number measures the ease of breaking the meniscus.

The doctor blade used for all LIDART patterning was a MTI micrometer adjustable
film applicator (EQ-Se-KTQ-50). This blade sat on top of the substrate, and uses two
micrometers to adjust the height of the blade to within 10um. The blade was generally run
between 10um and 100pum over the substrate. Though lower blade heights filled features
better, higher blade heights deposited a thicker layer of ink or nitrocellulose into the wells.
This presents a trade off. Proper laser ablation requires a high blade height, a concentrated
ink, or both. Conversely, proper inking requires a low blade height and a dilute ink. Further
testing is needed to determine how to optimise for the inking process.

Ink filling works best when the doctor blade moves at a constant, slow velocity. Slow
speeds lower the capillary number, and a constant velocity stops the blade from moving up
and down along the surface. The blade is driven by a rig shown in Figure 5.6. The rig uses a
slowly turning threaded rod to move the doctor blade steadily along the substrate at speeds
on the order of millimeters per second.

Inked samples are seen in Figure 5.7. Features as small as 1pym have been inked (The IDT's
on the left of Figure 5.7), though templates with this resolution are difficult to manufacture
by hot embossing without cracking under the emboss pressure..
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Figure 5.6: The doctor blade setup. A motor is linked by a chain to drive a threaded rod.
The turning rod moves a plate, which pushes a doctor blade at a steady rate. The blade sits
on top of the substrate on two skids. This keeps the blade at a constant height even if the
substrate is uneven.

5.7 Flexible Substrate Selection

LIDART substrates must meet two key criteria. Firstly, they must be transparent enough
to withstand laser ablation at 1064nm. Secondly, they must adhere sufficiently to the trans-
ferred sintered metal features, so that the features do not move after ablation or remain
stuck to the template. Substrates are evaluated in Table 5.3

Proper adhesion requires either the melting of the metal or the substrate. If LIDART
features are sintered before they are transferred, substrates with low glass transition tem-
peratures are required. This is because the metal features are solid and have no mechanisms
for adhesion by themselves.

Nanoparticles may be transferred above their melting temperature onto a substrate, at
which point they can be remelted, sintered and smoothed. This approach has issues with
the fidelity and conductivity of patterned features. Figure 5.8 shows examples of transferred
copper nanoparticles that are sintered after transfer, and Figure 5.9 shows the fidelity limita-
tion of transferring particles without sintering them. Transferring nanoparticles before they
are sintered causes them to spray out into a collection of discrete, unconnected droplets, as
shown in Figure 5.9.
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Figure 5.7: Examples of LIDART templates filled with copper (bottom-left) and silver (all
other images) nanoparticles. The CYTOP on these samples were hot-embossed.

5.8 Laser Parameters

All laser processing was done with a single mode extended pulse control MOPA Nd:YAG
fiber laser from SPI (EP-S 20 Watt G4). The laser was run in a raster configuration. The
beam was positioned by a galvo-mirror and focused post-positioning by a 100mm f-theta
lens. The focused beam size was roughly 15um 1/e?.

This laser has several key benefits. The galvo-mirror configuration allowed for fast scan-
ning speeds, pattering 100mm? in about 5 minutes. The use of a MOPA (master oscillator
power amplifier) laser means that the same laser may be run in pulsed and continuous wave
modes. A higher power flash exposure system could potentially be used to speed up LIDART
for high-throughput applications.

Laser parameters are presented for the sinter and transfer configurations in Table 5.4. It
should be noted that the sinter step operates in a continuous wave mode, and the transfer step
operates in a pulsed mode. In the pulsed laser signal is modulated by signal generator[146],
while the laser pulse runs its full duration in the continuous wave mode [147]. Documentation
on SPI continuous wave operation is sparse. Data in Table 5.4 is based off of data for pulsed
operation. Continuous wave data is not available, but experimental results show that it has
a higher average power, since it lacks modulation.
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Material Marking Test Melting Point  Silver Adhesion
PTFE None 327°C Poor
Acrylic Significant 132°C N/A
TPX Significant 240°C Poor
COC Mild 84°C Good
Nylon None 255°C Poor
Laser Printer Paper None N/A Fair
Polycarbonate None 225°C Good
Glass None 1700°C Fair

Table 5.3: A comparison of substrates tested for LIDART. The "marking test” is a measure
of the discoloration of a material after being exposed to a 60W fiber laser. The adhesion
measurement is a measure of the likelihood of silver adhering to the substrate rather than
the template

Laser Parameter Sinter Transfer
Input Power 2W 20W
Frequency 15kHz 500kHz
Mark Speed 1000mm/s  1000mm/s
Mode Continuous Pulsed
Pulse Energy 0.053mJ 0.4mJ
10% Pulse Width 221ns 118ns
Typical Peak Power 1kW 10kW

Table 5.4: Laser parameters for sinter and transfer modes based on datasheets provided by
SPI

Heat Transfer in Pulsed Laser Systems

In laser heating, the photons from a laser are partially absorbed by a material, exciting
electrons in the material. When these electrons relax, they create lattice excitations or heat.
For nanosecond or longer heat pulses, the electrons and the lattice are at thermal equilibrium
at temperature, 7. This is to say that the electron relaxation time is significantly shorter
than the pulse duration of the laser. The transient temperature field is described by the
classical heat conduction equation[148]

aT
PCo(T) 5 =V - (K(T)VT) + Quy(, Y, 2,t) (5.10)
where p is the material density, C, is the specific heat, K is the thermal conductivity
and T is the temperature. @)y is the absorbed energy of the material.
From this equation, it is clear that longer-duration pulses allow heat to spread out along

a material by means of conduction, while shorter duration pulses with the same power can
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Figure 5.8: Examples of copper nanoparticles transferred onto a glass substrate. The par-
ticles are transferred at a high speed, then smoothed with a continuous wave, pulse width
modulated laser. These features were not conductive, likely because of oxidation of the
particles during the heated transfer step.

be used to concentrate heat briefly in a local area. This is the basis of the laser parameters
used for LIDART. The slow, continuous wave lets heat spread through the nanoparticles
slowly enough to sinter the nanoparticle layer without igniting the nitrocellulose layer. The
high-speed pulses of the transfer step convey heat to only a small part of the nanoparticle
layer, so that only the nitrocellulose in the immediate vicinity is ignited.

