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ABSTRACT

Additive manufacturing has revolutionized the low-volume manufacturing space; for example,
polymers can be extruded and joined together to produce arbitrary shapes at the push of a button.
However, this revolution is primarily confined to thermoplastics, and more broadly, to structural
materials. The ability to add electronic capabilities to these printed shapes would greatly enhance
their utility. Unfortunately, most additive manufacturing methods for conductive features do not
produce high-quality films, or require processing that can damage printed surfaces.

Cleanroom technology is unmatched in its ability to produce high-resolution, high-quality
interconnects and electronic features, but it has rigid requirements. The best results require
precision equipment, tightly controlled environments, and are limited to patterning planar wafers
and removing unwanted material to produce the desired patterns.

This thesis develops and demonstrates the capabilities of a microplasma-based atmospheric-
pressure sputterer, which combines the strengths of both. This microsputterer was developed in
order to achieve a direct-write method to deposit arbitrary patterns of electronics-quality thin films
for additive manufacturing at room temperature. It uses a sputtering plasma, scaled down to
millimeter scale and operated at atmospheric pressure, without the benefit of pre- or post-
processing, and with a minimally controlled environment. Process parameters’ impact on the
material and manufacturing properties (i.e., adhesion, conductivity, resolution, speed) of the
deposits are discussed.

The results of this thesis include near-bulk electrical conductivity for gold films with sub-
millimeter resolution and significantly better adhesion than traditionally sputtered films, and
alumina films with a breakdown strength that surpasses the state of the art. The printer’s
multimaterial capabilities and control over the sheath gas will allow for the creation of objects
made of different materials with different electrical properties. This capability allows for the
demonstration of practical applications that showcase the printer’s capabilities, including an
ultrathin capacitor, produced entirely through microplasma sputtering.

Thesis Supervisor: Luis Fernando Velasquez-Garcia

Title: Principal Research Scientist, Microsystems Technology Laboratories
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Chapter 1 — Introduction
1.1. Motivation

This thesis will be devoted to the development, characterization, and demonstration of a
microplasma sputterer. Microplasma sputtering is a useful tool for the direct-write (i.e., without
the use of a static template), that, without the need of any preprocessing or postprocessing, can
deposit electronic-quality ultrathin layers on a freeform surface to create electrical components.
This chapter will motivate this work by examining the state of electronics manufacturing as
compared to manufacturing in general. It will then describe the current state of the art in other
direct-write methods for similarly-scaled electronic-quality features. Afterwards, some potential
applications for a direct-write capability for microelectronics are described. Sputtering and the
accompanying plasma physics will be introduced, inasmuch is necessary for this thesis. Next, the
chapter will describe microsputtering—a novel form of sputtering that occurs at small length scales
at or near atmospheric pressure, and describe the state-of-the-art in that field. Finally, with that
background, the chapter will introduce the rest of the thesis.

1.1.1.Electronics State-of-the-Art

Through the spending of much effort and time, humanity has become very good at creating
finely patterned, high-quality electronic components. CMOS manufacturing, through a
combination of lithography, coating, and etching, can reliably create features measured in
nanometers, made of a variety of materials, with well-controlled and repeatable material properties
on planar, smooth, non-porous substrates. These features can be layered and combined in many
ways to produce a great variety of electronic components for an astoundingly low per-component
cost and monolithically lay out such components in a small surface as integrated circuits for a
relatively low per-unit cost.

Specialty circuits, not produced in enough volume to deserve their own integrated circuit,
can be constructed with a printed circuit board. Printed circuit boards use larger (> 100 pum) traces
to join discrete components that are soldered onto the board. However, the manufacture of printed
circuit boards is also a rigid system, requiring a (less precise) manufacturing process, a pattern,
soldering, and a planar surface. While the cost to pattern a single board is much lower, and the cost
per-board is reasonable, there is a relatively high per-component cost. Whereas an integrated
circuit can affordably have billions of components, a printed circuit board with thousands is
already prohibitively expensive.

These two manufacturing processes occupy the majority of electronics manufacturing:
integrated circuits for large-volume, large-complexity circuits; and printed circuit boards for
medium-volume, medium complexity circuits.

1.2. Additive Manufacturing

However, there is still room for innovation at the low-volume end of the industry. To
understand this, an examination of physical (i.e., non-electronic) manufacturing is illustrative.
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Physical manufacturing, like electronic manufacturing, has a variety of options depending on the
volume of manufacturing. Injection molding requires expensive molds, but once the mold is made,
the per-unit cost is very low and high-resolution features are possible. Thermoforming, on the
other hand, has lower fixed costs, but higher per-unit costs. However, a new technology has
captured the low-volume section of the market: additive manufacturing.

Additive manufacturing, sometimes referred to as 3-D printing, excels at low-volume
scales. Additive manufacturing typically involves the deposition layer by layer of a material in a
pattern defined by a 3-D model of the desired object; that material is fused together into the desired
shape. Very little material is wasted and very little is removed from the finished product. This
contrasts with traditional manufacturing, which often (e.g., milling) involves subtractive elements.

Because the shape of an additively manufactured object is defined by the movement of a
depositing source (nozzle) according to a computer-generated pattern, rather than by the use of a
mold, there is minimal economy of scale. While a single object is relatively simple to produce,
multiple copies of an object merely repeat the single-object manufacturing process multiple times,
with no reusable template that can save time. Thus, additive manufacturing is suited to low-volume
manufacturing, such as prototyping, hobbyist-level production, and customized prosthetics. In
addition, additive manufacturing has been shown to produce complex geometries at a lower cost,
including objects composed of multiple structures made of different materials.

Additive manufacturing centers on the extrusion of plastics and subsequent fusing, either
through heat (Fused Deposition Modeling, FDM, also known as Fused Filament Fabrication, FFF)
or photopolymerization (Stereolithography, SLA), and on consolidation of objects from powder
feedstock, integrated with photons or electrons via melting (Powder Bed Fusion, PBF, and Direct
Energy Deposition, DED) [1:1]. The former group is specific to plastics, while the latter group is
focused on metals. Polymers, in contrast to metals, have a softening temperature low enough to
enable extrusion and subsequent hardening, and polymers, unlike metals, have the chemistry
necessary to react to light in a way for photopolymerization to work. On the other hand, metal
additive manufacturing requires high temperatures and powers; the thermal gradients involved in
the process often cause flaws in the microstructure. Nonetheless, additive metal manufacturing is
used for structural objects.

1.3. Direct-Write Methods

Fortunately, for the purposes of electronics manufacture, true 3-D printing, i.e., the
assembly of arbitrary shapes in all three dimensions, is rarely necessary. Instead, 2.5-D printing,
or the addition of thin layers to already existing three-dimensional surfaces, is sufficient. An
interconnect or sensor does not need to have a specific height, it merely needs to follow the
contours of an existing shape. Thus, for the purposes of electronics manufacture, it is unnecessary
to achieve the volume printing of standard additive manufacturing. Nonetheless, the challenge of
producing 2.5-D traces of conductive materials is a challenge. Several methods have been
developed to meet this challenge. Several review articles are included in the references [1:2]-[1:5]
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and several of the

most mature technologies

are summarized in this section (Table 1-1).

deposited; binder
removed. Often annealed

conductivity (if
annealed), mature,
cost

Method Summary Advantages Disadvantages
Conductive Ink | Nanoparticles suspended | Resolution (1-10 Conductivity (if not
in liquid binder are pUm best), annealed), high

temperature (if
annealed), silver
only

dissociates metal from
organic byproduct.
Byproduct removed

LIFT Laser melts droplets off of | Resolution, Heating, ribbon is
“toner ribbon”; droplets conductivity, used quickly
coalesce into film material choice

FIBID Precursor flows over Nanoscale Expensive
substrate; ion beam resolution equipment, poor film

conductivity, limited
material choice,
substrate damage

Microsputtering

Plasma strips atoms from
wire; combine on

Cost, conductivity,
adhesion, material

Immature, speed,
resolution (without

substrate choice, no heating shadow mask)
Table 1-1. Summary of selected direct-write methods and advantages and disadvantages

summarizes these technologies.

1.3.1.Conductive Ink

The most mature of the direct-write technologies for electronics is conductive ink, first
pioneered by the Lewis Lab in Harvard University. Conductive silver nanoparticles are suspended
in a liquid to form an ink. The ink is deposited with an inkjet nozzle; the liquid is removed, either
through evaporation or heating, and the nanoparticles form a conductive trace. To attain the best
conductivity, the nanoparticles must be sintered to form a cohesive, conductive layer. This method
allows for resolutions as low as 2 um [1:6] and electrical conductivity as high as bulk metal upon
sintering, or 10% of bulk metal with low temperature (75 °C) sintering [1:7].

This method works well, but reliable and repeatable inks can be hard to procure.
Additionally, the great majority of ink formulations use silver micro and nanoparticles, and silver
is not the ideal choice for all applications, e.g., it easily forms an oxide, reducing its electrical
conductivity. Additionally, the need for sintering precludes the use of the ink on temperature-
sensitive substrates, e.g. thermoplastics.

1.3.2.Laser-induced Forward Transfer

A less common direct-write method is laser-induced forward transfer (LIFT) [1:8]-[1:11].
A laser shines through a transparent ribbon, melting microdroplets from a film on the ribbon. These
microdroplets are deposited on a substrate, where, as they solidify, they fuse together into a
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conductive film. As with the conductive inks, substrate heating is a concern. Additionally, the
ribbon must be replaced as the ink is used up. However, the resolution (>10 um) [1:10] and
electrical conductivity (5x bulk resistivity; 9 pQ-cm) [1:9] are excellent.

1.3.3.Focused lon Beam Induced Deposition (FIBID)

To produce nanoscale structures, a gas, consisting of a metal bonded to an organic group, can
be flowed over a substrate. A laser [1:12] or focused ion beam [1:13] selectively rasters a pattern
across the substrate; when the beam hits the gas, the gas dissociates into a metal, which is adsorbed,
and an organic byproduct, which is not. The remaining gas and precursor are removed, and a
pattern, with features less than 10 nm in length, are possible. This is the most expensive and highest
resolution direct-write method reported in the literature, used for high-value circuit reworking
[1:14], [1:15].

1.4. Applications

1.4.1.Flexible Electronics

While most microelectronics are produced on rigid substrates, such as silicon wafers or
printed circuit boards, there is demand for flexible electronics—electronics directly printed on
flexible substrates, such as paper or fabric. These electronics, generally centered around a sensor,
can move with the flexible substrate. This allows for the collection of data without the need to
carry around a small, rigid chip [1:16]-[1:19]. This is useful for medical devices and other cases
in which wearable electronics are helpful. Typically, conductive inks are used to print the sensors
[1:20], but more exotic methods have also been studied [1:21]

1.4.2.Integrated 3-D Printers

Additive manufacturing can produce structural materials well, but the integration of electronic
components to additively manufactured components would open exciting possibilities. If a single
printer, using one printhead to print plastic and another to add conductive traces or entire sensors
or electronic components, could produce fully functional, inexpensive prototypes, additive
manufacturing would be far more useful than it is now. This requires the ability to print on non-
planar surfaces, on rough surfaces (like FDM/FFF-deposited plastics), and on temperature
sensitive surfaces (such as plastics). Since traditional methods of depositing conductive traces
involve planar surfaces, cleanrooms, and elevated substrate temperatures, an alternative is
necessary. The first attempts at integration took place recently [1:23]. They have generally used
conductive inks or pastes, leveraging existing printing technology, and adding conductive
nanoparticles to greatly increase electrical conductivity.

1.4.3.Circuit Repair
Direct-write printing is also useful for the repair of circuits, whether old circuits that have

been damaged or prototype circuits that must be modified to correct a design error. Focused-ion
beam induced deposition has been used for this with excellent resolution, but it requires expensive
facilities [1:24], [1:25]. Other metal deposition methods, including conductive ink and directed
energy deposition, have been occasionally tried, despite the high temperatures necessary [1:26].
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1.5. Sputtering

1.5.1.Plasma Physics

A plasma is a fluid in which electrical forces dominate. The ions and electrons are
separated, while an electric field (usually a combination of an externally applied one and the
internal one from charge separation) drives the movement of the charged species. Because charged
species naturally leave the plasma or recombine into neutral atoms, there must be a source of
electrons and/or ions. In a sputtering plasma, this source is electron impact ionization—when an
electron strikes an atom with sufficient energy, the atom can be ionized, separating into a positive
ion and an electron. This is the primary source of ions in a sputtering plasma. In a stable plasma,
the rate of ion (or electron) production is matched to the rate of ion (or electron) loss through
recombination, diffusion, and convection.

To determine the energy of charged particles in a dense plasma (and thus the results of
electron impact), it is helpful to consider the reduced electric field, which is defined as the electric
field divided by the pressure. This is directly proportional (for a given plasma species) to the
average energy imparted by the electric field to a charged particle, in the distance between two
subsequent collisions. Collisions thermalize the energized charged particles, robbing them of the
energy and momentum that the electric field imparted to them. Thus, the reduced electric field is
a measure of how much energy the electric field imparts to charged particles. Because of this, the
average energy of charged species is often given as a function of the reduced electric field.

A direct current (DC) glow discharge, or a plasma with relatively low current (such as the
plasmas used for sputtering), is struck between an anode and a cathode. Close to the cathode, there
IS an excess of positive charge and a very strong electric field is directed towards the cathode. This
area is known as the cathode fall. Most ionization occurs in this region. The plasma has other
regions, which are less significant for the fundamental processes discussed in this thesis.

1.5.2.Traditional Sputtering

Sputtering is a manufacturing process that uses high-energy ions to transfer atoms from a
target to a nearby substrate. A plasma is formed, and the electric field forces the positive ions
towards the cathode. The ions strike the cathode with a tremendous energy, breaking the bonds of
a single (or multiple) atom of the cathode (also called the target). This atom travels to the substrate,
where it adsorbs onto the surface [1:27].

Traditionally, sputtering is done in vacuum (~1 mTorr) [1:28]. This allows the sputtered
particles and ions to travel ballistically; most particles do not collide from the moment of sputtering
or ionization (depending on the particle type) to the moment when they reach a surface.

1.6. Microsputtering

1.6.1.Paschen’s Law
As previously described when discussing the reduced electric field, the higher the
collisionality of the plasma, the higher the necessary electric field to energize electrons
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sufficiently. This can also be expressed by Paschen’s law [1:29]. Paschen discovered that the
breakdown voltage of a plasma, i.e., the voltage necessary to energize electrons sufficiently to
transform an un-ionized gas into a plasma, is a function of the product of the interelectrode distance
and the pressure, for a given gas and temperature (Figure 1-1). Since the interelectrode distance is
inversely proportional to the electric field (for a given voltage), and the pressure is inversely
proportional to the density (in an ideal gas at a given temperature), the product of the interelectrode
distance and the pressure is inversely proportional to the reduced electric field. Thus, the reduced
electric field, as shown above, is crucial to understanding the behavior of the plasma.

10000

——Nitrogen ——Oxygen ——Argon Helium

1000 +

Breakdown Voltage (V)

100 1 I I I I T I I I I I I L1
0.3 3 30

Pressure-Interelectrode distance (Torr-cm)

Figure 1-1. Breakdown voltage for selected gases as a function of the product of the
pressure and interelectrode distance. On the left of the curve, breakdown does not occur to
the rarity of collisions; on the right, collisions are too frequent for the electrons to build up
the necessary energy between collisions. Calculated based on data from [1:27].

Other plasma behaviors, such as plasma stability, also depend on the product of the
interelectrode distance and pressure. For our purposes, that means that even though plasmas are
traditionally maintained in vacuum, we can maintain a similar plasma at atmospheric pressure,
provided the interelectrode distance is small enough. The point of greatest stability is at several
Torr - cm (several Pa - m). Thus, at atmospheric pressure, an interelectrode distance of ~10 um
would be ideal; we use distances of approximately 1 mm due to manufacturing constraints.

Microplasmas have been used for a variety of modern measurements, primarily chemical.
Much work was done in the first decade of this century; several significant review papers are
referenced [1:30]-[1:34].
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Group

Advances

Deficiencies

Burwell (Case Western)

First direct-write sputtering

No process parameter
discussion, heated substrate,
no material quality
discussion

Abdul High resolution, first device | Substrate heated/used as
anode
Wang Investigated material quality | Powdered Copper, low
conductivity
Zhao Hydrogen to prevent copper | Substrate heating, no
oxidation; RF plasma printhead movement
Guo Effects of process No investigation of other
parameters on nanoparticles | material qualities
Ussenov Investigation of plasma Little investigation of

deposits

Table 1-2. Summary of other investigations into atmospheric-pressure microplasmas for the
purpose of direct-write microsputtering. While all these advances are useful, there is still much
work to be done, particular in investigating and improving the material qualities.

1.6.2.0ther Work

While this thesis comprises the most thorough investigation of microplasma sputtering, it
is not the only study of microsputtering. Microsputtering promises to combine the flexibility of
additive manufacturing (e.g., direct-write, atmospheric pressure) with the material quality of
sputtering (e.g., atom-by-atom deposition, pure materials). While microsputtering was first seen at
the end of the last century [1:35], the first study to harness the direct-write capabilities of
microsputtering was done in Case Western Reserve University in 2015 [1:36]. Researchers struck
a plasma between two electrodes, sputtering a thin gold wire 75 um in diameter. An argon gas
flow carried the sputtered material to a substrate 5 mm away. Magnets were used to rotate the
plasma and thus prevent target overheating.