5.9 Results

LIDART shows promise as an inexpensive method of printing high quality components,
especially on flexible substrates with low glass transition temperatures. Unlike other laser-
transfer methods, the resolution of LIDART features does not depend on the quality of the
laser used, and feature shape does not depend on aperture.

Conductivity was measured along thin LIDART-patterned strips. Since the LIDART
process has no control over the height of the features, the unit €2/square. The minimum
resolution of LIDART features is roughly 10um. Silver features patterned with a two step
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Figure 5.9: Examples of copper nanoparticles transferred without sintering onto metal (top,
viewed with a confocal microscope) and glass (bottom). If the metal particles are not sin-
tered, they spread before hitting the substrate.

sinter-transfer approach have a conductivity of 20-902/square, depending on the substrate,
thickness of silver and quality of transfer.

This section focuses on a few key limitations seen in LIDART that are fundamental to
the process itself.

Resolution and Fidelity

Resolution in LIDART appears to be limited by the quality of template filling. A filled
template must have a layer of nitrocellulose that is completely covered by a layer of metal
nanoparticles. Figure 5.10 shows the ways that transfer can fail at small resolutions.

Though nanoparticles can be effectively patterned on substrates with a 1pm resolution
(Figure 5.7, the nitrocellulose layer is more difficult to pattern because polymer solution
viscosity increases quickly with higher polymer concentration, and because MIBK is a less
polar solvent than ethanol or 1-butanol.
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Figure 5.10: When the patterns become too small, features may not transfer due to (a) a
nitrocellulose layer that is too small compared to the nanoparticle layer to cause delamina-
tion (b) an unevenly coated nitrocellulose or nanoparticle layer that stops the metal from
delaminating on once side or (c¢) a nitrocellulose layer that is too large compared to the metal
nanoparticle layer and rips the metal.

The quality of patterning appears to depend on the quality of the master. Imprinted
masters were easier to ink, and had better laser transfer quality than lift-off masters. There
are two possible reasons for this. One possibility is that lift-off masters had more ragged
edges where the thin layer of spun-on CYTOP was sheared off. Another possibility is that
the imprinted masters had thicker CYTOP layers, particularly at the edge of the exposed
glass wells where imprinted CYTOP built up.

Features as small as 10um can be patterned with approximately 20% regularity. Examples
are shown in Figure 5.12 and Figure 5.11

Thermal Distortion

Thermal distortion is caused when the the thermal cycling of the laser warps the nanoparticle
layer. When nanoparticles are exposed to the laser, they expand due to their rising temper-
ature, and sinter together in this expanded state. After cooling, metal located directly under
the center of the Gaussian shaped laser profile appears more stretched than metal that had
been sintered by the lower-energy edge of the beam. The appearance, as seen in the left of
Figure 5.11 is like a rubber band that has been stretched too far. The temporary expansion
of the metal during the transfer step can also cause stress to build up in large sheets of
sintered metal. This can cause the sintered metal sheet to tear, as seen on the right side of
Figure 5.11
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500 pm

Figure 5.11: SEM images of transferred silver features on COC showing distortion due to
different thermal loads. Thermal distortion can result in wrinkling (left) or tearing (right)
of the metal features.

Coffee Ring Effect

The coffee ring effect, shown in Figure 1.5 and discussed in greater detail in Chapter 1,
affects all drying dilute solutions. Solids are transported to the edge of a drying droplet, so
that when all the solvent has evaporated, the remaining solid is thicker on the edges than
in the center of the dried droplet [149]. The coffee ring effect is noticeable in the LIDART
process, particularly for features approaching 10um. An example can be seen in Figure 5.12.
The coffee ring effect could potentially lessened if more concentrated, and therefore viscous
ink were used [32].
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Figure 5.12: An SEM image of a transferred silver pattern onto COC. The edge of the
pattern is thicker than the rest of the feature because of the coffee ring effect (see Figure 1.5
for more details.
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Chapter 6

Conclusions and Future Work

This dissertation discussed improvements to dry-templated patterning of electronic compo-
nents. This is the second dissertation written in on the subject of dry-templated patterning,
and it marks the transition of the process from an experimental method for patterning lines,
to a viable approach for creating electronic components. This chapter serves as a summary
of the advances presented in this dissertation, and as a springboard from which to propose
future improvements that can be made to this research.

6.1 Conclusions

This dissertation documents the transition of the AMPT process from a conceptual method
of fabricating long, thin channels [64], to a process that can be used to create electronic
devices. This transition included the refinement of master and template fabrication tech-
niques (Chapter 2), the development of modeling tools to better optimise future designs
(Chapter 3), the creation of SAW resonators as a demonstration for the viability of for
AMPT-fabricated components (Chapter 4), and the exploration of alternative dry pattern-
ing techniques capable of improving throughput and feature design limitations (Chapter
5).

The major achievements of this work were:

e The AMPT process was expanded in terms of versatility with an emphasis on the ease
of developing complex layouts

— The process for fabricating AMPT templates was improved to create templates
with uniform heights and smooth sidewalls. This enabled the simultaneous APMT
patterning of shapes ranging from 30um wide and 10pm tall, to features 350um
wide an 200pm tall.

— A modeling approach was developed for AMPT to predict the likelihood of pre-
mature drying based on template geometry. This lets template designers evaluate
templates for areas that pose a high risk of drying before creating a mask.
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— One-port surface acoustic resonators were designed and fabricated successfully
using the AMPT process. Resonators with 1um and 800nm IDTs performed well
as resonators with quality factors at or above 10. 600nm and 500nm resonators
were also fabricated with notable resonance peaks and quality factors below 10.

e A novel method of laser-transferring surface energy patterned nanoparticle layouts,
called LIDART, was developed in order to improve the throughput and lessen pattern-
ing restrictions of AMPT. It has been demonstrated to print isolated conductive silver
features with resolution of 10um.
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Figure 6.1: A comparison of fabrication methods for metal features. These techniques include
the previous work discussed in Chapter 1, and the addition of LIDART and AMPT as
discussed in this dissertation [150][151].

The two methods developed over the course of this dissertation, AMPT and LIDART, are
both shown against the other fabrication methods from Chapter 1 in Figure 6.1. Figure 6.1
shows the resolution and approximate throughput of each patterning process. As seen in this
plot, both AMPT and LIDART stand at the cutting edge of high-resolution, high-throughput
printing.

Aspect ratio and feature layout limitations are presented in Figure 6.2. The aspect ratio
of AMPT is the highest of available printing methods. The aspect ratio of LIDART is
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comparable to other printing methods. Since AMPT is a microfluidic process, it is subject
to significant feature limitations. All features must be connected to fill ports by way of
channels, and wide features must have holes to prevent features from collapsing. This remains
a disadvantage compared to gravure and screen. LIDART has relatively few limitations
to feature layout, when compared to LDT, which is its direct competition in laser-tranfer

patterning.
AMPT LIDART Screen
Printing
Aspect ~0.05 0.06-0.26 0.05-0.08 0.03-0.04
Ratio (Feature height (Aspect ratio (Feature (Defined by
defined by ink for wells, thickness ribbon
wetting and feature aspect defined by  thickness)
concentration) ratio depends  screen
on resolution  thickness)
and ink
concentration)
Feature Features must The process No No Feature layout
Limitations be connected must be restrictions. restrictions is defined by
to each other  improved to Feature shape the aperture.
and to a fill transfer sheets is determined Features
channel. wider than the by well cannot be
Wide features beam width placement and wider than the
must include  without tearing  fluidic beam width
holes properties

Figure 6.2: A comparison of the aspect ratio and layout limitations of the patterning meth-
ods from this dissertation (AMPT and LIDART) and commonly used printing techniques
[46][48][152][153][154].

6.2 Future Work

This dissertation, in addition to that of Michael Demko, is intended to serve as a blueprint
for future work on templated nanoprinting. As the process becomes increasingly refined, it is
likely that this work will focus less on the details of master and template fabrication, and more
on process optimization and new devices. As with any new fabrication technology, there are
a plethora of potential applications for templated nanoprinting. The particular approach
of future work in the field will no doubt be dictated by the interests of the researchers
and available funding, resources and partnerships. This chapter will briefly cover several
promising applications and research directions.
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Smaller Features

The current state of two-layer masters currently show the ability to meet the needs of features
as small as 400nm. As the size of features decreases, new techniques may need to be utilized
to make masters with smooth sidewalls and uniform etch depths.

There remain several possible techniques to improve master fabrication. These techniques
have the potential for high resolution, uniform sidewalls and unique geometric capabilities.
One promising option is masked electrodeposition. This process uses photoresists or other
masks to cover areas of a conductive substrate. The resist-patterned substrate is electro-
plated so that areas that are exposed are coated in metal and areas covered in photoresist
remain untouched[155]. Electroplating is top-up, so resolution depends primarily on the
lithography technique. The photoresist can be patterned through nanoimprint lithography,
electron-beam lithography or ultraviolet lithography[156]. Electrodeposited sidewalls are
smooth, and can be annealed to reach a smoother finish. Parylene bonds well to nickel and
other metals, which can improve template delamination.

Improvements in laser machining[157] and 3D printing techniques such as two-photon
lithography[158] present the possibility of truly three-dimensional AMPT masters.

6.3 Multi-Layer Patterning

SAW resonators were chosen as a demonstration device in this dissertation largely because
they require only a single patterned layer of material. Though AMPT is capable of pat-
terning more than one material at a time[64], these materials must be patterned in sepa-
rate channels. Non-overlapping, single layer features significantly limit the design space for
AMPT-manufactured devices. Most electrical components of interest, including batteries,
transistors, diodes, inductors, and capacitors, require multiple overlapping layers. The sim-
plest of these is to pattern a base layer using AMPT, before applying one or more additional
layers with another technique.

The simplest approach to a multi-layer AMPT device is to pattern the bottom layer
using AMPT, then to add additional conformal layers above. These layers can be added
with solvent-casting (for thick uniform layers), vapor casting (for thin uniform layers), blade-
casting on a surface-energy patterned substrate with an AMPT layer patterned on top (for
patterned layers). Layers can also be added over AMPT features using a conformal patterned
process like lithography or LIDART.