Additional research occurred in the University of British Columbia. Researchers used the
substrate itself as the anode of the sputtering plasma, relying on careful positioning to maintain a
10-20 pum gap between the target, a micromachined copper tip, and the substrate[1:37]. This
research yielded a thermocouple; a copper trace was deposited with traditional methods (electron
beam evaporation) and Constantan was microsputtered on top [1:38]. The use of the substrate as
the anode, while efficient, requires the use of a durable substrate that can withstand the plasma.

Wang et al. sputtered copper with an argon plasma; however, they used powdered copper,
instead of a wire electrode. While the use of powder increases throughput, it adds a step (procuring
the powdered copper) [1:39]. Zhao et al. evaporate the metal with a plasma, instead of sputtering
it, leading to larger grain size [1:40]. There has been little research into the effect of process
parameters; however, one notable study by Guo et al. explored the effect of hydrogen on the
oxidation of evaporated copper [1:41]. Ussenov et al. explored the chemical composition of the
plasma and sputtered films [1:42]
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Because atmospheric plasmas do not necessarily heat the substrate, they have been used to
sputter metal for antimicrobial coatings for temperature-sensitive plastics [1:43]. However, these
coatings do not need to form patterns; rather, an entire medical device is coated [1:44].

There are several other methods that use plasmas to enhance material deposition, such as
using the plasma to remove precursors and allow a suspended metal to remain, reduction of
compounds, modification of substrates, and the processing of larger particles into nanoparticles
[1:45]-[1:48]. However, none of these have the atom-by-atom deposition of microsputtering.

1.7. Structure

This thesis will first outline the hardware developed for our investigation (Chapter 2). It will then
discuss the material qualities of the deposits, namely, the feature size (Chapter 3), adhesion
(Chapter 4) and electrical conductivity (Chapter 5). Chapter 6 will discuss an important plasma
property, the ion energy, and methods to increase that. The thesis will describe two demonstrations
of microplasma sputtering, i.e., the coating of nanowires for RF connectors (Chapter 7) and a
capacitor (Chapter 8). Chapter 9 will conclude this work with a discussion of the future of
microplasma sputtering as a manufacturing tool.
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Chapter 2 — Microsputtering System
2.1. Introduction

This chapter describes the various versions of the printhead and printing setup developed
for this thesis. Over the course of the five-year research program, the setup was upgraded and
modified numerous times; ranges of parameters are given for cases in which a given parameter
changed over time, rather than an exhaustive enumeration of the historical versions of the printer.
Where the exact setup used is significant for a set of results, a note will be made in the following
chapters.

The microsputterer harnesses and accounts for plasma effects, fluid effects, and
electrostatic effects. An overview can be seen in Figure 2-2. This chapter will outline the
subsystems of the printer: the sputtering plasma, the wire feed, the gas system, the electrical
system, the substrate, the mobility system, and the nozzle. Where applicable, a note will be added
if a subsystem is discussed in greater detail later in the thesis.

2.2. Sputtering Plasma

The heart of the system is the sputtering plasma. It consists of a grounded target wire (the
plasma cathode) and a charged anode, with a gap between them (the electrode-target gap). This
gap is typically approximately 1 mm in size. VVoltage is supplied to the anode by a Keithley 2657A
power supply, which is current-controlled. Typical currents are 1-5 mA,; the higher end of this
range was used for larger diameter wires, generally in the last two years of the research program.
Higher currents increase the deposition rate, but can overheat and melt the target wire. A ballast
resistor, typically 200-500 kQ, is placed between the power supply and anode to stabilize the
plasma and prevent rapid fluctuations in plasma behavior due to parasitic capacitance. The power
supply can operate at a maximum voltage of 3 kV; while this high voltage was necessary to strike
the plasma, the plasma was typically operated with a plasma voltage (i.e., excluding the voltage
drop across the ballast resistor) of 500-1500 V. The dependence of the printer’s operation on the
energy of the charged species, and thus on the plasma voltage, is discussed in Chapter 6. Briefly,
higher voltage increases the ion energy, but also can cause the wire to melt.

2.3. Wire Feed

Originally, the target wire was 50 um diameter gold (99.99% purity, Sigma Aldrich), but
was replaced with a 100 pum diameter wire (99.95% purity, Alfa Aesar) three years into the
research program to enable greater heat dissipation and thus allow higher current without melting
the wire. Aluminum wire, 127 um in diameter (99.999 purity, Alfa Aesar) was used for the
production and deposition of alumina (Chapter 6).

As the wire is sputtered, it is depleted. To prevent this depletion from negatively impacting
the operation of the printer, we introduce a wire feed system. The target wire is fed by a capstan-
roller system (Figure 2-3); the wire is pinched between a rubber roller and a metal capstan; a knob,
either manually controlled or electronically driven, drives the rubber roller and forces the wire up
and down a glass tube (referred to in this thesis as the inner capillary tube, with an outer diameter
of 1-1.5 mm and an inner diameter of 0.5-1.1 mm). The wire exits the tube after 8 cm, and typically
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Figure 2-1. A conceptual schematic of the various systems needed for microsputtering.
Effective sputtering requires control of the gas surrounding the target wire, a strong electric
field, and a target wire. To transform sputtered atoms into a direct-write mechanism, other

systems, in black, are needed.

protrudes from the tube approximately 1 mm. This protrusion allows the plasma to reach it directly
(rather than climbing up the inner glass tube), prevents it from melting to the inner tube, yet is
close enough to the mouth of the tube to allow the gas flow to surround it.

While the initial design could accomodate a single wire, most electronic components need
multiple materials. Consequently, in the third year of the project, a multimaterial wire feed was
introduced. This system consists of three rollers: a central one that can be turned through a knob,
and two side rollers, connected to a second knob, referred to in this thesis as the wire selector, and
are electrically grounded. Each of the two wires is fed between the central roller and one of the
two side rollers; by rotating the wire selector, the side rollers can be moved so that a given wire is
pinched between its side roller and the central roller. Once the wire is pinched, rotating the central
roller will extend or retract that wire; that wire is also electrically grounded through the side roller
that is now in contact with it (Figure 2-2). Once both wires are fed through the inner capillary tube,
the plasma can be switched from one wire to the other by retracting the active wire 3 mm, rotating
the wire selector to pinch the other wire, and extending the newly pinched
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Figure 2-2. A photograph of the entire microsputtering system described in this chapter. The
electrodes and target wire are covered by the nozzle and nozzle holder.
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Figure 2-3. The wire feed system, both for the single feed (top left) and dual-feed
(remainder) systems. A schematic of the dual-feed system is shown in the top right. In the
current configuration (bottom row), the gold wire, on the right side (bottom right), is
engaged with the central roller of the dual-feed system. That can be changed by turning the
selector knob (bottom right image). The alligator clip for grounding the target wire is visible
in the right image.
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wire. Doing so will momentarily extinguish the plasma, as for a short time, both wires will be
retracted, but the new wire can be sputtered without disassembling the head or even moving it.
The multimaterial head will be used in Chapter 8.

The exact position of the inner capillary tube was found to greatly influence the behavior
of the plasma. Most simply, a larger target-electrode distance resulted in a greater plasma voltage.
Additionally, the placement of the inner capillary tube has a strong impact on the finely-tuned
electrostatic focusing mechanisms that were implemented [2:1]. To control and vary the placement
of the inner capillary tube, a system of four positioners was installed; two positioners, separated
90 degrees from each other are spring-loaded and, when armed, will expand until they reach a
stronger force; the other two have vernier controls and can position the inner capillary tube in the
x and y directions with 200 um precision (Figure 2-4).

2.4. Gas Flow

This inner capillary tube, in addition to controlling the position of the target wire, is part
of the gas delivery system. Two independent streams of gas flow through the printer. One, the
inner gas flow, flows through the wire chamber and then through the inner gas tube. The second,
the outer gas flow, flows through a nozzle and then through a larger glass tube that surrounds the
inner capillary tube; this has an outer diameter of 5 mm and an inner diameter of 3 mm. In later
experiments, it was found that a tube with an inner diameter of 2 mm improves the resolution
These two concentric flows can be controlled independently to shape the fluid velocity field for
ideal transport. They can also supply different gases, such as argon and air, and cool the target
wire via convection. The tubes, along with the positioning controls, can be seen in Figure 2-3.

The gas flow can be controlled via a mass flow controller (MFC) (for low flows, <500
sccm), pressure valves (1-15 psi, >10 slm), or, for the intermediate regime, pressure valves
connected to a long (25 or 50 ft) narrow plastic tube (1/16” inner diameter). The flow through this
long, narrow tube is sufficiently slowed that a pressure valve can be used for fine control of the
flow in this intermediate regime. Specifically, the Darcy-Weisbach equation show that Q, the
volumetric flow rate, can, in the laminar regime, be found by

TDEAP
128Lu

Q= (2-1)

where D, is the tube diameter, AP the pressure drop over the tube, L the length of the tube, and p
the viscosity. For air in our given parameters, % is 0.467 slm/psi (0.067 sim/kPa) for the 25 ft

tube; due to other head loss in the fluid system, the experimental value is approximately 75% of
that (0.35 sIm/psi). With a pressure regulator with 0.5 psi precision, we can reach nearly the entire
range of desired flow; a longer tube (50 ft) is used to inexpensively enable access to the rest of the
regime.

Air is supplied by the building’s supply of compressed dry air, while a tank of argon (20-
40 cf, 99.99% pure, Airgas) stores the argon necessary for the system’s operation. The two gases
can also be mixed through a T-junction of the Tygon tubes. The mixture will be discussed in
Chapter 6.
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Figure 2-4. A view of the bottom of the microsputterer, with annotated (top) and unannotated
(bottom) photographs. The two tubes, inner tube positioner, lit plasma, and electrodes, are all
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2.5. Electrical

Numerous electrical features are positioned around the printhead. The plasma near the
target is positively charged; by directing the positively charged plasma, the sputtered material can
also be manipulated, through the principle of ion flux [1], [2]. This phenomenon is crucial to the
feature resolution (Chapter 3), and highly relevant for the studies into the electrical conductivity
(Chapter 5). These include a substrate bias and focusing electrodes.

In the second year of the program, as a result of the findings in Chapter 5 that electric fields
improve the electrical conductivity, a negative bias voltage (approximately -300 V) was placed
under the substrate, using a HP 6516A power supply. The bias voltage attracts the positively
charged plasma and sputtered material towards the substrate. Our initial arrangement, used for the
experiments of Chapter 5, used a negatively charged plate underneath the substrate, with the
substrate electrically isolated from that plate [2:3]. Later experiments, beginning in the third year
of the project (Chapters 4, 6-8), connected the substrate directly with the negative power supply in
order to minimize the effect of charge buildup on the substrate. To prevent a plasma from being
struck between the electrodes and substrate, 0.5-1 MQ of resistance was introduced between the

Focus (-} Anode [+) Ground Anode (+)

HE -

lasma

—

lasma

Deposit Deposit

Figure 2-5. Original (left) and updated (right) electrode configurations. In the left
configuration, the deposit is perpendicular to the plasma, attracted by the negatively biased
focus electrodes (in blue) and repelled by the positively charged electrodes (in red). However,
once the substrate is negatively charged, the electrodes must be rearranged so that the deposit
is parallel to the plasma, since the plasma carries sputtered material to the charged substrate.
Three positively biased electrodes (in red) repel the sputtered material, which is drawn to a
grounded plasma (in blue). The positively biased electrodes on the side are wider, to further
shape the electric fields so that the field lines are parallel to the desired direction of the printed
line as much as possible.
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substrate and the negative power supply. The voltage drop across this resistance is monitored in
order to measure the current that reaches the substrate; the current is typically in the range of 100
nA-50 pA.

An electrostatic focusing mechanism consisting of the plasma’s anode and another 3
electrodes, spaced equidistant (2 mm) from the center of the printhead and 90 degrees from each
other. In the first configuration, all electrodes are 0.5 mm wide. The anode and electrode opposite
the anode were positively biased, while the two electrodes 90 degrees from those two (referred to
as the focus electrode) were negatively biased. The positive electrodes were designed to repel the
positively charged sputter flux, while the negative electrodes attracted them, shaping the sputter
flux into a long, narrow line running from negative electrode to negative electrode (Figure 2-5).
Details of this arrangement and its efficacy are given in [2:1],[2:2].

However, the introduction of the previously mentioned negatively charged substrate (as
described in Chapter 5) modifies the transport phenomena of our sputterer. Specifically, the
negatively charged substrate pulls the highly charged positive region of the plasma towards the
substrate. This region stretches from the anode to the target wire, along the axis that had previously
been minimized to improve the resolution. As such, it became necessary to modify the electrostatic
focusing system. Three electrodes, namely the anode and the two electrodes 90 degrees away, were
all positively biased; the fourth electrode, opposite the anode, was grounded, with an aim that the
plasma, repelled from the other three electrodes, would be drawn towards the grounded electrode
and focused into a long, narrow line. The two focus electrodes that are 90 degrees from the anode
were also made wider (3 mm), to improve the uniformity of the electric fields, and separated from
the power supply with a 1 MQ resistor, to ensure that the plasma is struck between the target and
the anode, not the target and the focus electrodes (Figure 2-5).

2.6. Mobility System

The printhead is positioned 1-5 mm above the substrate. In its original form, the system is
movable along all three axes; the X and Y axes are controlled each by a Thorlabs NRT100; one
moves the printhead along one axis while the other moves the substrate along the other (Figure
2-6). This allows 80 mm of movement in each direction, with computer-controlled motion at
speeds ranging from 50 um/s to 5 mm/s and precision of 10 um. The Z axis is controlled by a
manual vernier-controlled stage, with 500 mil (12.7 mm) of range and 1 mil (25 pum) of precision.
An improved stage, at use at MIT Lincoln Laboratory, uses a Meca500 robotic arm (Mecademic),
with 6 joints, 5 um precision, and computer-controlled motion [2:4] (Figure 2-6).

2.7. Nozzle

As described in Chapter 3, a nozzle is necessary for the definition of fine features. Although
the printer does not heat the substrate significantly, the nozzle, closer to the plasma, does heat to
approximately to 80 °C. To prevent damage to the nozzle, ULTEM 1010, a polymer designed to
withstand up to 209 °C, is used [2:5]. However, the manufacturing resolution of ULTEM 1010, 1
mm, is too large for our purposes; instead FunToDo Industrial Blend, a high-temperature-
compatible (225 °C) resin with better (~75 pm) resolution is chosen [2:6],[2:7]. However, even at
such low temperatures, the FunToDo resin outgases slightly; although the nozzle is not damaged,
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Figure 2-6. The NRT motorized stage (left), installed at MIT, and the Mechademic robot
(right), installed at MIT Lincoln Laboratory. The motorized stages are outlined in yellow,
while the printer is circled in green and the z-stage is circled in red in the left image .Note
that the plasma is visible in the right image, as are two unused cameras and the operator’s
fingers.

the vapors interfere with the thin films deposited by microsputtering. Thus, copper tape is applied
to the bottom surface of the nozzle, preventing any vapors from reaching the substrate. The tape
can be seen in Figure 2-2. With the copper tape applied, EDX measurements do not detect any
carbon, a sign that plastic vapors do not reach the substrate.

The design of the nozzle is shown in Figure 2-7; it includes an aperture and two viewholes,
which allow for the visual inspection of the plasma. The aperture of the nozzle that was
implemented in our setup is a rectangle, measuring 4 to 8 mm in length and 0.6 mm to 2 mm in
width at the bottom, with a wider opening towards the top to prevent shadowing effects by the
sidewalls of the aperture. This nozzle is attached to a nozzle holder with a set of screws, which can
be loosened or tightened to ensure a tight fit and so that the nozzle surface is exactly parallel with
the substrate surface. Specifically, the nozzle is lowered within the nozzle holder until it is parallel
with and touching the substrate surface. The screws are then tightened and the printhead is raised
a small distance (~100 um) (Figure 2-7). Further details regarding the efficacy of this design can
be found in Chapter 3, Section 4.

2.8. Conclusion

This chapter has outlined the hardware employed and developed for this thesis. The
printhead brings together fluid, electrical, and multiple mechanical systems for the ambitious goal
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Figure 2-7. Schematic of nozzle (left) and photograph (right) of ULTEM 1010 nozzle
attached to nozzle holder. Note the viewhole, which allows for observation of the plasma, and
the tabs, for easier attachment of the nozzle to the nozzle holder. The levelling screws are
visible in the nozzle holder.

of developing an additive manufacturing system for electronics. We integrate all these systems
into a single printhead; the imprints created by the printhead will be discussed in the remainder of

this thesis.
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Chapter 3 — In-Plane Resolution
3.1. Introduction

Given that microplasma sputtering is being developed as a direct-write capability for
electronics, it must be capable of writing very small (down to micron level) features. This chapter
describes the methods explored in this thesis to increase the resolution of the imprints beyond
electrostatic focusing (the approach explored in previous work [3:1],[3:2]). In particular, this
chapter will describe the limitations of electrostatic focusing with regard to material that escapes
the plasma, the millimeter-scale resolution of hydrodynamic focusing, the efficacy (~50 um) and
thermal effects of minimizing the substrate-plasma gap, and our preferred solution—the use of
shadow masks, attached to the printhead, to help resolve very fine features (~300 pum).