Printed Transistors, Batteries and Electronics

Multi-layer patterning on AMPT surfaces opens up a range of electronics that could not
previously be patterned. A battery is perhaps the simplest example. High aspect ratio,
interdigitated electrodes for the battery can be printed using the AMPT process. The elec-
trodes may be patterned simultaneously from different nanoparticle materials, and sintered
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into a high surface area mesh. An electrolyte may be solvent cast over the patterned mate-
rial, creating a planar battery. A similar process, in which an electrolyte is replaced with a
dielectric, may be used to fabricate a capacitor.

Transistors present a greater challenge, but given the need for flexible transistors, they
are a necessary requirement for AMPT-fabricated digital electronic systems. The source
and drain of a transistor may be easily printed by AMPT, but transistors require additional
layers: at least two for a dielectric and semiconductor (both of which may be solvent- or
vapor-cast) and a gate layer (which must be aligned to the source-drain layer). Since the
dielectric and/or the semiconductor can be solvent-cast, they can be used to re-planarize the
surface above the source-drain layer. The new planar surface would make it easier to print
the final gate layer.

Roll-to-Roll Processing

In its current form, AMPT is performed on a die-by-die basis. A single AMPT template
requires between 10 and 30 minutes to pattern properly. This process is too slow for an
industrial application. Even if the patterning speed cannot be easily improved, throughput
can be increased significantly by means of a roll-to-roll process in which a belt of templates
is brought into contact with a substrate belt, and ink is added continuously. Converting
AMPT to a roll-to-roll technique will require improvements in process control and template
materials.

Modeling

Modeling of AMPT discussed in this work was qualitative rather than quantitative. It was
designed to detect layouts that are at risk of patterning incorrectly by determining their rate
of drying relative to the rate of drying for the rest of the template. By correlating models
to experimental results, the models in this dissertation can be adapted to determine the
absolute filling and drying time for AMPT templates.

Empirical determinations of filling time could be obtained by comparing high-resolution
photographs and videos of the patterning process to a transient simulation of the drying time.
Evaluating drying time would be the first step in creating a roll-to-roll AMPT process, in
which ink must be fed to the individual features at the same rate as ink evaporation within
the templates. The FEM work presented in this chapter, combined with more information
about drying time could also be used to optimise template design for fast patterning. This
would be a big benefit for a roll-to-roll AMPT setup. Improved patterning times translate
to faster belt speeds and increased throughput.

The current modeling of AMPT could also be expanded to a greater range of solvents
and template materials by incorporating more experimental data for the diffusion of solvents
into permeable materials. The model should be easily extrapolated to any organic solvent
and PDMS or TPX. The mechanism of transport modeling may have to be modified for
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Teflon AF, because the solvent solubility does not play a major roll in transport through
Teflon AF membranes.

High-Resolution LIDART

LIDART is currently limited to about 10um, but this limit is not inherent to the process.
Improvements to template fabrication and the inking of the propulsion layer could potentially
push the resolution down to 1um or below.

The biggest limitation to LIDART resolution now is the difficulty of fabricating high-
resolution templates. Hot embossing creates uneven CYTOP topographies, and it is difficult
to completely remove residual layers of CYTOP in order to expose hydrophilic glass wells.
While lift-off has none of these disadvantages, it creates uneven interfaces between the CY-
TOP and glass. Better masters could likely be fabricated by plasma etching the CYTOP
directly. Using metal masks protects the CYTOP from damage during the etching pro-
cess[159].

There remains a great deal of potential improvement to the LIDART process that could
be used to achieve greater reliability and smaller resolution of patterned features. Resolution
depends heavily on the quality of the templates. Creating uniform high-quality templates
was difficult with lift-off and hot embossing, so moving to metal-masked process for etching
CYTOP would be a potential mechanism of improvement. A more polar and less viscous
nitrocellulose solution might also solve some delamination issues.
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Appendix A

A174 and Parylene Treatment

This procedure can be used to apply parylene over an A174 adhesion layer. The A174 is
necessary for proper adhesion to silicon and silicon dioxide.

1.
2.

Dip wafer in piranha solution to remove any organic material

Optionally soak the wafer in 5:1 BHF solution in order to remove the residual oxide
layer on the surface. BHF etch may also be calculated to remove a uniform thickness
of oxide from all features as to preserve a uniform aspect ratio. The etch rate for
thermally grown oxide features in 5:1 BHF is 400nm/min.

Combine 500mL of DI water, 500mL of isopropanol and 10mL of A174 silane into a
well-cleaned beaker and allow to mix overnight.

Immerse the wafers in the solution for 30 minutes
Remove the wafers and allow them to dry upright for 30 minutes
Dry the wafers with a nitrogen gun and bake on a hot plate for 10 minutes at 120C.

Load the wafers into the parylene deposition system and run. A 100nm thick layer
requires about 2.4g of dimer.

Parylene may also be annealed for increased strength. A typical annealing process consists
of heating parylene to between 300°C and 350°C in a nitrogen environment, with ramp-up
and ramp-down times of at least an hour[72].
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Appendix B

PMP Synthesis

This procedure is taken from the dissertation of Michael Demko [64], with several modifica-
tions. The synthesis step includes additional toluene, which was added in order to able all of
the PMP to gel without drying. The gel is then broken up when it is washed with ethanol to
expose as much surface area as possible. This recipe also calls for purification by centrifug-
ing. The centrifuge step removes particulate impurities and any remaining methanol. Both
of these can interfere with the quality of small features.

1.

Combine 0.264 g niobium pentachloride with 0.428 g triphenyl bismuth in 40 mL of
toluene to form the catalyst solution.

Stir the catalyst solution at 90 C for 10 min.

Combine 2 g (2.8 mL) 4-methyl-2-pentyne in 2.8 mL of toluene to form the monomer
solution.

. Add the monomer solution dropwise to the catalyst solution, stirring constantly. The

solution should gel quickly as the polymer is formed.
Hold the gelled polymer at 90 C for 1 hour to ensure completion of the reaction.

Separate the gelled polymer from any remaining liquid toluene. Wash the gelled poly-
mer with methanol, while breaking the polymer into small pieces. Remove the polymer
from the methanol, and dry the polymer under vacuum to remove all of the toluene
from the gelled polymer.

Dissolve the polymer in 100 mL of cyclohexane. This dissolution will occur slowly,
and can take in excess of 24 hours to dissolve completely. Periodic agitation will assist
dissolution.

Precipitate the dissolved polymer in a large volume of methanol. This can be done by
pipetting the dissolved polymer in 2 mL quantities into 400 mL of methanol, followed
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10.

11.

12.
13.

14.

by closing the container and violently agitating the mixture after each addition of
polymer solution.

Filter the polymer to remove the precipitated polymer from the methanol. This can
be done using a polypropylene filter with 25 m pores mounted in a vacuum filtration
system.

Dry the removed polymer under vacuum to remove any remaining methanol, and re-
dissolve in 100 mL of cyclohexane.

Repeat the previous three steps to re-precipitate and dissolve the polymer in cyclohex-
ane, to ensure all of the catalyst is removed.

Dissolve the polymer in 100 mL of cyclohexane.

Centrifuge the solution at 4000rpm for 20 minutes. The clean PMP is the homogeneous
solution on the top of the centrifuge tube.

Cast this component of the PMP onto a master.



115

Appendix C

Nitrocellulose

The following recipe can be used to create cellulose hexanitrate in methyl isobutyl ketone
(MIBK) from loose cotton. The cellulose hexanitrate has a nitrogen content of 13.35% by
mass, and is extremely explosive. The concentration of nitrogen can be lessened in order to
ensure greater stability by increasing the proportion of nitric acid.

1.

In an ice bath in the 250 mL beaker, carefully mix 70mL 18M sulfuric acid and 30mL
16M nitric acid.

. Break 5 grams of cotton into small pieces.
. Add cotton slowly to acid bath.

. Wait one hour, replacing ice if necessary.

Decant acid out of the beaker, neutralizing any decanted liquid with baking soda.

. Wash nitrocellulose with water, decanting out the remaining liquid and neutralizing it.

Repeat until no acid remains. If any acid is left, it can react strongly when it dries
out.

Completely dry out nitrocellulose in a vacuum.

Dissolve nitrocellulose in MIBK. Take care to avoid any exposure to heat or flame, and
dissolve the nitrocellulose as quickly as possible. Solutions will saturate above 5% by
mass.
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Appendix D

Flow Factor Software

This appendix contains the code to calculate the flow factor, as presented in Chapter 3. The
prerequisite for this program is an exported table of flow velocity. The flow velocity can use
a constant wall flux model as shown in Figure 3.11.

D.1 AMPT Flow Intro.m

b
h
h
b
h
A
b
h
h
b
b
h

T

This file gives instructions for proper AMPT modeling
techniques

To begin using this file, first run a COMSOL fluid flow model
that uses

constant rate flux into the channel walls. The channel must

be oriented

on the x-y plane, with the substrate on the plane z=0.

A1l instructions are given for COMSOL5.0

To export a file, right click on the "Export" tab in COMSOL,
and click on

the option that says "data'". Under the "Expressions'" tab,

select the

'x-coordinate', 'y-coordinate', 'z-coordinate', 'u', 'v', and
lWI

options. The first three are in "Geometry>Coordinate", and

the second

three are in "Model>Componentl>Creeping Flow>Velocity Field".
Under the

"Output" tab, select the filename, making sure to specify a

csv file.
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% Evaluate in a regular grid in a spreadsheet format. Select
grids with

% equal intervals in all axes. Finally, click on the "Advanced
" tab and

% deselect the "Include Header" checkbox. Finally, click on
the "Export"

%» button a the top of the panel.

yA

% Import the file into matlab, specifying the vecotrs as 'x',
y|, IZI,

% 'u', 'v', and 'w'. Each of these vectors should be the same
length.

% Then run this program, or run the programs individually.

vectors_to_matrix.m

% Takes COMSOL vectors and turns them into matrices with the
data ploted in

% three-dimensional space

color_map.m
% Makes a color map that highlights areas that are likely to
dry in red

compute_fill_factor.m

% Computes a fill factor that predicts the risk of drying based
on fluid

% velocity and proximity to absorption into wall

plot_fill_factor.m
%Plots the fill factor

D.2 vectors to matrix.m

% vectors_to_matrix requires six vectors:

% x, y, and z are spatial vectors exported by COMSOL

% u, v, and w are the velocity field vectors exported by COMSOL

%» Exports these values mapped onto a spacial matrix, u3, v3, w3
, X3, y3,

% z3, and a the minimum, maximum, length, and interval for each
vector

%Find all list maxima and the length of the vectors
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xmin=min(x) ;
xmax=max (x) ;
ymin=min (y) ;
ymax=max (y) ;
zmin=min(z) ;
zmax=max (z) ;

xlength=find (x==xmax,1); %Find the length of the xvector

hGenerate 2D arrays with x axis being x values and y axis being
yz values

x2=zeros (xlength,(length(x)/xlength));

for i=1:(length(x)/xlength)
x_seg=x((xlength*i-xlength+1) :xlength*i);
x2(:,1)=x_seg;

end

y2=zeros (xlength, (length(x)/xlength));

for i=1:(length(x)/xlength);
y_seg=y((xlength*i-xlength+1) :xlengthx*i) ;
y2(:,i)=y_seg;

end

z2=zeros (xlength, (length(x)/xlength));

for i=1:(length(x)/xlength);
z_seg=z((xlength*i-xlength+1) :xlengthx*i);
z2(:,1i)=z_seg;

end

% Define matrices for which all NaN are replaced with 0, called
ul ,vl,wl

ul=u;

%ul (find (ul1==0))=1;
ul(isnan(ul)) = 0 ;
vi=v;

%hvi(find (v1==0))=1;
vli(isnan(vl)) = 0 ;
wl=u;

%wl(find (w1==0))=1;
wl(isnan(wl)) = 0 ;
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%Generate 2D arrays with x axis being x values and y axis being
yz values

u2=zeros (xlength, (length(x)/xlength));

for i=1:(length(x)/xlength);
u_seg=ul ((xlength*i-xlength+1) :xlengthx*i) ;
u2(:,i)=u_seg;

end

v2=zeros (xlength, (length(x)/xlength));

for i=1:(length(x)/xlength);
v_seg=vl((xlength*i-xlength+1) :xlengthx*i);
v2(:,i)=v_seg;

end

w2=zeros (xlength, (length(x)/xlength));

for i=1:(length(x)/xlength);
w_seg=wl((xlength*i-xlength+1) :xlengthx*i);
w2(:,i)=w_seg;

end

%“Now it is time to construct 3D mapped matrices
%Find the y dimension length of the matrix
ylength=find (y2(1,:)==ymax,1);

%Find the z dimension length of the matrix
zlength=length(x)/(xlength*ylength);

hGenerate 3D matrices

x3=zeros(xlength,ylength,zlength);

for i=1:zlength;
x_seg=x2(:,(ylength*i-ylength+1) :ylength*i) ;
x3(:,:,1i)=x_seg;

end

y3=zeros (xlength,ylength,zlength);

for i=1:zlength;
y_seg=y2(:,(ylength*i-ylength+1) :ylength*i);
y3(:,:,i)=y_seg;

end

z3=zeros (xlength,ylength,zlength);
for i=1:zlength;
z_seg=z2(:,(ylength*i-ylength+1) :ylength*i);
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z3(:,:,i)=z_seg;
end

u3=zeros (xlength,ylength,zlength);

for i=1:zlength;
u_seg=u2(:,(ylength*xi-ylength+1) :ylength*i) ;
u3(:,:,i)=u_seg;

end

v3=zeros (xlength,ylength,zlength);

for i=1:zlength;
v_seg=v2(:,(ylength*xi-ylength+1) :ylength*i) ;
v3(:,:,i)=v_seg;

end

w3=zeros (xlength,ylength,zlength);

for i=1:zlength;
w_seg=w2(:,(ylength*xi-ylength+1) :ylength*i) ;
w3(:,:,i)=w_seg;

end

%Calculate magnitude of the velocity in three dimensional space
norm3=(u3. 2+v3.72+w3.72) .7 (1/2);

%Find intervals between the intervals in each direction
xint=x3(2,1,1)-x3(1,1,1);
yint=y3(1,2,1)-y3(1,1,1);
zint=2z3(1,1,2)-z3(1,1,1);

%Construct a meshgrid for future plotting.
[X, Y, Z]=meshgrid(x (1) :xint:xmax,y (1) :yint:ymax,z (1) :zint:zmax
);

D.3 color_map.m

% This program generates a color map that colors the highest
10% of drying

% risk as red, and with 10% apprearing white, and getting
increasingly blue

% up to 100%.

maplength=1000; %The number of gradients in the map vector
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map=zeros (maplength ,3); %Generate a vector
frac=.1; %The fraction of values that appears red.

% Generate the red colors

for i=2:maplengthxfrac
ent=i/(maplength.*xfrac);
map (i,2:3)=ent;
map (i,1)=1;

end

% Generate the blue colors

for i=maplength*frac:maplength
ent=1-i/(maplength);
map(i,1:2)=ent;
map (i,3)=1;

end

colormap (map) %Enter this map vector as the color map

D.4 compute_fill factor.m

% This program takes the flow vectors and the spatial vectors
and computes

% a "flow factor" that can be used to calculate the risk of
drying. The

% flow factor takes into account both the velocity at a given
location and

% the proximity drying walls.