3.2. Minimum Feature Size Reduction via Electrostatic Focusing

In previous work, an electrostatic focusing method based on tailoring the electric fields
surrounding the microsputterer exit port to guide the positively charged plasma into a long, narrow
line was explored [3:1],[3:2]. The charged ions would, due to the high collisionality of our system,
shepherd the neutral gold atoms into the same line (ion drag), leading to a highly focused imprint
in one direction (down to 9 um linewidth). However, the physics of the problem are not compatible
with focusing the beam on both directions because of the pressure buildup that would occur when
a dense gas is compressed into a point.

More significantly, this approach created a feature artifact that affects the effective
resolution capabilities of the printing method. While most of the sputtered material can be
shepherded by the plasma’s ion drag, some of the sputtered gold diffuses away from the main part
of the plasma. Once the sputtered material leaves the plasma, it is no longer controlled by the ion
drag of the electrostatic focusing and diffuses farther away. This is responsible for a “halo” effect,
in which a tightly focused line (~ 200 nm thick) is surrounded by a very thin deposit (> 5 nm thick)
with a much larger area. This is obviously deleterious to many working devices, including those
that process high-frequency signals, for which the diffuse halo causes plasmonic effects (Figure
3-1).

Electrostatic focusing elegantly harnesses the plasma to help focus the sputtered material.
However, this elegance also causes the downfall of this method—while the deposit might have a
low full width half maximum (FWHM) dimension, it has a very wide halo. Any material that
escapes the plasma is no longer controlled at all. Thus, although electrostatic focusing is helpful
to focus the bulk of the plasma, it cannot serve as the full solution. We thus must explore additional
methods, which do not depend on the plasma’s ion drag, to produce high-resolution patterns. Even
if these other methods have higher FWHM dimensions, if they can eliminate or reduce the halo,
they might be preferred in our use cases.
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3.3. Minimum Feature Size Reduction via Hydrodynamic Focusing

Without electric fields, the transport of the sputtered material to the substrate is driven by
diffusion and convection. To estimate each of these methods’ contribution to the line width, we

Substrate

Deposit

Figure 3-1. A photograph of a focused line. Although the effects of electrostatic focusing are
clear in this asymmetric deposit, the light-colored halo surrounding the deposited line shows
evidence of errant particles that escaped the plasma and electrostatic focusing mechanism.

34



define characteristic lengths for each transport process. This section will show that although
hydrodynamic focusing (i.e., focusing in which the particles move together with the fluid, in
contrast to aerodynamic focusing, in which the particles are separated from the bulk fluid) can
produce millimeter-scale resolution under the best of cases, no matter what combination of flows
are chosen, we cannot achieve submillimeter resolution. A set of characteristic lengths,
representing the radial dispersion of the sputtered material in each phase of the gas’s flow, will be
defined. These characteristic lengths will represent the maximum dispersion of the sputtered
material as it diffuses and convects through the widening flow towards the substrate and allow for
the calculation of the sputtered material’s spread without the running of an entire simulation for
each set of parameters.

To begin, assume there is no outer gas flow. The inner gas flow has an average speed, as it
leaves the inner tube, called v. As described in Chapter 2, v can be adjusted from 0.2 m/s to 200
m/s with a combination of pressure gauges, mass flow controllers, and tubing, as described in
Chapter 2. The gas flow is modelled as an incompressible Poiseuille flow with the viscosity of air,
coming from anozzle d = 700 um in diameter, hitting an infinite plate a distance G = 3 mm away
(Figure 3-2).

With these dimensions, the flow is laminar (Re<2000) for v less than 40 m/s, which
includes the areas of highest interest. Turbulent flow will lead to more undesired spreading of the
sputtered material, due to vortices and eddies. As a result, the analysis will primarily focus on the
laminar regime, noting that when the turbulent regime is examined, the resolution found is an
upper bound, since the calculations neglect the deleterious effects of turbulence.

Following [3:3], the flow is divided into three regions (Figure 3-2). As the flow leaves the
nozzle, it streams vertically (towards the substrate) with minimal interference from the substrate;
this is known as the free-flow region. As the flow nears the substrate, the pressure buildup near the
point at which the flow impinges on the substrate causes the flow lines to expand radially; this
region of expansion is known as the impingement region. Once the flow is near the substrate, its
velocity towards the plate becomes insignificant, and the streamlines point in the radial direction,
parallel to the substrate; this region is known as the wall jet region.

Convection is present in the two latter regions. To model the species’ transport due to
convection, we must first understand, qualitatively, the behavior of the fluid. We use mass
continuity and conservation of momentum equations, assuming an incompressible fluid, as is
appropriate for the flow speeds (far smaller than the speed of sound, i.e., 343 m/s) and neglect
viscosity (Re>>1) and gravity. The continuity equation is

ov, 10(rvy) _ 0vy | vp
az r or _6r+r (31)

and the conservation of momentum equations are:

v%+v%=0 (3-2)
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v, v,

L 0 (3-3)

By defining a velocity v, and a length x,, (e.g., initial velocity and G) and defining
zl 3
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Figure 3-2. Streamlines of the inner gas flow in a typical geometry. Once the gas flow enters
the wall-jet regime, it expands to fill the entire gap. The shape of streamlines does not depend
on the velocity, allowing for a partially-analytical exploration of the parameter space. A given
streamline, for a y of 0.5 (i.e., halfway towards the inner diameter of the inner tube) is
highlighted in red; a green line, stretching from the radial distance where the streamline leaves
the nozzle to where it has a 45 degree angle, is the impingement characteristic distance. The
nozzle is displayed as a transparent blue rectangle.

@=Ly (3-4)
p=1: (3-5)
R=% (3-6)
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Z== (3-7)

X0

we can nondimensionalize these equations, so that Equations (3-8) — (3-10) are parallel to
Equation. (3-1) — (3-3):

_Oa _0B B

oz R TR (3-8)
a a
BL+aZ =0 (3-9)
FE+ a0 (3-10)

Since the choice of v, is independent of the choice of x, it is clear that the shape of the streamlines,
for a given geometry, are independent of the velocity. That is, for a given solution to the
dimensionless equations (3-8) — (3-10), an appropriate v, and x, can be selected to scale to the
chosen conditions. In these investigations, x, will not change, but v, will be changed as v is varied.
This allows for the exploration the behavior of the flow for a wide range of values of v at once.

COMSOL Multiphysics was used to simulate this axisymmetric system, using the Laminar
Flow Module to find a stationary (i.e., not time-dependent) solution for the boundary conditions.
The streamlines of the 700 um-diameter inner flow are traced. The simulations show, as is derived
above, that over a long range of gas speeds, there is no change in the streamlines, and thus the
convective transport of the fluid. Instead, each streamline begins flowing downwards from the
tube, and, as it approaches the substrate surface, it will flow parallel to the substrate, displaced set
vertical distance from the substrate. An impingement region separates these two flows.

Consider the free-flow region first. Assuming, as the literature suggests, e.g., [3:3],[3:4],
that the flow speed is nearly constant as the gas streams towards the substrate in the free-flow
regime, the sputtered material will reach the substrate in approximately

t =
Gv (3-11)
From the diffusion equation,
x2
p(x,t) = q)oe(_‘*_“) (3-12)

where ¢ and ¢, are the concentration and initial concentration respectively, x is the distance across
which the material diffuses, D is the diffusion constant and t is the time of Equation (3-11), a
characteristic diffusion length, the first characteristic length, can be defined:

x = V4Dt = \/@ (3-13)
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v = 0.2 — 40 m/s, this length ranges from 1.1 mm to 80 um—Ilarge at low speeds, but less

significant at high speeds.

which for gold in air in the geometry used, is . For the aforementioned range of

In order to take advantage of the independence of the shape of the flow field on the velocity,
a dimensionless parameter vy is defined. y represents the fraction of the inner gas flow radius that

will have an appreciable amount (¢ = %) of sputtered material. The parameter y can be found by
adding the target wire diameter to the free-flow characteristic diffusion length, and then dividing
the sum by the radius of the inner gas flow (%’ 350 um in this case); consequently, y ranges from

3.4 (0.2 m/s) to 0.37 (40 m/s) over the laminar flow range. At very low speeds, the sputtered
material diffuses far outside the inner gas flow, while at high speeds its diffusion is limited to
slightly more than a third of the radius of the gas flow. The streamlines are assumed to expand and
contract proportionally, i.e., the streamline that begins a fraction y between the outermost
streamline and innermost streamline will always be that fraction between those two streamlines.

For the impingement region, where the flow is partially towards the plate and partially
towards the sides, the definition of a characteristic length is not obvious. The radial flow, which
contributes to the radial spread, not the flow towards the plate, which is larger in magnitude for a
majority of the impingement region, is of interest. Thus, a radial distance is used, measured
between where the outermost streamline that carries sputtered material (i.e., y - d/2) and where
that streamline’s radial and vertical velocities are equal (see Figure 3-2). At this point, the outer
streamline is still far from the substrate, and thus diffusion from this streamline to the substrate is
insignificant, but the flow still carries the sputtered flux radially outwards, before any significant
diffusion to the substrate. Thus, this can be seen as the radial distance that convection carries the
sputtered material before the diffusion of the wall-jet region becomes relevant. For the given
choices of d and G, this value, the second characteristic length, is

1.95yd, (3-14)

with the prefactor being found computationally by measuring the angle of the flow’s streamlines.
Compared to the free-flow characteristic diffusion length, 0.5yd , it is apparent that the
impingement characteristic distance is approximately quadruple the free-flow characteristic
diffusion length. Physically, this represents the phenomenon that the flow will approximately
quadruple in diameter between the nozzle and the point at which the radial and vertical velocities
are equal; once sputtered material reaches the outer portions of the flow, convection carries it much
further away from the center of the flow than diffusion allow would carry it.

For the wall-jet stage, the diffusion equation described above (Equation (3-12)) is used to
describe a characteristic t. Rearranging Eq. (3-12),

12
t=—
4D

(3-15)
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after which time a significant amount of the flux will diffuse from the uppermost streamline that
carries sputtered material to the substrate, where it will be adsorbed. Since the streamlines are
assumed to expand proportionally, and the uppermost streamline is 0.9G (2.7 mm) above the
surface, the uppermost streamline that carries sputtered material is 0.9yG above the surface, with
that distance used as L in Eg. (3-15). Note that, in contrast to [3:4], [3:5], transport due to vortices
is neglected. Vortices are neglected both for computational simplicity and because, at the velocities
present, the Reynolds number is low enough (Re<2000) that vortices can be ignored.

.81y2%G?

4D

gas, v, to calculate a distance. This distance is a measure of convective transport (in contrast to L,

which is a measure of diffusive transport); the distance measures how far (radially) the flow can
carry the diffused material while material that has diffused outwards during the free-flow regime
can now diffuse back inwards during the wall-jet regime. Thus, the characteristic lengths are
tracking sputtered material as it diffuses outwards, is convected by the flow through the
impingement region, and then diffuses towards the substrate. This calculation is an
oversimplification; as the fluid flows radially, it will slow, due to conservation of mass.
Nevertheless, this characteristic distance is a useful approximation.

The time, t = = Y265 ms, can then be multiplied by the characteristic speed of the

This convective characteristic distance can also be connected to traditional dimensionless
numbers. The distance, the third characteristic length is just
22 2
081y7GTy _ LW _ . Pe (3-16)
4D 4D 4
where Pe is the dimensionless Peclet number, the traditional measure of the relative strength of
convection as compared to diffusion. Thus, our characteristic length is simply the distance that
material must diffuse, divided by four and multiplied by a factor converting diffusive length to
conductive length.

Thus, there are three characteristic distances: one for diffusion—the distance the sputtered
material will spread during the free-jet flow; one for the width of the impingement region— the
distance that the material will convect as the flow changes direction; and one for convection—the
distance the material will spread during the wall-jet phase before it diffuses towards the substrate
and adsorbs onto the substrate. Physically, the sum of these distances represents the spread of
material that diffuses outwards during the free-flow regime, follows the streamline during the
impingement regime, and diffuses back towards the substrate during the wall-jet flow, with each
term describing the radial spread of one of those stages. These are graphically shown for a typical
geometry for a range of gas speeds (Figure 3-3). It is clear that, over the entire range of interest,
the convection in the wall-jet region dominates. Even at the slowest speeds, where all three lengths
are of similar size, the sum of the lengths is over 12 cm—far too large.

The addition of an additional flow, while helpful, is insufficient to achieve the desired
resolution. One control available to change the shape of these streamlines is the outer flow. In the
absence of an outer flow, the inner flow will expand to fill the entire gap between the substrate and
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the printer in the wall-jet phase. However, the addition of an outer flow will compress the
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Figure 3-3. Characteristic lengths for the single-jet model, across the range of the laminar flow
regime. The convection in the wall jet region dominates, at all speeds; the total characteristic
length is nearly identical to the wall jet characteristic length.

inner flow to a fraction of that area [3:7], [3:8]. An extremely strong outer flow (100-fold faster
than the inner flow) will remove the impingement regime and compress the inner flow, in its radial
regime, to 40 um above the substrate (Figure 3-4). In this extreme case, the characteristic distances
are lower, but still too high (Figure 3-5). Note that only the lowest values of v, are physically
reasonable for this equation; once v, > 3.4 % the outer gas flow exceeds the speed of sound, and
the laminar flow model is entirely inappropriate. Nonetheless, this physically impossible region is
included in the graph for the sake of completeness. Even in the range of v, > 3.4 % as the outer

flow approaches the speed of sound, the compressibility of the outer flow must be accounted for.
If compressibility is neglected, the calculations will overestimate the focusing effects of the outer
flow. Thus, by neglecting compressibility, these calculations give an upper bound on the resolution
and a lower bound on the characteristic distances.

Even with such a set of parameters, the sum of characteristic distances would only be 325
pm, or a line width of 750 pum, including the initial 100 um width of the wire. If we limited
ourselves to an outer flow a mere 30x faster than the inner flow of 11 m/s, approaching the speed
of sound, the transition region would still disappear (Figure 3-6), but the minimum sum of
characteristic distances would be 410 pm, or a line width of 920 um — millimeter scale, in the best
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Figure 3-4. Streamlines of the inner flow from a system with both an inner gas flow and an
outer gas flow, separated by a 400 um glass tube wall and with the outer flow 100x faster. The
faster outer flow compresses the inner flow in both the free-flow and wall-jet regions, and
shrinks the impingement region to a minimal size. The nozzle is represented by a transparent
blue box.

of circumstances, and still require approaching the speed of sound and neglecting compressibility
(Figure 3-7).
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Figure 3-5. Characteristic lengths of the inner flow, when the outer flow is 100x the velocity
of the inner flow. Note that at the higher end of this regime (right of the green line; inner flow
>3.4 m/s), the outer gas flow is supersonic and outside the range of our model. Thus, although
the resolution at such a point is attractive, much of this graph is not physically valid.

Thus, using fluid transport only, the resolution cannot be improved beyond millimeter
scale. Fast flow leads to poor resolution due to diffusion, while slow flow leads to poor resolution
due to convection. This problem has plagued other additive manufacturing methods that also
depend on gas flows, such as ink-jet methods [3:9]. Even when clever manipulation of the flow
can concentrate particles in a particular region, a small fraction of particles will always escape
[3:10].

Consequently, although the beam can be highly focused, whether electrostatically or with
other methods, in one direction until the moment it impinges on the substrate, once it impinges on
the substrate, the velocity towards the substrate will quickly change direction, due to conservation
of kinetic energy. This will not significantly affect the fraction of the sputtered material nearest
the center of the deposit, but it will carry a small fraction of the diffused sputtered material away
from the focused line itself.
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Figure 3-6. Inner flow streamlines of a system with an inner gas flow and an outer gas flow,
separated by a 400 um glass tube wall and 30x faster than the inner flow. The faster outer flow
compresses the inner flow in both the free-flow and wall-jet regions, and shrinks the
impingement region to a minimal size, although not to the same extent as in Figure 3-4.
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Figure 3-7. Characteristic lengths of the inner flow, when the outer flow is 30x the velocity of
the inner flow. The minimum characteristic length is 407 um, albeit with a barely supersonic
outer gas flow. As before, the green line demarcates the speeds at which the outer flow is
supersonic; at the green line, the minimum characteristic length is 410 um. This shows the
futility of relying solely on gas flow to constrain the sputtered material.

3.4. Minimum Feature Size Reduction via Nozzle Separation and Mask
Shadowing

Note that all of the characteristic lengths discussed previously are dependent on G, the
plasma-substrate distance; the free-flow diffusive length (Equation (3-12)) on /G, the
impingement distance (Equation (3-14)) on y « G + 0.5d, and the wall-jet’s convective length
(Equation (3-16)) on G2y? o G%(G + 0.5d)?. Thus, by minimizing G, all of these lengths are
decreased, particularly the convective length, which, for most cases, is the largest. This section
will introduce two methods of doing so, lowering the printhead and introducing a nozzle.

Most simply, both diffusion and horizontal convection can be minimized by placing the
source of the flow near the substrate. However, this has shown to cause unacceptable substrate
heating in reported microplasma sputterers [3:11]-[3:13].