% Find the integer value of the x, y, and z vector lengths.
xlength=floor (xlength) ;
ylength=floor (ylength) ;
zlength=floor (zlength);

% Find the magnitude of the flow at a given location
vel=sqrt(u3. 2+v3.72+w3.72);

% COMSOL has a tendency to calculate values that are
erroniously high for

% certain locations, particularly around walls and corners.
These can
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% throw off flow-factor evaluations. This section makes it so
that no
% velocity is more than four times the average velocity.
Anything over
% that value is averaged down.
vellin=vel(:); %Make all velocities one vector
velpop=vellin(find(vellin "= 0)); %only find the populated
values
velmax=4*mean(velpop); %Determine the maximum velocity
for i=1:xlength;
for j=1l:ylength;
for k=1:zlength;
if vel(i,j,k)>=velmax %if any value is larger than

velmax
vel(i,j,k)=velmax; ’change it to velmax
end
end
end
end
% Average all velocities across the z-axis. This makes it

easier to view
% flow factors from overhead.
vel_ave=mean(vel,3);

% This section creates a weighting matrix that is convolved
with the flow

% absorption velocities into walls. The matrix is the length
dmsize'

% in every dimension and decreases with the relationship 1/x (
if expf=2

% and expf2=.5).

dmsize=8; % The size of the matrix

expf=2; %The factor that distances are multiplied by
expf2=.5; %The factor that the sums of the distances are

divided by
distmatrix=zeros (dmsize*2+1, dmsizex*2+1, dmsizex*2+1); Y%Initiate
matrix

for i=1:dmsize;
for j=1l:dmsize;
for k=1:dmsize;
distmatrix (dmsize+1-i,dmsize+1-j,dmsize+1-k)=...
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1/(i"expf+j expf+k~expf) "expf2;
distmatrix (dmsize+1-i,dmsize+1-j,dmsize+1+k)=...
1/(i~expf+j expf+k~expf) "expf2;
distmatrix(dmsize+1-i,dmsize+1+j,dmsize+1-k)=...
1/(i~expf+j expf+k~expf) “expf2;
distmatrix(dmsize+1-i,dmsize+1+j,dmsize+1+k)=...
1/(i"expf+j expf+k~expf) "expf2;
distmatrix (dmsize+1+i,dmsize+1-j,dmsize+1-k)=...
1/(i~expf+j expf+k~expf) “expf2;
distmatrix (dmsize+1+i,dmsize+1-j,dmsize+1+k)=...
1/(i"expf+j expf+k~expf) “expf2;
distmatrix (dmsize+1+i,dmsize+1+j,dmsize+1-k)=...
1/(i~expf+j expf+k~expf) “expf2;
distmatrix (dmsize+1+i,dmsize+1+j,dmsize+1+k)=...
1/(i~expf+j expf+k~expf) “expf2;
distmatrix (dmsize+1,dmsize+1-j,dmsize+1-k)=1/(j"
expf+k~expf) “expf2;
distmatrix (dmsize+1,dmsize+1-j,dmsize+1+k)=1/(j"
expf+k~expf) “expf2;
distmatrix(dmsize+1,dmsize+1+j,dmsize+1-k)=1/(j"
expf+k~expf) “expf2;
distmatrix (dmsize+1,dmsize+1+j,dmsize+1+k)=1/(j"
expf+k~expf) “expf2;
distmatrix(dmsize+1-i,dmsize+1,dmsize+1-k)=1/(1i"
expf+k~expf) “expf2;
distmatrix(dmsize+1-i,dmsize+1,dmsize+1+k)=1/(i"
expf+k~expf) “expf2;
distmatrix(dmsize+1+i,dmsize+1,dmsize+1-k)=1/(1i"
expf+k~expf) “expf2;
distmatrix(dmsize+1+i,dmsize+1,dmsize+1+k)=1/(1i"
expf+k~expf) “expf2;
distmatrix (dmsize+1-i,dmsize+1-j,dmsize+1)=1/(i"
expf+j~expf) “expf2;
distmatrix(dmsize+1-i,dmsize+1+j,dmsize+1)=1/(i"
expf+j-expf) “expf2;
distmatrix (dmsize+1+i,dmsize+1-j,dmsize+1)=1/(i"
expf+j-expf) “expf2;
distmatrix (dmsize+1+i,dmsize+1+j,dmsize+1)=1/(i"
expf+j~expf) “expf2;
distmatrix(dmsize+1-i,dmsize+1,dmsize+1)=(1/1i"expf)
“expf2;
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distmatrix(dmsize+1+i,dmsize+1,dmsize+1)=(1/1i"expf)
“expf2;

distmatrix(dmsize+1,dmsize+1-j,dmsize+1)=(1/j expf)
“expf2;

distmatrix (dmsize+1,dmsize+1+j,dmsize+1)=(1/j expf)
“expf2;

distmatrix (dmsize+1,dmsize+1,dmsize+1-k)=(1/k~expf)
“expf2;

distmatrix (dmsize+1,dmsize+1,dmsize+1+k)=(1/k~expf)
“expf2;

end
end
end

% This section finds the walls by determining the first and
last values
%» with a non-zero velocity. It takes slices along a plane, and
if it finds
% a wall, it adds a 1 to a spatial matrix of zeros.
% Each plane of walls is given a matrix, u3walls, v3walls, and
w3walls.

%Find the walls in x direction
u3walls=zeros (xlength, ylength, zlength);
for i=1:ylength;
for j=1:zlength; ’Take samples alont the y-z plane
if sum(u3(:,i,j))==0 %don't do anything if there are no
values
else jotherwise, find values along this segment
%Find the locations where u<=0 for this y and z value
uflowloc=find (u3(:,i,j) "=0);
%Find locations of first wall
firstwall=uflowloc(1);
hinitialize 1list of the first wall locations in the
channel
swith the first element on the list of non-zero velocity
elements
for k=2:(length(uflowloc)); %now look after the
first element
if u3((uflowloc(k)-1),i,j)==
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%check the element before the one in question.
Is it 07
%if uflowloc(k-1)+1==uflowloc (k)
firstwall=[firstwall uflowloc(k)];
%if so, add it to the list
end
end
%Plot all first wall locations
for k=1:length(firstwall)
u3walls(firstwall (k) ,i,j)=1;
end
%Find last wall
lastwall=uflowloc (end) ;
% initilize 1list of the last wall locations in a channel with
the last
% vector on the 1list
for k=(length(uflowloc)-1):-1:1;
if u3((uflowloc(k)+1),i,j)==0
lastwall=[uflowloc (k) lastwalll;
end
end
%Plot all locations of the last wall
for k=1:length(lastwall)
u3walls (lastwall (k) ,i, j)=1;
end
end
end
end