Instead, the sputtering system is separated from the source of the flow with the use of a
nozzle. Because our system operates at low power (~2 W), a plastic nozzle placed a short distance
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(~4 mm) away from the printhead does not reach its softening temperature. To allow for an even
shorter nozzle-printhead gap (1.5 mm) and higher power, ULTEM 1010 and FunToDo Industrial
Blend, high-temperature resins, are used, as described in Chapter 2.8.

The aperture of the nozzle is placed 5 mil (127 um) above the flat substrate surface, held
into place with leveling screws. This very short distance allows for the minimizing of spread
caused by either diffusion or convection; a relatively slow flow (500 sccm inner flow and 1000
sccm outer flow; 18 m/s and 6 m/s, respectively) does not have significant diffusion or convection
once the stream leaves the aperture. This has been confirmed experimentally as well (Figure 3-8).
Specifically, the total line width of our deposit is approximately the sum of the aperture width and
the nozzle-substrate gap, or 200 um wider than the aperture. The halo is nearly non-existent (Figure
3-9)

Ideally, even this 127 um gap should be minimized. Consequently, 10 um-wide apertures
patterned on a 100 um-thick Kapton film were laid directly on the substrate; with such setup,
definition of 1.5 um linewidth was possible (Figure 3-10). There was significant shadowing; much
of the sputtered material adhered to the Kapton, as is expected with any masking technique that
uses rectangular apertures in a thick mask.

While laying the film directly on the substrate leads to excellent resolution, it is not suitable
for a direct-write system. A direct-write system requires that the aperture move with the substrate
to trace out arbitrary patterns. Thus, in our embodiment, the aperture must to be attached to the
printhead, as the nozzle is. Even so, the advantages of the Kapton mask can be captured by
shrinking the gap between the mask and the substrate to an infinitesimal size. An optical alignment
system can improve on our current contact-based alignment system to reach this. However, this is
beyond the scope of this thesis.

3.5. Comparison to Prior Work

The use of a nozzle is not, in and of itself, particularly groundbreaking. However, it is an
important step in the development of a direct-write system for microelectronics. With a 3-D printed
nozzle, we can build on the results of [3:2], eliminating the undesired halo. With the combination
of electrostatic focusing and a nozzle, line widths as narrow as 300 um with no halo have been
demonstrated, and with the use of a Kapton mask laid directly on the substrate, line widths as
narrow as 1.2 um have been shown.

This advance makes atmospheric microsputtering competitive with other direct-write
methods for electronics, even without the advantages that other methods have. Other methods
typically use a liquid binder to hold together conductive nanoparticles, or aerodynamic focusing
to separate large nanoparticles from smaller air molecules. Microsputterer printing cannot
manipulate a liquid, because it has have no liquid binder, and cannot use aerodynamic focusing
because the smallest particles, individual sputtered atoms, are the same size as the carrier gas’s
molecules. In this context, these results should not be seen as merely duplicating other results, but
as finding a new method that works in microsputtering.
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100 pm

Figure 3-8. Photographs of two aperture-defined lines, with minimal halos. Both lines are well
defined and the halo is small (total line width with halo: 150 pum on left, 90 um on right) and the
size of the gap between the bottom of the nozzle and the substrate (gap on left:125 um; gap on
right, 25 pm).
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Figure 3-9. Deposit width as a function of aperture width, for a variety of different nozzles. The
nozzle was kept 125 um above the substrate in each case, and the total line width is approximately
the sum of the aperture width and 200 um, representing 100 um of spread from the aperture on
each side. A smaller nozzle-substrate gap, as in Figure 3-8, lessens this.

Specifically, compare our results to the best results of inkjet printing, aerosol printing, and
microsputtering. The finest resolution inkjet printers report resolution of ~100 um, due the
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Figure 3-10. Micrograph and profile of deposit defined by Kapton mask laid directly on the
substrate. While this method of masking is not suitable for direct-write manufacturing, it
shows the limit of aperture-defined resolution.

rheological properties of the ink [3:14]. Aerosol jets, such as Optomec, use aerodynamic focusing
(i.e. separate large particles from the carrier gas, as opposed to hydrodynamic focusing, in which
the particles and carrier are treated identically) to achieve a linewidth of 10 um [3:15]. Other
microsputtering devices, which minimize the substrate-target gap, have a linewidth of 50 um
[3:13]. Our linewidth is within an order of magnitude of these values. To improve it further, we
might improve the alignment between the nozzle and the substrate, as described, or mill a nozzle
out of metal, to further decrease its aperture’s dimensions.

3.6. Summary

In this chapter, we extended the work reported in [3:1],[3:2]. We described how
electrodynamic focusing, while it leads to narrow linewidths if we only look at the FWHM metric,
also leads to unacceptable “halos”—very wide, very thin collections of metal outside the main
deposit. Several methods of removing the halo were explored. Hydrodynamic focusing, with an
ideal set of flows, can only achieve millimeter resolution due to the deleterious effects of
convection and diffusion. Minimizing the substrate-plasma gap can lead to 50 pum resolution, but
at the cost of substrate heating. Features as narrow as 2 um were demonstrated. More practically,
an aperture in a nozzle, which combines the thermal properties of a large plasma-substrate gap
with the transport of a small gap, was found to allow for 90 um resolution. This chapter further

identified a path forward towards even finer resolutions, although this refinement has not yet been
implemented.
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Chapter 4 — Influence of Nanoparticles on the Adhesion of
Microsputtered Gold Thin Films

4.1. Introduction

This chapter discusses how the creation of nanoparticles in the plasma and their spatial
stacking during film formation can be harnessed to greatly improve the adhesion of microsputtered
gold thin films. Much of the material in this chapter was published in the journal Additive
Manufacturing [4:1] in December of 2020.

Specifically, the chapter first reviews the state of the art on thin film adhesion. Then, the
chapter demonstrates via a series of experiments that the gas flow rate fed to the microplasma
reactor has the strongest effect on film adhesion across all the process parameters. After that, the
chapter shows via simulations, plasma theory, and contemporaneous work that at high (>4 slm)
flow rates nanoparticles are created in the plasma; these nanoparticles can be large (>100 nm,
streaming near the axis of the flow) or small (created in the periphery of the plasma or streaming
around the central, large-nanoparticle volume). Finally, the chapter describes how, by controlling
the gas flow rate and rastering the print head, tight packing of nanoparticles of different sizes is
achieved, resulting in films with large adhesion.

4.2. Sources of Film Adhesion

Film adhesion can be characterized by measuring the force, either normal or tangential,
necessary to delaminate the film, i.e., to break the atomic bonds between the thin film and the
substrate [4:2]. The sources of film adhesion can be divided by the nature of the atomic bonds
involved. For example, some atomic bonds are caused by Van der Walls forces, where the mere
placement of the film’s atoms next to the substrate’s atoms causes a small amount of charge
separation and electrical attraction. This force is relatively weak, but it can be enhanced by
increasing the surface area between the thin film and the substrate, which can be done by either (i)
removing contaminants from the interface between the film and the substrate via physical and
chemical methods [4:3], or (ii) increasing the contact area between the film and the substrate’s
surface, either by roughening the surface or by adding a naturally rough adhesion layer, e.g.
chromium or titanium [4:4]. Given that all films have a certain porosity, ensuring that the portion
of the film in direct contact with the substrate is as dense as possible can also increase adhesion.

Another source of film adhesion is the use of covalent bonds. If the thin film’s and
substrate’s atoms can form a compound, the covalent bond makes it more difficult to separate the
thin film from the substrate. This compound bond can be strengthened by (i) removing
contaminants from the film-substrate interface [4:5]; (ii) introducing a material that bonds to both
substrate and film; (ii1) encouraging thermal migration of the film’s atoms into the substrate, so
that instead of a sharp transition between materials, a continuum, with a gradual gradient of film
material, is formed [4:6]; or (iv) modifying the substrate with pre-sputtering to prime it to bond to
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the soon-to-be deposited film [4:7]. All of these chemical methods heavily depend on the choice
of substrate and film material; unfortunately, gold is notoriously inert.

4.3. Film Structure of a Static Gold Microsputtered Imprint

In the absence of a strong gas flow (<500 sccm) and without rastering the printhead, the
microsputtered gold film is homogenous and generally dense, with the presence of small voids
dependent on the energy of sputtered atoms, as described in Chapter 5. However, in the high-flow
case (>4 slm; intermediate regimes between 500 sccm and 4 sim were not explored until Chapter
6) referred to in this thesis as the jet-assisted microsputtering regime, without rastering the
printhead, the film shows two distinct regions: a first region, right below the microsputterer target,
that is optically dark and highly porous, with pores as large as 100 nm; these regions are called

Figure 4-1. Optical (top left) and SEM (remainder) micrographs of the porous structure
produced via jet-assisted microsputtering. Directly under the printhead, the deposit is highly
porous (bottom left) and optically dark. Farther away, the film is significantly denser (bottom
right) and gold colored. The transition between the two regions is small but visible in SEM
(top right).
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dark in this thesis. A second region, surrounding the porous region, is significantly denser (while
still being slightly porous) and mirrors the dense films with small voids that will be discussed in
Chapter 5; these regions are called light in this chapter. The nanostructure of the film shifts from
dark to light regions sharply, over the course of several hundred nanometers (Figure 4-1). In both
kinds of regions, the film is not a monolayer; instead, multiple layers of deposits are visible using
a SEM.

4.4. Film Adhesion Dependence via a DOE of Nanoscratch Tests

In the absence of a strong gas flow, the microsputtered gold film adheres poorly to both
silicon (with a thin native oxide) and silicon dioxide [4:8]. However, in the presence of a strong
gas flow (> 4 slm), the film adhesion drastically improves for both substrates. Moreover, the high-
flow films pass the tape test (ASTM D3359) [4:9].
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Figure 4-2. Lateral force and vertical displacement versus time during one of the nanoscratch
tests. The normal force increases over time, causing the probe to dig deeper into the film,
increasing the vertical displacement, and also increasing the lateral force. Eventually, the lateral
force surpasses the film adhesion strength, causing its delamination. The film delamination can be
seen in the data plot as a sudden and drastic drop in the lateral force applied to the film, in parallel
to a sudden increase of the vertical displacement. The time at which film delamination takes place
in the data plot (6.53 s) is indicated with a dotted green line; the normal force at that point (438 pN
for the data set; not shown) is used as our figure of merit to indirectly characterize the adhesion
strength of the film.

Using a Hystiron T1 950 Tribolntenter, a series of nanoscratch tests part of a design of experiments
(DOE) was conducted to quantitatively characterize the film adhesion to the substrate and to
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explore the functional dependence of the control parameters. A nanoscratch test, described in
[4:10], uses a 1-pum diameter diamond conospherical tip to slowly scratch the film. As the normal
force increases, pushing the tip deeper into the film, the tangential force applied by the tip to the
film also increases. Eventually, the tangential force becomes large enough to tear the film off the
substrate (Figure 4-2); this force can be related to the adhesion strength using a variety of equations
[4:10]-[4:12]. Consequently, measuring the normal force at the point of film delamination is a
direct quantitative measure of the film adhesion strength.

Parameter Minimum Value | Maximum Value
Po (Outer inlet pressure) 2 kPa 14 kPa
pi— po (Difference between 7 kPa 28 kPa
inner and outer inlet pressures)
Target-to-substrate distance 2.5 mm 4.4 mm
Anode-to-target distance 1 mm 5mm
Substrate bias voltage -300 V 0
Plasma bias voltage 660 V 1450 V
Substrate current 220 nA 5.2 UA

Table 4-1. Parameters used and varied in the DOE to explore film adhesion. Note that the first

five parameters were controlled directly, while the last two were recorded and effected by the

other parameters, but not controlled.

Parameter Effect c p-value
Vo (mean velocity in outer tube) | -3.10 uN-s/m | 1.07 uN-s/m 0.0115
Plasma bias voltage 0.427 uN/V | 0.105 puN/V 0.00241

Table 4-2. Reduced-order model for the light region part of a static deposit. The p-value is
found from Student’s t-test. It is not adjusted for the variables that were excluded from this
reduced order model. The quantitative method of adjusting is somewhat disputable; instead, we
show using a quantile-quantile chart (Figure 4-3), that the p-values of the ensemble of models
must be, as a whole significant. Regardless, even for the most conservative adjustments, these
parameters are clearly significant, with p<0.05.

Parameter Effect c p-value
vi (velocity in inner tube) | -4.05 uN-s/m | 1.415 pN-s/m | 0.0104
Table 4-3. Reduced-order model for the dark region part of a static deposit. The p-value is
unadjusted; Figure 4-3 shows the clear significance of the inner gas flow’s velocity in the
ensemble of models.

To accommodate the possibility of a different functional dependence of the film adhesion
on the control parameters for light and dark films, the DOE statistical analysis treated each region
independently. The process parameters varied in the DOE are the inner and outer gas flows, the
substrate-target distance, the anode-target distance, and the negative substrate bias voltage. The
plasma voltage and the current collected by the substrate were not directly controlled but were
recorded. All depositions ran for five minutes at 2 mA plasma current while keeping static the
printhead.
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Figure 4-3. A g-q plot of various process parameters for the ensemble of reduced models
for both sets of samples (dark, light). Most process parameters follow the distribution that
would be expected from random data (dashed line); only the dots representing the inner
gas flow for the dark region samples (orange), the outer flow (blue) and the plasma bias
voltage (green) for the light region samples diverge from the dashed line. For the light
region samples, only the four reduced models that include both substrate bias voltage and
outer flow are colored; only with both parameters included the noise is reduced enough
for the effect to be statistically significant. The dotted line represents the expected
distribution for the remaining parameters that have no effect on the adhesion; as expected,
the grey dots follow that distribution.

As described in Chapter 2, the gas flow fed to the plasma microreactor is controlled by
varying the inlet pressure. The DOE varies the difference between the inner and outer inlet
pressure, rather than the inner pressure alone to reflect the hypothesis that the relative velocities of
the inner and outer gas flows govern the streamlines of the flow and the path of the sputtered
material. Consequently, cases in which the inner and outer gas flows have either similar velocities
or in which the inner flow is much stronger were considered in the DOE.

The dynamic range of the parameters used in the DOE and a reduced model, including p-
values, for both the dark and light regions are given in Tables 4-1 through 4-3. A quantile-quantile
plot is also produced, graphically showing the clear statistical significance of the models, despite
the simultaneous testing of multiple hypotheses (Figure 4-3).
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The g-q plot is a graphical method to determine if the apparent significance of one
parameter is real or merely due to the vast multitude of hypotheses tested [4:13]. It arranges the
parameters from all possible reduced models in order of significance, and plots the p-value, the
chance that a random set of data could produce an effect of this significance, against a straight line.
If the p-values approximately follow the straight line, it is reasonable to claim that there is no truly
significant parameter, and the only reason some parameters appear to be significant is because the
ensemble of reduced models includes so many possible parameters, that some will, by chance,
appear to be significant. However, if the p-values do not follow a straight line, but instead several
models are bunched, either under the line with very low p-values, or above the line with very large
p-values, it is presumed that a given parameter (or parameters) are significant in several possible
reduced models, and thus their effect cannot easily be attributed to chance. In this case, the reduced
models are clearly significant.

The DOE has thus served its purpose; it has identified which parameters significantly
impact the adhesion of the films, and the directions and rough magnitudes of those effects. Were
we attempting to optimize the adhesion, it would be prudent to investigate these effects by testing
the adhesion at several different gas flows, to find the ideal gas flow empirically. However, rather
than merely conduct empirical studies, we instead take the found dependencies and use them to
suggest a theory.

Based on the results of the DOE, the dark regions are strongly influenced by the inner gas
flow (i.e., the sum of the outer flow and the difference between the outer and inner flow); a stronger
gas flow is deleterious to the adhesion. Similarly, the light regions are strongly influenced by the
outer gas flow (negatively affecting the film adhesion) and the plasma bias voltage (positively
affecting film adhesion). Nonetheless, the experimental data from previous experiments in the low-
flow regime suggest there is an optimal value for the gas flow rate: while gas flow that is too high
is detrimental to film adhesion, low gas flow leads to even less adhesion.

The DOE also yields interesting insights regarding which process parameters do not affect
the film adhesion. For example, if the improved adhesion were due to plasma cleaning of the
substrate from contaminants [4:14], or the removal of the native oxide [4:8], film adhesion would
heavily depend on the plasma current. Also, if the improved adhesion were due to substrate
heating, the target-substrate distance would have significant influence in film adhesion. Moreover,
if the gold were migrating into the silicon, forming a silicide, the adhesion improvement would
not be visible when depositing gold on silicon dioxide. Conversely, if the plasma were modifying
the oxide by breaking silicon-oxygen bonds, there would be minimal effect on silicon wafers. None
of these is the case.

4.5. How Nanoparticles Affect the Adhesion of Gold Microsputtered Films

Based on the experimental results, it is hypothesized that the improved film adhesion, along
with the actual formation of two deposition regions (dark and light), is due to the presence of
nanoparticles formed in the plasma from the individual sputtered atoms. Furthermore, via

54



simulations and plasma theory, the role of gas flow on nanoparticle formation and film adhesion
is elucidated.

The high-energy, high-density environment of an atmospheric plasma makes it likely for
atoms to agglomerate into nanoparticles; this phenomenon has been observed and harnessed in the
past [4:15]-[4:21]. However, not all atoms coalesce into nanoparticles, and not all nanoparticles
are of equal size. When the mixture of nanoparticles of various sizes and individual atoms
approaches the substrate, the fast jet stream (whether, as will be discussed later, the inner or the
outer flow) that carries them acts like an impactor (i.e., a momentum-based particle sorter). Large
nanoparticles, with high inertia, are minimally deflected and are thus adsorbed in a small region
directly under the center of the jet stream, the dark region. In contrast, the smaller nanoparticles
and lighter sputtered atoms are easily deflected and are only integrated into the film some distance
from the center of the jet stream’s impact, in the light region. Computational and experimental
studies show this effect with fluid droplets [3:10]. The separation of large nanoparticles upon the
impingement of a plasma onto a surface has been reported, with a slightly different explanation,
in a study contemporaneous with our own [4:16]. A more comprehensive comparison of this thesis
with this study will be discussed later in this chapter.

Consequently, two distinct deposition regimes appear. The inner region, directly under the
jet stream, is primarily comprised of large nanoparticles (approximately 100 nm in diameter from
SEMSs). These nanoparticles are roughly of the same size, resulting in film packing with large
voids. These voids, approximately the same size as the nanoparticles (100 nm), are optically dark.
Even though the length scales of the porous nanostructure are 15%-30% that of light’s wavelengths
(300-700 nm), the films still absorb light, as has been reported with other gold films, due to the
interactions between neighboring voids [4:23].The outer region, surrounding the inner region, is
comprised of significantly smaller nanoparticles and individual atoms. These are smaller and more
varied in size, and, as a result, they can arrange themselves into a denser, more continuous
structure.

When a nanoparticle impacts the substrate, it deforms, increasing its contact area with the
substrate [4:24]. This increased contact area, even with only Van der Walls forces acting and no
chemical reaction, causes an adhesive force that resists delamination [4:25]. Given that the
increased contact area is proportional to the original size of the nanoparticle and the deformation
is related to the kinetic energy of the impinging particle, a large, energetic particle can form an
adhesion layer between the gold and native oxide on the silicon, even without any other adhesion
layers or chemical reactions. Specifically, the necessary force to delaminate nanoparticles scales
as the cube of the contact radius [4:24]; in other words, nanoparticles, whether in the dark or light
region, serve as anchors to prevent film delamination [4:26]. These nanoparticles, because of their
small size and high impact energy, bond tightly to the substrate, despite the lack of chemical bonds.
They act as an adhesion layer for the rest of the gold, as has been shown in a contemporaneous
study [4:27]. Other particles and atoms that subsequently land can bond to these particles, which
are then bound relatively tightly to the substrate. These effects apply equally to the dark region,
with fewer but larger nanoparticles, and the light region, with more, smaller nanoparticles.
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In order to rule out the possibility that the film adhesion is chemically enhanced, XPS
measurements on the adhered films were conducted (Figure 4-4). The XPS detects the peaks of
silicon, oxygen, and gold, but the characteristic 102 eV energy peak corresponding to gold silicide
is missing [4:28], as is the 85.9 eV and 530 eV peaks that would suggest the presence of gold oxide
[4:29]. Instead, the 100 eV peak for pure silicon and the 84 eV and 88 eV peaks for pure gold are
present (See Table 4-4). Consequently, the XPS data show that the gold and substrate do not react
chemically. Nonetheless the experimental data suggest that the physical interaction is sufficient to
increase film adhesion.

Although the presence of the jet elongates the plasma, increasing the volume in which
nanoparticles are produced, a fast jet flow also forces nanoparticles out of the plasma quickly (i.e.,
it reduces the residence time of the nanoparticle in the plasma). These opposite effects are each
dominant in different flow regimes. The elongation of the plasma dominates at low flows. An
increased flow enlarges the plasma, causing more nanoparticles to be created. However, once the
flow is greater than approximately 4 m/s (determined by simulation), the plasma is at its largest
volume. At that point, further gas flow is deleterious to nanoparticle production and adhesion
because nanoparticles are pushed out of the plasma before they reach their maximum size. This
dependence of nanoparticle size on gas flow has been reported in other studies [4:24].

For an electron to ionize an atom, as is crucial for a self-sustaining plasma process. The
electron can strike the atom with sufficient energy to strip away an electron in its outer shell, in a
single step. However, the electron can also strike the atom with enough energy to excite the atom,
sending the electron bound to the atom to a higher energy state; the next electron to strike this
excited atom needs less energy to ionize the atom [4:31]. Reported research has shown the
dominance of the two-step process in high pressure (>2 Torr) plasmas [4:32]-[4:34].

To further understand these flow regimes, the elongation of the plasma was studied via
theory and simulations. The elongation of the plasma is due to the gas flow pushing away excited,
but not ionized, atoms. Since an excited atom has a lifespan of approximately 20 ns before it either
falls to a lower energy state or is ionized [4:33], for the microplasma reactor studied in this thesis
a gentle gas flow of 4 m/s pushes the excited atoms as much as 80 nm away before they could be
ionized. This distance is approximately equal to the mean distance between collisions; the ion will
collide, on average, once before it reaches the location where the original atom was before it was
excited. Thus, if an atom is excited, it will be driven away from the cathode by the gas flow, and
by the time it is ionized, it will be too far from the cathode to strike the cathode before collisions
rob it of its charge. Thus, the only method to sustain the plasma is for electrons to directly ionize
unexcited atoms; this requires a higher electron energy, and thus a stronger electric field and a
longer plasma plume.
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Figure 4-4. XPS data from a microsputtered gold film produced in the jet-assisted
microsputtering regime. The peaks correspond to silicon, gold, and carbon contamination, but
not to gold silicide or any oxide. Note the semilogarithmic scale.

Binding energy (eV) Significance Present?
763 Au 4s YES
548 Au 4p3/2 YES
530 O in Au203 NO
355 Au 4d3/2 (353) YES
336 Au 4d5/2 YES
285 C1ls YES
155 SiO2 2s NO
151 Si 2s YES
103 Si02 2p NO
102 Si in Si/Au NO
100 Si 2p YES
88 Au 4f5/2 YES
86 Au in Au203 NO
84 Au 4f7/2 YES
58 Au 5p3/2 YES

Table 4-4. Binding energies detected and not detected in the XPS data shown in Figure 4-4.
Note that the data is consistent with the presence of elemental silicon and gold, but no
compounds including either substance. The binding energies are collected from the NIST
database [29].
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This was confirmed by simulations using COMSOL Multiphysics’ Plasma Module to
model a 1-D atmospheric pressure plasma (Figure 4-5). Because the model only uses one
dimension, the simulation is not computationally expensive. Once a plasma is struck and
stabilized, a gas flowing away from the anode is slowly introduced and accelerated at a rate of 13
km/s? (0 to 60 m - s~ over the course of 4.5 ms). The rate of acceleration is shown, from other
simulations, to be slow enough that we can treat the plasma as quasi-steady. As the gas flow
increases in speed, the plasma plume becomes larger and the maximum electron energy increases,
until, at 4 m s~1, it increases no more (Figure 4-5). Similar trends, although given without
explanation, are described in [4:35].

It is informative to compare the threshold speed of 4 m - s~ to the drift velocity of the
ions. Nitrogen molecules have an electrical mobility of approximately 1.85 x 1074 m2 y~1s1
[4:36], which means that, at the typical electric field near the anode of 3 MV m™1, the ions have a
drift velocity of 555 m - s~1—faster than any subsonic gas flow. Consequently, any gas field we
introduce cannot have a meaningful effect on the ions.
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Figure 4-5. COMSOL simulation results of a plasma, as the gas flow is slowly increased. The
parameter measured is the ion energy; any other plasma parameter gives similar results. Until
the gas flow reaches 4 m s~1, increased gas flow rate results in a larger plasma plume and a
more energetic plasma; past that point, the increased gas flow has minimal effect in further
increasing the plasma volume or its energy.
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Figure 4-6. A schematic of the formation and transport of nanoparticles. The dark region is
comprised of large nanoparticles, which form near the target and are carried by the inner flow
to the dark region. The light region is comprised of both diverted atoms, which are formed near
the target and diverted by the inner flow to the light region due to their low inertia, and small
nanoparticles, which are formed in the plasma far from the target and carried by the outer flow.
Thicker black, red, and brown lines represent nanoparticles after they are formed. The plasma
pictured has a long path and is thus relatively large, allowing for more volume in which the
small nanoparticles (brown) can form.

Thus, once the plasma reaches its maximum size, any further gas flow is deleterious to
nanoparticle size and adhesion. This supports the results of the DOE study, in which a too-fast gas
flow lead to lower adhesion. The dark region’s adhesion, controlled by the largest nanoparticles
formed near the target, is controlled by the inner gas flow, which runs near the target.

To understand the effect of the process parameters on the adhesion of the light regions, it
is hypothesized that there are actually two volumes of nanoparticle formation. Some nanoparticles,
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as previously described, are formed from atoms that agglomerate near the target wire and are
pushed by the inner gas flow towards the substrate, where they spread out due to the fluid effects
discussed in Chapter 3. These are responsible for the porous structures seen in the “dark™ regions
and affect the adhesion in the “dark” regions. Other nanoparticles are formed from atoms that are
pushed towards the volume of the outer flow, where they form smaller nanoparticles in the plasma
there [4:37], [4:38]. The process of nanoparticle formation is similar, but, because there is less
sputtered material farther from the target wire, the nanoparticles are smaller [4:39]. These
nanoparticles are then pushed towards the substrate by the outer flow (Figure 4-6).

Thus, by analogy, the light region’s adhesion is controlled by nanoparticles formed slightly
farther from the target, in the area whose convection is governed by the outer flow. A larger outer
flow forces the nanoparticles from this outer volume into the light region before they grow, and
thus the adhesion of the light region is negatively impacted.

The effect of the plasma voltage is similarly understood. A larger plasma bias voltage is
due to the plasma taking a more circumlocutions path from the anode to the target wire; the larger
the path, the more voltage is necessary to maintain the electric field that can sustain the plasma
[4:40]. The path taken by the plasma is determined not only by many controllable factors, such as
the gas flows, but also by uncontrollable factors, including the precise positioning of the target
wire and the electrodes, the complex flow field of the air, and even some stochastic processes.
Thus, while we cannot control the plasma’s path directly, we can measure it indirectly through the
voltage. This uncontrollable plasma size, no matter its cause, directly impacts nanoparticle
formation near the outer flow. The larger the plasma, the larger the volume in which nanoparticles
can grow.

The results reported in this section are in agreement with an excellent experimental paper
exploring nanoparticle formation in atmospheric pressure, published a few weeks after our study
was published. In [4:16], researchers struck a microplasma to sputter copper in a nitrogen
atmosphere; a strong gas flow carried the formed nanoparticles to a nearby substrate, which
included a very precise quartz balance, allowing the study of the sputtered mass flow rate. They
varied the gas flow (100-10,000 sccm) and power (2.5-10 W). For comparison, we worked at gas
flows of 1,000-24,000 sccm and power of 1.5-3 W. They found that there was a medium flow rate
(~1m s~1) at which the film was porous; at higher and lower flow rates, the film was dense. They
also found that the medium flow rate also led to the fastest film depositions (4 ng/J). They noted
explicitly that the nanoparticles shrink in size as the gas flow increases, in agreement with our
analysis. However, while the researchers of [4:16] surmise that the decreased porosity at high flow
rates might be due to the decreased flow rate, according to our analysis, it would be due to the
smaller nanoparticles. Specifically, according to our theory, the middle gas flow represents ideal
conditions to produce large nanoparticles, leading to high porosity and improved transport
properties. Larger gas flow rushes the nanoparticles out of the plasma before the nanoparticles are
large. They, like we, they find that the majority of the charged sputtered material reaches the
substrate, and they measure the current that reaches the substrate as several nA; we measure the
substrate current as two orders of magnitude higher, due to differences in experimental setup. Their
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study is an important experimental confirmation of our hypothesis and supports our observations,
namely, that a medium flow is ideal for the formation of large nanoparticles and porous films, and
shows that perhaps our conclusions can be extended to other sputtered metals.

4.6. High-Adhesion Gold Films via Layering of Large and Small
Nanoparticles

Our research indicates that to improve film adhesion, nanoparticle production within the
microplasma must be stimulated. Unfortunately, the presence of nanoparticles also causes the
unwanted central porous region. However, the positive effects of nanoparticle formation can be
harnessed, while avoiding the negative effects, by alternating the deposition of large nanoparticles
with the deposition of smaller nanoparticle and atoms in a given spot. This can be readily
accomplished by rastering the printhead. As long as the printhead moves sufficiently quickly (>10
um s~1), the spot under the printhead that collects large nanoparticles moves before a porous
structure forms. Instead, a monolayer, or part of a monolayer, of large nanoparticles are deposited,
followed by a collection of small nanoparticles and atoms that fill in the gaps. As long as the layer
deposited in a single pass is less than or equal to a monolayer, large nanoparticles do not
overshadow empty spaces, and voids do not form. When the printhead returns to the same spot,
more large nanoparticles are deposited on top of the filled in layer, with the small nanoparticles
and atoms acting as the mortar to fill in the gaps between the large nanoparticles. This leads to a
dense film, shown both optically and microscopically (Figure 4-7). Additionally, this dense film
is highly conductive (see Section 5.6).

rastered

Figure 4-7. Photograph (left) and SEM micrograph (right) of a gold microsputtered deposit
produced by rastering the printhead; the deposits attain high film adhesion and excellent
electrical conductivity by packing dissimilar nanoparticles (large nanoparticles acting as
anchor of the film, smaller nanoparticles filling-in the gaps between large nanoparticles). A
dark spot and light spot, produced by not rastering the printhead, are visible at one of the
ends of the rastered zone and is shown for comparison. The light region is dense, but is a
pale blue due to its thinness; the dark region is porous and thus absorbs light. The rastered
deposit is thick and dense, and is thus gold colored.
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4.7. Conclusion

This chapter described the effects of nanoparticles on the adhesion of gold film. With
proper plasma conditions, nanoparticles form in the high-density, high-energy environment of the
plasma; maximization of the plasma plume volume while minimizing gas flow rate causes the
nanoparticles to form optimally. Large nanoparticles deposit directly under the target wire due to
their inertia, providing excellent adhesion but large porosity; in contrast, smaller particles deposit
around the large nanoparticles due to hydrodynamic deflection. By rastering the printhead, films
with excellent adhesion and electrical conductivity can be printed; the theory presented in this
chapter is in agreement with recently published experimental work on microplasma sputtered
copper films.
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Chapter 5 — Electrical Conductivity of Microsputtered Gold
Thin Films

5.1. Introduction

The goal of atmospheric-pressure microsputtering is to produce thin films that are adequate
to fabricate electrical components without involving a semiconductor cleanroom. Thus, it is
essential that the films produced by the manufacturing technique act as their constituent materials
do, e.g., microsputtering electrically conductive materials must produce electrically conductive
films. However, the electrical properties of thin films depend not only on the materials that they
are made of, but also on their structure. This chapter describes how by controlling the magnitude
of the electrical fields, the film density and electrical conductivity of microsputtered gold films
can be optimized without resorting to any of the post-processing methods employed with
traditional sputtering, e.g. thermal annealing. These results were published in 2019 in the journal
Nanotechnology [5:1].

Specifically, this chapter first describes how the presence of many small, separate grains
detracts from the deposited film’s electrical conductivity, reviews traditional methods of avoiding
such a grain structure, and explains why these methods are incompatible with our thermal budget
and atmospheric pressure operation. Then, the chapter presents a statistical study of the process
parameters that affect film density and proposes a physical explanation of the influence of substrate
bias, gas flow, and plasma voltage in such property. After that, the chapter shows that the chosen
method to densify the films, i.e., substrate bias, imparts a similar energy to the impinging atoms
as compared to traditional methods, pointing out disadvantages of using overly energetic atoms.
Finally, the chapter describes the role of nanoparticles on film electrical conductivity, while
reporting a rough model for the relationship between film density and electrical conductivity and
comparing of our best results, i.e., thin gold films with 120% bulk electrical resistivity, to the state
of the art in printable interconnects.

5.2. Background

Under ideal circumstances, sputtered material would land on the substrate and arrange itself
into a single, dense film with the electrical properties of the target. However, two phenomena
prevent this from happening, i.e., crystal structure of the sputtered film and the formation of voids.
Any film that is deposited without extremely high energy will form an amorphous or
polycrystalline film; where crystals meet, a mismatch in crystal structures will result in the creation
of a small gap. Although that crystal mismatch can impact a semiconductor’s performance, it is
not, generally speaking, not deleterious to a metallic film’s electrical conductivity.

More insidious is the formation of voids. If a film forms through VVolmer-Weber (island)
growth, individual atoms will nucleate larger regions of growth, each several nm thick [5:2]. As
these regions expand towards each other, a chasm, several nm thick and several nm wide, will
form between two mutually approaching regions. The deposited particles on either side of the
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chasm prevent incoming particles from filling-in the chasm. Instead, the newly-arriving particles
stick to the deposits on either side of the chasm. This produces grains that grow vertically, with
narrow chasms remaining between adjacent grains. Shadowing effects prevent impinging particles,
often arriving at an angle, from navigating the narrow chasm. Consequently, they join the top of
an existing grain. Even as the deposit grows, the chasm remains, leading to a porous nanostructure
with high electrical resistivity [5:3]. This chasm, a gap several nm wide, is wide enough to prevent
charge from crossing the chasm, and, if there are enough of these chasms, their presence can cause
a high level of electrical resistance.