%Find the flow through the v walls
v3walls=zeros(xlength, ylength, zlength);
for i=1:xlength;
for j=1l:zlength;
if sum(v3(i,:,j))==
else Jcalculate along this segment
vflowloc=find(v3(i,:,j)  =0);
%Find the locations where u<=0 for this y and z value
%Find locations of first wall
firstwall=vflowloc (1) ;
hinitialize list of the first wall locations in the
channel
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swith the first element on the list of non-zero velocity
elements
for k=2:(length(vflowloc)); %now look after the
first element
if v3(i,(vflowloc(k)-1),j)==0
%“check the element before the one in
question. Is it 07
firstwall=[firstwall vflowloc(k)];
%if so, add it to the list
end
end

%Plot all first wall locations
for k=1:length(firstwall)
v3walls (i, firstwall(k),j)=1;
end
%Find last wall
lastwall=vflowloc (end) ;
%initilize list of the last wall locations in a channel with
the last
% vector on the list
for k=(length(vflowloc)-1):-1:1;
if v3(i,(vflowloc(k)+1),j)==
lastwall=[vflowloc (k) lastwalll;
end
end
%Plot all locations of the last wall
for k=1:length(lastwall)
v3walls (i, lastwall(k),j)=1;
end

end
end
end

%Now we get the flux through the top of the mold (ignoring the
bottom of
%the mold)
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w3walls=zeros (xlength, ylength, zlength); %This is the 3d
matrix
w3walls2d=zeros (xlength,ylength); 7These are the 2d matrix
slices
for i=1:xlength;
for j=1l:ylength;
wflowloc=find (w3(i,j,:)~"=0,1, 'Last'); %Define top
velocity element
%This section just verifies that the walls turned out
okay
%if wflowloc >0
if isempty(wflowloc)==0 %if there is a top velocity
component
w3walls2d(i,j)=wflowloc; 7% put it in the 2d matrix
end
w3walls(i,j,wflowloc)=1;
end
end

% The velocities are determiend by multiplying the wall
location matrices

% by the velocity matrices. This gives the velocity at every
wall.

u3walls_vel=u3walls.*abs (u3);

v3walls_vel=v3walls.*xabs (v3);

w3walls_vel=w3walls.*xabs(w3);

% The remainder of this program calculates the flowfactor score

smallwall=zeros(i-dmsize:i+dmsize, j-dmsize:j+dmsize ,k-dmsize:k+

dmsize) ;
% This initializes a matrix of zeros that can be used to take a
small
% subset the wall velocity matrix so that it can be calculated
with the
% score wating matrix, "distmatrix".

wallsmat=u3dwalls_vel+v3walls_vel+w3walls_vel;

% This sums all of the wall velocity matrices, to give a wall
velocity

%» matrix that plots wall velocity in a 3D grid.

wallsmat_norm=wallsmat./(max(wallsmat(:)));
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% This normalizes the wall velocity with respect to the maximum
wall
% velocity
wallsmat_big=zeros(xlength+2*dmsize,ylength+2*dmsize,zlength+2%
dmsize) ;
% Initializes a wall matrix that is buffered by enough zeros on
all sides
% so that the wall matrix can be multiplied by the scoring
matrix at any
% location wout an index problem.
wallsmat_big(dmsize+1l:xlength+dmsize ,dmsize+1l:ylength+dmsize,
dmsize...
+1:zlength+dmsize)=wallsmat;
% Center the wall matrix the new wallsmat_big, so that it is
buffered by
% zeros.
scoremat=zeros (xlength, ylength, zlength);
% Initialize a score matrix
% Now, for every value, in 3D space, if the velocity of any
component 1is
% non-zero, multiply the scoring matrix centered around each
point in space
% by the wall matrix that is buffered with zeros.
for i=1:xlength;
for j=1l:ylength;
for k=1:zlength;
if w3(i,j,k)"=0 || v3(i,j,k)"=0 || w3(i,j,k)"~=0
smallwall=wallsmat_big(i:i+2*dmsize, j:j+2%
dmsize ,k:k+2*dmsize) ;
» This is the subset of the wall matrix for
multiplication
tempscore=distmatrix.*smallwall;
%» Multiply the distance scoring matrix by the
wall matrix
locscore=sum(tempscore (:));
% Sum up all of these values
scoremat (i, j,k)=locscore;
hCreate a matrix of wall flux influence scure
end
end
end
end
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scoremat2d=mean (scoremat ,3) ;

% Create a 2d matrix that averages the wall flux influence
score 1in two

% dimensions

flowfactor=abs(vel_ave) ./ (1+(scoremat2d/(mean(scoremat2d (:)))))

% Find the flow factor by dividing the average velocity by 1 +
the

%» normalized flow velocity

D.5 plot_fill factor.m

% Plots the flow factor as a surface plot on two dimensions.
The flow
% factor predicts the risk of drying.

colormap (map) %Declare the map from 'colormap'

surf (flowfactor, 'EdgeColor ', 'None'); %Plot a surface plot of
flow factor

view(2) %This lets you view the plot from overhead

axis equal %
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