In the case of vacuum sputtering, these chasms are small or nonexistent. This is due to the
directionality of the sputtered material; the sputtered material flies ballistically towards the
substrate, without collisions to redirect its direction. Thus, all particles arriving at a particular
location will have similar angles of approach, and thus can navigate between the chasm walls,
parallel to the angle of arrival, and thus shrink the chasms’ width. This process can be used to
deposit columnar microstructures, either at oblique or right angles, in order to create films with
variable light transmissivity [5:4].

The vertical growth of grains, with narrow chasms between them, is well described by
Thornton’s zone model, first introduced in the 1980s [5:5]. The model identifies two central
parameters that control the density of the film, i.e., background pressure and temperature. The first
one, higher pressure, increases the number of collisions that a sputtered atom will undergo as it
travels from the target to the substrate. Collisions rob the sputtered atom of its initial momentum,
thermalizing it and diverting it from its original direction of motion, normal to the target (and often,
substrate) surface. The increased chance of an oblique angle of motion makes it more likely that
the atom will strike an existing grain, rather than navigating a narrow chasm. The second, and
more relevant, parameter is the temperature of the substrate. Higher temperatures (i.e., 30-50% of
the sputtered metal’s melting temperature, or 128-395 °C for gold) impart thermal energy to the
arriving atoms, allowing them to move into energetically favorable positions between grains and
to rearrange the grain boundaries, leading to dense, monocrystalline films. Industrial sputterers
take advantage of this zone model and use high temperatures and high vacuum [5:6].
Unfortunately, this solution is not viable for the purpose of creating high-quality thin films at
atmospheric pressure and with a 100 °C thermal budget.

5.3. Design of Experiments

To find an alternative to the process suggested by Thorton’s zone model, the effects of
process parameters on the film density are methodically investigated using a design of experiments
(DOE), with the goal of finding process parameters that produce highly electrically conductive
and dense films. The DOE varied the target-substrate gap, anode-target gap, inner flow, outer flow,
and negative focus voltage (Table 5-1). Both mass flow controllers (MFCs) control the flow of
argon through their respective tubes; a large argon flow rate is important to maintain a practical
plasma bias voltage. Specifically, higher argon content leads to a lower plasma voltage, which
prevents wire overheating, while lower argon content leads to a higher voltage, increasing the ion
energy and deposition rate. More details on this relationship can be found in Chapter 6.
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Parameter Minimum Value Maximum Value
Printhead-Substrate Gap (um) | 380 635
Focus/Substrate Bias (V) -300 0

Inner Gas Flow (sccm) 5 25

Outer Gas Flow (sccm) 28 139

Plasma Voltage 770 970

Table 5-1. Parameters varied in the DoE along with their minimum and maximum values. In
the cases where the conductive stage was biased, it was done at the same bias voltage as that of
the focus electrodes—this allowed the use of the same power supply.

Printhead

Plasma

[

’ ~0.4 mm gap

Figure 5-1. A schematic of the electrically biased plate under the substrate; the plate is
charged, but the impinging ions cannot transmit charge through the air gap and glass plates. In
later versions of the device, the substrate is directly charged.

In these experiments, a conductive plate beneath the substrate, electrically isolated from
the substrate by two glass slides (VWR glass microscope slides, 1 mm thickness) was used (Figure
5-1). The plate can either be left floating (i.e., electrically isolated) or connected to the negative
focus bias voltage; this was also varied as a process parameter. As a result of the varying process
parameters, the plasma voltage changes; this is recorded, but is not controlled independently. The
printer is run with a given set of process parameters for 10 minutes at 1 mA, using a 50 pm-
diameter gold wire as target.
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Figure 5-2. A graph of the electrical resistivity and calculated film coverage for several
samples, showing a clear and strong correlation.

X ‘.'"w’&' X7 .‘_

™ 0 »
. 3&3‘"'5‘51;2‘ 2

SO TR
} :\.%“',f? &:.q,: ‘34‘0
e

S

Figure 5-3. SEM micrograph of a variety of samples, with visible chasms between deposits. In
some deposits (e.g., 15) the SEM charges electrically isolated portions of the deposit, imparting
them with a darker color, while leaving the electrically conductive majority relatively light in
color. Some samples (e.g., 19) present as isolated droplets, rather than deposits with narrow
chasms; these will be discussed later in the text.

Using image processing, we determined the film coverage for each sample and used it as a
measure of the electrical resistivity of the thin film. This dependence was confirmed
experimentally, i.e., the data show a strong correlation between the fraction of the area coated with
a film and the electrical resistivity of the microsputtered film (Figure 5-2). Clearly, the voids,
visible to the microscope, drastically increase the electrical resistivity. A theoretical treatment of
the relationship between coverage and resistance is provided in Section 5.7.
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Figure 5-4. Color histogram of a typical deposit. The values represent the shade of greyscale,
from 0 (black) to 255 (white). Two curves are clearly added together; the first, with low
numbers, representing the bare silicon, which is not imaged by the SEM due to the limited
depth of focus, and the second, with high numbers, representing the gold film. The relative size
of the curves is used to determine the coverage percentage of the films.

SEM images (Zeiss 1525 SEM) were taken of each deposit (Figure 5-3); each image
consists of a mixture of light (gold deposit) and dark (silicon chasm) pixels. Using image
processing software (Wolfram Mathematica), the frequency of each shade of grey is logged and
then automatically fit to a sum of two Gaussian curves (Figure 5-4). The relative area under each
curve represents the fraction of the deposit that is covered (light, high number) with gold or
remains a chasm (dark, low number). The fraction of the deposit that is covered with gold was
used as the output measurement for our DOE methodology. This approach, fitting the pixel
distribution to a sum of Gaussian curves, is more accurate than one that naively uses a simple cut-
off point. Because the two Gaussian curves overlap, no single cut-off can accurately discriminate
between the two regions. However, by measuring the relative size of the curves, we can still
determine the coverage of a deposit. The coverage is determined to range from 34 to 96.5% (Table
5-2). Samples with less than 50% coverage are shown to consist primarily of isolated droplets,
rather than meandering films with chasms. Because their coverage is not governed by the
aforementioned principles (i.e., chasms between coalescing droplets), we exclude them from our
statistical analysis. They will be discussed later in this chapter.

The results are reported below (Table 5-2), with a linear regression of our suggested model
(Tables 5-3, 5-4) also reported. Applying a bias voltage to the plate under the substrate clearly has
a very strong effect; to better measure other effects, we separate the data into two groups, i.e., those
with a biased plate and those with a floating plate.

A quantile-quantile plot is also produced, graphically showing the clear statistical
significance of our suggested models, despite the simultaneous testing of multiple hypotheses [5:7]
(Figures 5-5, 5-6). It is clear that in the case of the biased plate, a stronger negative bias on the
plate under the substrate greatly improves the substrate coverage. In the case of the floating plate,
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Sample Foil Printhead- Focus voltage (also Inner Outer | Anode Film
# floating/ | to-substrate Foil voltage when | flow rate | flow rate | voltag | coverage
charged gap (um) biased) (V) (sccm) (sccm) e (V) (%)
1 Floating 635 100 25 139 970 51.1
2 Charged 760 300 15 139 850 87.7
3 Floating 635 300 25 139 690 62
4 Charged 255 100 15 28 796 85.6
5 Charged 635 100 15 83 800 88.9
6 Charged 510 100 25 42 830 79.4
7 Charged 510 300 15 42 810 95.4
8 Floating 380 300 5 42 830 77.0
9 Charged 380 300 5 56 840 85.1
10 Floating 380 300 25 56 850 81.6
11 Floating 380 100 15 70 860 79.8
12 Floating 510 100 5 70 790 75.4
13 Floating 380 100 5 111 765 49.3
14 Floating 380 300 15 111 770 87.4
15 Charged 380 300 5 111 910 52.1
16 Charged 510 300 25 111 910 93.3
17 Charged 510 100 15 111 900 74.9
18 Charged 510 100 25 139 920 69.9
19 Charged 510 300 15 83 980 82.8
20 Floating 380 0 5 83 800 90.4
21 Floating 380 300 5 83 790 93.5
22 Floating 510 0 15 111 910 65.9
23 Floating 510 100 15 139 970 89.3
24 Floating 510 100 25 28 940 45.3
25 Charged 510 0 15 56 850 63.0
26 Charged 510 0 15 83 970 78.1
27 Charged 255 0 15 61 910 56.0
28 Charged 635 0 15 56 880 74.3
29 Charged 760 300 15 83 820 44.0
30 Charged 760 300 15 83 770 34.0
31 Charged 760 300 15 83 780 90.0
32 Charged 760 400 15 83 820 91.9
33 Charged 760 500 15 83 965 96.5

Table 5-2. Printing parameters and estimated film coverage for the 33 samples analyzed in
this study. The first four parameters (i.e., foil charged/floating status, printhead-to-substrate
gap, focus/foil voltage (when biased), and inner gas flow rate) were determined in accordance
with a DOE; the outer gas flow rate was chosen for each deposition to ensure that the anode
voltage remain in an acceptable range. The anode voltage was a dependent parameter adjusted

to maintain 1 mA current in the plasma.
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Figure 5-5. A quantile-quantile (g-g) plot of the various parameters of the ensemble of reduced
models for the deposits produced with a negatively biased plate. The grey spots represent the
p-value of the effect of the negative voltage on the focus electrodes and biased plate; they are
far above the dashed line, which represents the expected results from random noise. Clearly,
the grey spots’ significance cannot be attributed to mere chance. The blue dots represent the p-
values of all other parameters, which largely follow the dashed line, showing that they are not
statistically significant. The set of points with a p-value near 0.9 is a statistical artifact; there is
a slight unintended correlation (R?<0.1) between the substrate bias voltage and the plasma-
substrate gap; when the substrate bias voltage is excluded from a reduced model, the gap
becomes significant. However, this is clearly a statistical artifact; when the voltage is included
in a reduced model, the effect of the gap, an imperfect measure of the voltage, becomes
insignificant.

Parameter (units) Effect (Coverage/unit) | t Statistic | p
Constant 0.71
Substrate/Focus bias voltages (V) | 5.78x10* 5.09 1.31x10*

Table 5-3. Reduced-order model for film coverage, for films with biased foil. This model uses

one statistically significant parameter and accounts for the majority of the samples’ variance in
film coverage (R?=0.634).

a smaller printer-substrate gap and stronger outer flow are advantageous for a more complete

coating.
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Figure 5-6. A quantile-quantile (g-g) plot of the various parameters of the ensemble of reduced
models for the deposits produced with an electrically isolated plate. The grey dots represent the
p-value of the effect of the substrate-printer gap; they are far below the dashed line, which
represents the expected results from random noise. Clearly, the grey dots’ significance cannot
be attributed to mere chance. Once the grey dots are removed from the set of possibly random
parameters, the dotted line represents the new expected distribution; the blue dots lie along that
line. The green triangles represent the effect of the outer gas flow; they are slightly above the
dotted line, which suggests, but does not show conclusively, that they have a statistically

significant effect.

Parameter (units) Effect (Coverage/unit) | t Statistic p
Constant 1.21

Printer-substrate gap (um) -1.27x107 -3.64 8.26x107
Outer gas flow (sccm) 1.80x1073 1.92 0.096

Table 5-4. Reduced-order model for film coverage, for films produced with electrically
isolated foil. Because there is no focus bias voltage, other effects are significant, and we
include two parameters with significant correlation to explain the majority of the samples’
variance in film coverage (R?=0.665). In the text, we discuss the dubious significance of the

outer gas flow.




5.4. lon Energy

In this section, a physical explanation of why the chosen parameters affect the electrical
conductivity is presented. The case of the negatively biased plate is considered first. To understand
the effect of the bias, we return to Thornton’s model, in which the effects of process parameters
on film growth are explored. Thornton claimed that there were two important process parameters,
i.e., the chamber pressure and the substrate temperature. However, a later refinement of the model,
by Mahieu [5:8] and Messier [5:3], claims that at an atomic level, the energy of the impinging
atoms is the sole relevant parameter. As in Thornton’s model, thermal energy is imparted to the
sputtered atoms by heating the substrate, giving the atoms enough energy to rearrange into an
energetically favorable position. Thornton’s other process parameter, background pressure, is
relevant due to its impact on the bombardment velocity. When an atom is sputtered from the target,
it has an initial kinetic energy of several eV. High pressure causes the impinging atom to undergo
many collisions; these collisions, in addition to changing the direction of motion, also drastically
reduce the impinging atom’s kinetic energy. Thus, in a low-pressure sputtering chamber, the
original impulse of sputtering causes the impinging atom to have a high enough kinetic energy to
enhance its mobility once it is adsorbed onto the substrate. Consequently, any method of imparting
energy to the sputtered atoms will lead to a dense, conductive microstructure.

In the experiments of this chapter, the electric field due to the negative bias voltage under
the substrate is sufficient to impart kinetic energy to the ionized material. Specifically, consider a
typical set of parameters, and compare the energy imparted by the electric field to the energy
imparted in traditional sputtering by heating the substrate. In this case, the stage under the substrate
has a bias voltage of -300 V, and the stage is approximately 2 mm below the positively charged
plasma. Near the target wire, this plasma has a voltage of approximately 400 V, for a total electric
field E of approximately 350 kV/m. In the DOE experiments, the negative bias was directly applied
to the substrate. However, in subsequent experiments (described in Chapters 4, 6, 7, and 8), a 1
MQ resistor was placed between the substrate and power supply (Figure 5-7) to prevent the plasma
from forming directly between the anode and substrate (see Section 2.5. ).

The ion mobility, K, of gold is approximately 1.71x10° m?/V/s at standard temperature
and pressure [5:9] in a helium background; i.e., an electric field of 1 V/m would lead to a drift
velocity of 171 um/s, the speed at which the electric field’s acceleration would be cancelled by the
drag caused by collisions . Due to the increased mass of molecular nitrogen, this implies an ion
mobility of approximately 6.5x10* m?/V/s in an air background. This would imply a drift velocity
of v = KyE, 227 m/s, or an average energy of 53 meV per gold atom. This is equivalent to the
thermal energy that is due to an increase of 610 K, which, combined with room temperature, is of
the order necessary for dense, conductive nanostructures.

Other novel sputtering methods use similar techniques. High-Power Impulse Magnetron
Sputtering (HiPIMS), which pulses (impulses) high currents at a low duty cycle to ionize a large
fraction of the sputtered material, has been combined with a negative bias voltage to the substrate
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Figure 5-7. A typical schematic of the improved setup, in which the substrate itself is biased. The
resistors prevent a plasma from forming directly between the anode and substrate. The voltmeter
measures the voltage drop across a resistor; we use a voltmeter instead of an ammeter in order to
protect the multimeter from high transient currents that might burn out an ammeter but not the
voltmeter.

to ensure that the ionized material impacts the substrate with large velocity and forms a smooth
and mechanically sound coating [5:10],[5:11].

Now, consider to the other set of results, in which there was no negatively biased plate. In
this case, the relevant process parameters are also indicative. In the absence of energetic ions drawn
to the substrate, the plasma itself imparts the necessary energy to the substrate to rearrange the
atoms into a dense coating. For the plasma to reach the substrate, a smaller printer-substrate gap
and stronger outer flow are advantageous for a more complete coating. The outer flow, which
flows through a significantly larger nozzle, can drive the plasma away from the printhead and
towards the substrate more than the inner flow, with a much smaller nozzle, can. If the target-
substrate gap is small enough, the high-energy ions and electrons of the plasma impart the
necessary energy to the substrate to allow for the dense coating. Post-deposition plasma processing
has been reported before, with similar effects [5:12],[5:13]. Although the DOE demonstrates this
phenomenon, it is not as easily controlled as the effect of the substrate bias, and thus the substrate
bias, not the plasma voltage, is harnessed in future depositions to improve the film’s conductivity.

5.5. Overly Energetic Atoms.

The reduced model explains over 70% of the variation for the majority of cases (Figure
5-8). However, there is a minority of cases in which very good film coverage is expected, but
instead, the imprint has very poor film coverage; these imprints are composed of a series of isolated
droplets. This is likely due to the impinging atoms having too much energy when they arrive at the
substrate. These overly energetic atoms damage the already deposited film, preventing buildup of
a strong film. Because the distance between the plasma and the substrate is so short, it is reasonable
to unexpectedly have a distance that is slightly shorter than normal, and, as a result, have an electric
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Figure 5-8. Comparison of predicted coverage and actual coverage. The best fit line, which
includes all the meandering deposits but not the isolated droplets, explains the majority of the
variance of the meandering deposits. However, there are four deposits that, based on the
process parameters, should have very high coverage, and instead have very low coverage. We
posit that the sputtered ions are too energetic for an effective deposition.

field that is so great that the ions are accelerated to the point where they damage the deposited
film. This effect has been seen in other cases, albeit in vacuum [5:14].

The effect of overly energetic atoms can be seen when the microsputterer is passed over
some traditionally sputtered traces. In the presence of a 500 V negative bias (applied directly to
the substrate, as described earlier), the impinging atoms are so energetic that they ablate the
preprinted traces (Figure 5-9). In contrast, when the bias is a mere 300 V, the traces are undamaged.

Here too, it is useful to examine the ion mobility and ion energy. The substrate is
approximately 500 um below the target wire and the plasma; the plasma has a voltage of 400 V,
for a total voltage difference of 900 V between the negatively charged substrate and the positively
charged plasma. Thus, the electric field between the plasma and substrate is 900 VV/ 500 um, or 1.8
MV - m~1. The drift velocity, v = K,E, is 1170 m/s, and the average ion energy is 1.38 eV. This
is comparable to 2 eV, the lowest energy at which ion etching has been reported [5:15].

The ablating ion energy is also approximately half of the heat of vaporization of gold, i.e.,
3.1eV. Given that the heat of vaporization is the energy necessary to break all of an atom’s bonds,
allowing an atom to become gaseous, half the heat of vaporization is approximately sufficient to
break the bonds between a gold atom on the surface of a thin film and its neighbors. This is because
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Figure 5-9. A micrograph from a SEM of a (vertical) traditionally sputtered gold film
(100 nm thickness, 10 um wide), damaged by an overlay (horizontal) printed from our
sputterer.
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Figure 5-10. A graph (left) of the resistivity of the nanoparticle-enhanced deposit, as a
function of film thickness, as compared to bulk conductivity, and an SEM micrograph of
the deposit (right). Note the very high density. The micrograph was included as part of
Figure 4-7.
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an atom on the surface of the film has only half of its compliment of neighbors, and thus can be
removed with half of the energy necessary to vaporize bulk gold. Specifically, each bond between
gold atoms has an energy of 0.6 eV at a gold-air interface [5:16]; these high-energy ions have the
energy necessary to break two bonds. The relationship between the heat of sublimation and the
sputtering threshold has been noted previously [5:17]; however, because of the density of the metal
in that study, higher sputtering thresholds were found. In the case of microsputtered deposits,
because the film is thin and not dense, fewer bonds must be broken to sputter an atom.

5.6. Effect of Nanoparticle Size

If the film is created by combining large (~50 nm radius) and small nanoparticles, the
production of which was described in Chapter 4, the conductivity of the microsputtered thin film
is further improved. As Chapter 4 described, the nanoparticles form in a high-energy, high-density
plasma. The energy of the plasma allows the atoms to pack together densely. When the resultant
nanoparticles then reach the substrate, they allow the formation of a denser film. Due to the absence
of voids within the nanoparticles and relatively small gaps between the nanoparticles, the
conductivity is more than 80% that of bulk gold (Figure 5-10). Specifically, a minimum resistivity
of 2.9 uQ-cm was measured, compared to bulk gold’s resistivity of 2.44 pQ-cm.

This result can be examined more quantitatively by exploring how the energy of a
nanoparticle scales as the nanoparticle grows. It can be shown that the energy changes drastically
as the size of the nanoparticle changes, leading to a wide range of energies. The high-energy, long
tail of the distribution ensures that some particles will have the energies necessary to rearrange
grain boundaries, even while very few particles are energetic enough to damage the films.

Assume a nanoparticle with the density of bulk gold and a single charge. By Stokes’ Law, the drag
force on a Brownian particle, such as a nanoparticle, is F = 6mnrv, where n is the viscosity of the
medium and r is the radius of the nanoparticle. This will be counteracted by the electrical force,

F = qE. The drift velocity, the velocity at which these two forces are equal, is
qE
V= (5-1)

~ emnr

For a singly charged nanoparticle, the velocity is thus inversely proportional to the radius.
The energy per nanoparticle is proportional to the mass multiplied by the square of the velocity,
or equivalently, to the radius. This energy is distributed over the entire surface area of the
nanoparticle as it impacts the substrate and rearranges at the boundaries, leading to an energy per
unit area that is inversely proportional to the radius, a weak dependence.

However, larger nanoparticles are no longer limited to a single charge per nanoparticle.
Instead, once a nanoparticle has a radius of tens of nanometers, it has multiple charges, and thus,
assuming the charge per mass (and thus per volume) is constant, the charge is proportional to the
radius cubed, the velocity is proportional to the radius squared (charge/radius), and the energy per
unit area to the radius raised to the fifth power (velocity? - mass/radius?). Thus, a small change in
nanoparticle radius leads to an enormous change in energy.
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To illustrate, let us assume that 2x10 of gold atoms are ionized, matching the ionization
rate of the atmospheric plasma in our COMSOL simulations. A nanoparticle with a 50 nm radius
will have a mass of 10 fg, or 3x107 gold atoms. That nanoparticle will have a charge of +6. The
substrate-plasma gap is 3 mm, while the substrate-plasma voltage difference is 800 V, yielding an
electric field of 233 kVV/m. The terminal velocity is thus 13.1 mm/s, and the kinetic energy is thus
5.36 eV, or 2.7 meV - nm~?2 across its surface area. If the radius of the particle is increased to 55
nm (a 10% increase), the energy per unit area increases to 4.3 meV - nm~2. Consequently, because
the film is being bombarded with ions of many different energies, the highest energy nanoparticles
allow it to readily rearrange itself. However, the film does not undergo significant damage because
the majority of the ions are not energetic enough to damage the film. This is similar to the effects
of cluster beam deposition, in which nanoparticles are formed and, upon impact with the substrate,
break apart with enough energy to form a dense film [5:18]. Similar to this work, cluster beam
deposition uses nanoparticles because they are more energetic than single atoms. However,
because microsputtering works at atmospheric pressure, the nanoparticles it produces are not
energetic enough to break apart upon impact; nonetheless, they have sufficient energy to form
dense, conductive films, albeit in a different method than the one harnessed by cluster beam
deposition. If there are sufficient smaller particles to fill in the voids (as in Chapter 4), a dense,
highly conductive film is formed.

5.7. Assessment of Electrical Resistivity Using a Network Model.

To help understand why the nanoparticle-enhanced film is much more conductive than the
previous results, a network model is used to quantitatively examine the electrical resistivity of the
film. From this model it can deduced that the chasms are imperfectly filled in the absence of
nanoparticles, while the nanoparticles act as additional conductive bonds between crystal grains.

First, consider with a film without nanoparticles. One can quantify the effect of the chasms
by modelling the conductive gold film as an infinite square resistor network (Figure 5-11), where
the nodes are the individual grains and the resistors, joining the nodes, are the chasms between the
grains. Each chasm can either be filled, and thus have a low resistance R, or a chasm, which is
not filled, and have infinite resistance. In our case, R; represents the sum of the resistance of the
gold grain itself and the filled-in chasm between one grain and the next. The probability that a
given resistor has a low resistance (or, equivalently, that a chasm is filled-in) is denoted by C.
Previous research [5:19] has shown that the electrical conductivity of such a network follows a
scaling law,

o=0,(C—C")P (5-2)

where ¢ and g; are the reciprocals of the total resistance per length and R, respectively, and C*
is the critical probability, i.e., the minimum fraction of resistors that must have R, resistance for
the network to have finite resistance between two parts an arbitrary distance away. This critical
probability is 0.5 (i.e., if every grain is, on average, connected to half of its neighbors, the film
will be electrically conductive) and p is found to be 1. Thus, if the probability of a chasm being
filled is C, the resistivity between two points a distance N away will be
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R="F (5-3)

Figure 5-11. A section of the sputtered film (left), modelled as a resistor network. The center
of each grain is connected to the center of each neighboring grain either with a finite resistor
(white) or an infinite resistor (red). This is similar to the analytically solved problem of an
infinite square resistor network (right). Each node (black circle) is connected to four other
nodes through a resistor. In our model, these nodes represent the center of grains and the
resistors represent the lumped resistance both within a grain and between joined grains.

C cannot be found directly; however, it can be estimated by examining the SEM
micrograph of the deposit. Let us assume that an average grain size is a square A length per side,
with a chasm width of B. Thus, the total coverage, T will equal the fraction of covered area (grains
and filled-in chasms) divided by the total area (grains and all chasms):

A%+2C-A'B
T A%+24B (5-4)
Or
3 ((42+24B)T-47) 3 4 A
c=t———=T(1+5)-= (5-5)
By inspection, A~20B, and thus C~1.2T — 0.2. Substituting into Equation (5-3), we find
= 2L (5-6)

T 12T1-7

When Equation (5-6) is compared to experimental data, the relationship is accurate, with
slight variances in the parameters (Figure 5-12) specifically, the conductivity is found to vary
linearly with the total coverage, with a slope to intercept ratio of approximately 12:7. Extrapolating
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to T = 1, we find that even with no chasms, the resistivity corresponding to the found value of R,
would be approximately 34 uQ-cm, or approximately twelvefold bulk. Thus, even if we could fill
in every visible void, we still would not achieve bulk conductivity without the use of nanoparticles.
The difference between microsputtered deposits and the true bulk resistivity of gold is likely due
to imperfect filling of the grain boundaries; even the boundaries that are filled are not filled
perfectly, and thus their conductivity does not match bulk gold.

However, the presence of nanoparticles improves on the filling of the chasms by bridging
the chasms. A single nanoparticle is energetic enough (as described in the previous section) and
large enough to bridge a chasm completely. As long as it has the energy to rearrange the atoms at
the points of contact with the grains on either side of the chasm, it can serve as a bonding wire
between two grains — a highly conductive, well-bonded metal that joins two contacts perfectly.
Smaller nanoparticles and atoms can then serve as “cement” to ensure a dense, three-dimensional
nanostructure. With the use of nanoparticles, we can achieve lower electrical resistivity; R,
decreases by an order of magnitude.
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Figure 5-12. A graph comparing coverage and conductivity without the use of nanoparticles, with
a best fit line. The units of conductivity are 1.1x10° S/m, representing o, of Eq. 5-1. This yields an

equation — = 1.076T — 0 — 756. Eq. (5-3) suggests an equation of = = 1.2 — 0.7
1 1

Thus, we have three types of connections between grains: a void, with infinite resistance;

a chasm imperfectly filled-in with small nanoparticles, with moderate resistance; and a

nanoparticle bonded to both parts of the void, with near-bulk resistance. To achieve 1.2X bulk
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resistance, Eg. (5-3) suggests that it would be necessary to bridge 90% of the grain-grain
boundaries (C~0.9), if the nanoparticles bond grains perfectly. SEM micrographs suggest that this
is achieved.

Additionally, with multiple layers of nanoparticles, this desired conductivity could be achieved
with three-dimensional percolation, requiring an even lower fraction of coverage [19]. However,
the exact solution for a 2.5-D infinite network (i.e., a network infinite in two dimensions but with
few layers in the third dimension) with anisotropic bonds (i.e., the gap-filling mechanism differ
from the nanoparticle-stacking mechanism) is not easily found. Thus, the addition of nanoparticles
transforms this network of resistors from a two-dimensional network with resistors with moderate
resistance to a network where the resistors have near-bulk resistance. Furthermore, the thicker the
film, the more similar it is to a three-dimensional network, with even lower resistance for
comparable coverage. However, the effect of the additional layers is smaller than the effect of the
effective bond filling, and is thus not necessary for our calculations.

5.8. Comparison to Previous Work

The electrical conductivity achievable by thin films made of nanoparticle-structured,
microsputtered gold is unmatched by any other additive manufacturing method that does not rely
on high-temperature annealing. The most conductive room-temperature silver nanoparticle-based
inks, without sintering, have a resistivity over an order of magnitude greater than our samples
[5:20]. At “mild” sintering temperatures (140 °C), the resistivity is still almost double ours, i.e.,
4.6 nQ-cm [5:21]. This is despite the use of silver, whose bulk resistivity is less than two-thirds
that of gold. Other microplasma sputtering methods, which include substrate heating, have an
electrical resistivity 20% greater than our unheated films [5:22]. The high-energy, large
nanoparticles bind neighboring grains together well, in a manner only matched by high mobility
due to high thermal energy, which has the advantage of moving all atoms, rather than just the
ionized ones.

5.9. Conclusion

This chapter describes the challenges and solutions of improving the nanostructure and
electrical conductivity of atmospheric pressure sputtered gold thin films. Instead of heating the
substrate as in traditional (vacuum) sputtering, our method uses a bias voltage applied to or beneath
the substrate to achieve similar improvements in film density and electrical conductivity. We
compared the energy of ions drawn to a negative bias voltage to the thermal energy imparted by a
heated substrate, discussed the tendency of overly energetic particles to damage deposited films,
and explained how near bulk (i.e., 1.2X bulk) electrical resistivity can be attained in nanoparticle-
structured microsputtered films, modeling the film as a resistor network in which the nanoparticles
bridge the chasms more effectively than individual atoms could.
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Chapter 6 —Ilon Energy in the Microplasma
6.1. Introduction

This chapter discusses what is arguably the project’s greatest hurdle: the low sputtering
rate associated with microplasmas. Specifically, the chapter explains why the high collisionality
of the microplasma forces the ion energy to remain low, causing a low deposition rate. The chapter
then explores several approaches to increase sputtering rate, such as optimization of the target
shape, increased current, and stronger gas flow. However, these methods offer only a modest
improvement. After that, the chapter describes the dependence of ion and electron energy on the
gas composition of the plasma and proposes a mixture of monoatomic and diatomic gases to
increase the ion energy and sputter yield. Finally, the chapter reports the experimental results of
using such a gas blend when microsputtering gold and aluminum.

6.2. Microsputtering vs. Traditional Sputtering Deposition Rate

Sputtering is an inherently slow process, as each ion only removes one to a few atoms of
material from the target’s surface. However, the microsputterer reported in this thesis coats
surfaces at 50 times the rate of a traditional sputterer per unit area of target. Specifically, while an
industrial sputter uses a 2-inch disk or larger target to coat an 8-inch wafer at a deposition rate of
~1nm s~ equal to a volumetric removal rate of target material of 3.2 x 1072 mm3s~1. the
microplasma sputterer uses a 100-um diameter wire target to coat a 5 mm? area at the same
deposition rate (1nms~1!), equal to a volumetric removal rate of target material of
3.9x 107 mm3 s~

A large portion of the answer is due to the size of the sputtering target and the power used.
An industrial sputterer uses (at least one) 2-inch sputtering target (2025 mm?3). The microplasma
printer uses, typically, a 100 pm diameter wire (7850 um?). With an area over five orders of
magnitude lower, it is an achievement to sputter at a rate “only” four orders of magnitude lower.
Put differently, the microsputterer coats surfaces at 39 times the rate of a traditional sputterer, per
unit area of target.

The reason for the enhanced rate is that the sputtering rate is proportional to the current
density: a traditional sputterer has a current density of 0.3 mA/mm? (6 A spread across the two-
inch target), while the microsputterer has a current density of 380 mA/mm? (3 mA spread across
the target wire area).

Such a high current density is only possible due to convective cooling. If it is assumed that
a typical ion strikes the target with 50 eV of energy, the traditional sputterer absorbs 15 mW -
mm~2 of energy, or 300 W for the whole 2-inch target. Given that the sputtering target in a
traditional system is in vacuum, heat transfer due to convection can be neglected. In addition, if
the temperature of the target is not high (< 600 °C), radiation heat transfer can also be ignored.
Gold, a typical sputtering material, has a thermal conductivity of 310 W/(m - K); consequently, it
can dissipate the heat with a temperature gradient of 480 K - m~1—extremely low. However, if
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the traditional sputtering head had a power density on par with the microplasma head (i.e., 19 W -
mm~2), it would need to dissipate 380 kW of heat. Leaving aside the tremendous power
consumption, the temperature gradient would need to be 608 K - mm™1; consequently, if the target
was more than 2 mm from a cooling source, it would melt (the melting temperature of gold is 1064
°C). However, the microsputtering target wire is surrounded by a cooling flow that convects away
the heat. If the sputtering target is modeled as the end of an infinite fin, the heat removed Q by the
flow is

Q = AT\/pAkh = ATN2m3 -73-310 - 200 = AT - 49 x 1074 W (6-1)

where p is the perimeter of the wire target, A is the cross-sectional area of the target, and k and h
the conduction and convection heat transfer coefficients, respectively (for gold k =
310 Wm™K~! and h =200 W m~2K~! for fast flow of forced convection). The energy
dissipated is equal to the ion energy E; times the current I, i.e.,

Q=1"E (6-2)

Combining equations 6-1 and 6-2 results in AT = 306 K. In other words, the total heat load of 150
mW can be dissipated with a temperature gradient of 306 K, causing no phase change in the target
or collapse of the reactor.

As technically impressive as this result may be, it is of small comfort. In practical terms a
certain throughput is required (a particular deposition thickness across a given area per unit of
time), not a given throughput per unit area. Additionally, per unit of current, following the
calculations above, the microsputterer only has 5% of the sputter yield per unit of current of a
traditional sputterer. This is due to the decreased ion energy in the microplasma. Accordingly, this
chapter will explore methods to improve the sputter yield per unit of current.

6.3. Influence of lon Energy in Sputtering Yield

Sputtering requires that energetic ions impact the target, dislodging atoms from the target
by freeing the atoms from their bonds. The ions, clearly, must be energetic. The energy of the ions
can be derived from the electrical mobility of the ions p—a measure of how the drift velocity of
an ion depends on the local electric field. Specifically, a charged particle under the influence of an
electric field E will have an average drift velocity v of

v = pE. (6-3)

The ion mobility is inversely proportional to the density of the background gas and is often given
in terms of p,—the mobility at standard temperature and pressure.

Similarly, electrons also have an electrical mobility, representing a near-linear relationship
between the electric field and the electron velocity. This relationship is important in determining
the electron energy, which in turn determines the collisional cross-section of various plasma
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Figure 6-1. A chart of selected electron impact cross-sections for molecular nitrogen for a
range of relevant electron energies. Note that excitation of the molecular bond at various
modes dominates at low (<5 eV) energies, while ionization becomes relevant at energies
greater than 15 eV. Also note, as described in Section 3.4, that excited N, molecules ionize
more readily than molecules in the ground state. Dissociation data is drawn from [6:1]; all
other data is from [6:2]. These values are typical for diatomic molecules; monoatomic atoms
do not have rotational excitation, dissociation, or diatomic ionization, but do have monatomic
ionization, electronic excitation, and excitation of excited species.

processes. Every interaction between an electron and a larger particle, whether ion, atom, or
molecule, can ionize the particle, excite its electrons or bonds, split a molecule (dissociation), or
none of the above. The relative likelihood of each of these is expressed by the collisional cross-
section of these interactions, which is a function of the electron energy. Specifically, non-elastic
collisions (i.e., excitation, dissociation, and ionization) are each most likely at a given electron
energy, with ionization requiring the highest energies (Figure 6-1).

Thus, if the electric field increases, the electron energy would increase, leading to more
ionization. The electrons freed by the ionization events could in turn accelerate and ionize more
atoms, which could cause a higher current that grows exponentially, known as runaway ionization.
To prevent runaway ionization, the electric field must be carefully controlled so that each electron
causes, on average, one ionization before it recombines with an ion or exits the highest energy part
of the plasma. The microplasma printer reported in this thesis achieves this with a current-
controlled power source; other plasmas use a ballast resistor, a less expensive solution, but one
that requires slightly more attention to maintain a constant current.
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On the one hand, the electron energy must not get too high, lest runaway ionization occur.
Therefore, neither the electron electrical mobility nor the electric field can be too high. On the
other hand, in order to increase the sputter yield the ion energy must be increased. Consequently,
given a certain electric field and ion electrical mobility, how can the ion energy be increased to
increase the sputter yield without causing runoff ionization? This problem does not exist in
traditional sputtering. Traditional sputtering occurs in a vacuum; as a result, an electron, no matter
how energetic, has a high likelihood of escaping the plasma without ionizing a single atom because
the gas density is low. Thus, even at very high electric fields and very high electric mobilities,
runaway ionization does not occur.

This can be understood better by examining the Paschen curve, discussed in Chapter 1
(Figure 1-1). The Paschen curve describes the behavior of a plasma by examining the breakdown
voltage as a function of the product of the pressure and interelectrode distance, which is directly
proportional to the number of collisions that an average electron would undergo while traveling
from one electrode to the other. When the pressure-interelectrode distance product is very low, the
electron will collide with very few atoms, regardless of the electron energy. Thus, to maximize the
impact of each collision, a very high voltage is necessary to ensure that each collision will lead to
an ionization. Conversely, when that product is very high, the electron collides very frequently,
and a high voltage is necessary to accelerate the atom sufficiently between collisions. In the
intermediate area (near 1 Torr - cm), the atom will have enough collisions to ionize efficiently,
yet a high enough inter-collision distance to accelerate using a moderate electric field.

A traditional sputtering plasma operates at the left-hand side of the curve; the product of
the pressure and the interelectrode distance is approximately 0.1 Torr-cm [1:27]. Thus, the
probability that a given electron would strike an atom while traveling from the cathode to anode,
is approximately 0.1, as found by multiplying the number density (~10* cm™3) by the
interelectrode distance (~ 10 cm) by a typical collisional cross section (~1071¢ cm?). Given that
the number density is proportional to the pressure, the striking probability is proportional to the
product of the pressure and the interelectrode distance. Thus, no matter how energetic the electron
is, the chance that it will ionize an atom and produce another electron is low. (In fact, this low
probability is the motivation for magnetron sputtering; by applying a magnetic field, the electron’s
traveling path can be greatly enlarged, increasing the chance of a collision.) However, increasing
the voltage will not destabilize the plasma or even increase its current drastically; the electrons are
all energetic enough; they are merely not colliding with the atoms that they need to ionize.

However, microplasma sputtering works at the right-hand side of the Paschen curve. The
product of the interelectrode distance and the pressure is very high, approximately 100 Torr - cm.
Thus, each electron, were it to travel from cathode to anode, would strike approximately 100 atoms
on its path. Thus, if the electron ever gets the energy necessary to ionize an atom, it is highly likely
that it will ionize an atom before it reaches the electrode. Energy, rather than collisionality, is the
limiting factor in the ionization process. The breakdown voltage is so high because an electron
will likely strike an atom before it builds up sufficient energy to ionize that atom, and that collision
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will rob it of its energy. As a result, a high breakdown voltage is necessary, so that the electron has
a chance of building up enough energy to ionize an atom in its inevitable collision.

As a result, at a high pressure-interelectrode distance product, higher voltages lead to a
runaway effect, where each electron will ionize multiple electrons, leading to exponential current
growth. The next two sections will describe a way around this problem, and outline methods to
increase the ion energy without increasing the electron energy.

6.4. Simulation-Vetted Approaches to Increase lon Energy in a Microplasma

COMSOL Multiphysics’s Plasma Module was used to simulate a two-dimensional,
axisymmetric atmospheric pressure argon plasma (Figure 6-2). Argon is used in these simulations
because of its simpler plasma chemistry; unlike nitrogen, which is a mixture of molecular nitrogen
and atomic nitrogen, with the possibility of excited molecular bonds or excited electrons, argon is
a relatively simple monoatomic gas with fewer modes of excitation and no chemical bonds. This
decreases the computational complexity of the simulation.

Three possible approaches to increase the ion energy were explored via simulations and
experiments: (i) increase the current, (ii) increase the gas flow, and (iii) shape the electric field.
The first solution explored was to increase the current; in the regime in which the microsputterer
works (1-10 mA plasma current), the ion energy follows a power law in relation to the current,
with an exponent equal to 0.40 (Figure 6-3). This can be understood by studying the number of
ions per unit time that strike the cathode (current): the number of ions per unit of time that strike
the cathode is proportional to the product of the ion velocity and the plasma density (ions per unit
volume) near the cathode. Thus, to increase the current, either the ion velocity needs to increase,
thereby increasing the ions’ kinetic energy, or the plasma density needs to increase. However,
merely increasing the plasma density, by Gauss’s Law, also increases the electric field, making
more energetic ions and electrons, and ultimately increasing the ion velocity. Thus, increasing the
current of a current-controlled plasma requires an increase in the ion velocity (and energy), either
directly or indirectly. In the regime in which we work, both factors (i.e., directly increasing the
velocity and indirectly increasing the velocity by increasing the plasma density) are involved;
simulations show that the exponent of the velocity’s power law is 0.2, while the plasma density’s
power law’s exponent is 0.92. Because the ion velocity has a power law relationship with the
plasma density (found emperically), and the product of those two is proportional to the current,
both velocity and plasma density have a power law dependancy on the current.

However, in practice, this effect is of limited value. The current cannot be drastically
increased without melting the target wire; an increase from 2 mA to 3 or 4 mA is possible, but no
more. Thus, the ion energy can be increased by 30%, but not doubled, as efficient microsputtering
would require.

The second approach (increasing the gas flow) is a corollary of the plasma jet phenomena
described in Section 4.5. A gentle gas flow drives the excited neutral atoms away, forcing the
electrons to ionize atoms in one step, rather than first exciting them, to then ionize the excited
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Figure 6-2. Cross-section of axisymmetric plasma. The ion density is shown in color, with the
red area signifying the most ionized part of the of plasma. The model is rotated about the axis
on the left.

atoms. Thus, in the presence of a gentle gas flow, a higher electric field is necessary to sustain the
plasma, and thus, the higher electric field leads to higher ion velocity. This too is shown
experimentally to be useful, but only to a small degree.

The third possibility explored in order to increase the ion energy in the plasma is to
drastically increase the electric field, but in a very small region. This is done with “fringing”,
exploiting the extremely high electric fields near a sharp corner. Simulations show that extremely
high electric fields and ion velocities are present very close to these sharp edges (Figure 6-4);
however, the regions in which these high electric fields exist are so small that they do not lead to
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Figure 6-3. Density and average energy of ions very close to the target wire as a function of
the total current. As the current increases, both ion density and ion energy increase, following
a power law. However, because the ion energy only depends weakly on the current, a higher
current cannot increase the ion energy of our microplasma sufficiently. The product of ion
velocity and ion density is nearly proportional to the current.
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Figure 6-4. lon velocity (in m/s), using a target with a 500 um (left) and 5 um (right) radius
corner. Due to fringing, the sharp corner (right) produces a plasma that has an ion energy a
threefold compared to the less sharpened corner’s plasma. Unfortunately, sputtering quickly
depletes such sharp features. Note the scale; the right image is of a much smaller area.
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runaway ionization. Nonetheless, in practice, sharp corners are worn away by ion bombardment,
hence any effects are not sustained.

6.5. Using a Mixture of Gases to Increase lon energy in the Plasma

The argon plasma simulations discussed in Section 6.4 do not suggest an approach that
drastically increases the ion energy. However, a mixture of gases, namely a gas comprised mostly
of nitrogen mixed with a small fraction of argon, provides such possibility. This section will
describe the different properties of monatomic and diatomic gases and the advantages and
disadvantages of each. First, it will be demonstrated that diatomic gases support a higher electric
field through examining collision cross-sections, the Townsend constants, and the ionization rate
coefficient. Then, it will be demonstrated how monatomic gases sputter more efficiently.

Diatomic gases require a strong electric field to maintain an appreciable rate of ionization.
In a diatomic gas, electron energy is dominated by the molecular bond within the gas. This bond
can easily be excited (either vibrationally or rotationally) or broken, upon electron impact, with
relatively low electron energies (Figure 6-1). Thus, for low energy electrons, most collisions will
lead to excitation or dissociation. Furthermore, because excitation and dissociation are inelastic
collisions (i.e., the electron and particle are left with less kinetic energy than they began), they are
effective methods for preventing the electrons from gaining energy, even with a high electric field.

Consider the following calculations that will illustrate the energy-robbing effects of
dissociation and the impact on ionization rates. An electron with 20 eV of energy has an ionization
cross section with regard to molecular nitrogen of 32.7 Mb (0.327 A?) [6:4]. However, its
dissociation cross section is 52 Mb [6:5]. Thus, it has over 150% the probability to dissociate a
molecule than to ionize it. At lower energies, such as 16 eV, the difference between ionization and
dissociation is more pronounced: at such energy, the ionization cross section is 1.3 Mb, while the
dissociation cross section is 20 Mb. Thus, at low electron energies, electrons are more likely to
dissociate a nitrogen atom than to ionize one, and the dissociation—an inelastic collision, robs the
electron of energy. This is particularly effective in dense plasmas, where an electron will collide
with atoms several times as its energy increases [6:6]; a collision is likely between the time that
the electron has enough energy to effectively dissociate a nitrogen molecule and the time that the
electron has enough energy to ionize a molecule.

The cross-section of excitation of the molecular bonds is even higher (Figure 6-1) at low
energies. These collisions will rob electrons of energy before they reach the higher energies at
which ionization is possible, unless the electric fields are very strong. Thus, the presence of
molecular nitrogen keeps the rate of ionization low, even in strong electric fields.

In contrast, monatomic gases only have two inelastic electron impact reactions: electron
excitation (i.e., raising an electron to a higher energy level) and ionization. Thus, in a purely
monatomic plasma, electrons can (relatively) easily gain several eV of energy before they risk
losing it to an inelastic collision. Thus, for a given electric field, electrons in a diatomic plasma
will have much lower energies and much lower ionization rates than electrons in a monatomic
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plasma. Equivalently, for a given ionization rate, a diatomic plasma will have a much higher
electric field than a monatomic plasma.

The difference between nitrogen and argon is evident while examining the Townsend
coefficients of the gases. As described in Chapter 1, the breakdown voltage (i.e., the bias voltage
necessary to spark a plasma) is a function of the product of the pressure and interelectrode distance
(pd), following the formula

Bpd
ln(Apd)—ln(ln(1+%)>

where pd is the aforementioned product, y, is the secondary electron emission coefficient (which
can be neglected for large pd, as in our case), and A and B are constants of the gas, known as the
Townsend coefficients. It has been shown that both of these constants depends on the inelastic
cross-sections for electron impact [6:7]-[6:11]; the higher the inelastic cross-sections, the higher
B, and the higher the electric field needed to accelerate the electrons before they lose energy to
inelastic collisions. Nitrogen has a very high breakdown voltage as compared to argon (Figure
1-1), further supporting that claim that nitrogen, overall, has higher inelastic cross-sections.

V=

: (6-4)

Gases with a high breakdown voltage are referred to as dielectric gases; other choices are
highly toxic or have toxic byproducts (e.g., CO2, SFs, and many fluorocarbons) and are thus
unsuitable for a sputterer open to the environment. Thus, in our microplasma sputterer air is used
as dielectric gas. Although certain hydrocarbons may work better [6:7], they too are not suitable
for an open-air environment.

The difference between monatomic and diatomic gases can also be seen by examining the
ionization rate coefficient (a measure of the rate of ionization for a given electron and neutral atom
density) for a given reduced electric field. For argon, the ionization rate coefficient becomes
meaningful (>1071° m~3 s~1) at 30 Td (800 kV m~? at atmospheric pressure), while for nitrogen,
a reduced electric field of 120 Td (3.2 MV m™1! at atmospheric pressure) is necessary [6:8].

Thus, it is clear that molecular nitrogen requires (and can maintain) a much higher electric
field for a given rate of ionization, as compared to argon. However, although molecular nitrogen
is valuable in keeping the electric field high and the rate of ionization low, it is not suitable for
sputtering. Monatomic gases are far more effective at sputtering.

Let us imagine, by way of illustration, that the electric field near the cathode is 200 Td
(26.8 MV m™! at atmospheric pressure). Let us furthermore assume that sputtering is driven by the
most energetic atoms, with an energy five times the average [6:8],[6:9],[6:12]. At those energies,
an ion (whether nitrogen or argon) will have an energy of approximately 70 eV [6:9]. Even so, the
nitrogen will dissociate before it reaches the surface of the target, losing 9.75 eV in the dissociation
and splitting the remainder of its Kinetic energy between the two nitrogen atoms [6:13]. Thus, each
nitrogen atom will strike the surface with a paltry 30 eV. At these energies, the nitrogen atoms
each have a sputter yield of 0.002 when sputtering gold (leading to a total sputter yield of 0.004
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gold atoms per nitrogen molecule), while the argon, with the full energy of 70 eV, has a sputter
yield of 0.226, almost two orders of magnitude higher [6:14]. Thus, for a given electric field, argon
is much more effective sputterer than argon.

We can combine the advantages of these two kinds of gases (i.e., nitrogen, a diatomic gas,
and argon, a monatomic gas) by combining the two gases. As long as the fraction of nitrogen in
the sputtering plasma is high enough to drain energetic electrons of their energy through the
excitation of molecular bonds and dissociation of molecules, a high electric field can be maintained
without achieving runaway ionization. The small fraction of argon in that mixture, meanwhile,
will be energetic enough to sputter effectively. Thus, the nitrogen preserves the electric field, while
the argon is used for the actual sputtering. In other words, one can sputter effectively at energy
levels typical for a nitrogen plasma, provided we sputter with argon in that nitrogen plasma.

A similar effect was previously reported for a Cu microplasma sputterer, although without
explanation [6:15]. Researchers found that adding a small amount of (diatomic) hydrogen to an
argon plasma increased the plasma voltage and improved the electrical conductivity (to 50X bulk
resistivity). According to the conclusions of this thesis, these phenomena can be explained. The
diatomic gas forced a higher plasma voltage due to the excitation of the diatomic bond; the higher
voltage lead to higher ion energy and a larger nanoparticle-producing plasma, which according to
the conclusions of Chapter 5, improved the electrical conductivity.

6.6. Experimental Validation of Increasing lon Energy using a Gas Mix

Using a mix of molecular nitrogen and argon, the yield of gold sputtering can significantly
be improved. The microsputterer at MIT Lincoln Laboratory uses a calibrated MFC (MKS MF1C,
500 sccm Avr) to control the flow of argon. A set amount of argon is mixed with air (4.5 slm) and
flowed through the outer tube (see Chapter 2). A plasma is struck; the plasma voltage and gold
deposition rate are recorded. As the theory explained in Section 6.5 suggest, a mixture of argon
and air, with as little as 5% argon, maintains a high plasma voltage (due to the high air content),
while also sputtering at twice the rate of air alone (due to the argon content) (Figure 6-5). Further
investigation into the exact ideal mixture might yield even better results.

More importantly, using this approach, new materials can be sputtered. In an air-only
plasma, it is very difficult to sputter aluminum; it is only possible at high powers (>4 mA), with
long deposition times (>10 minutes), and for very thin films (< 10 nm). However, by adding 5%
argon to the plasma gas mixture, it is possible to reliably sputter aluminum at a deposition rate of
1 AJs. This is significant because the aluminum readily reacts with the oxygen in the high-energy,
high collisionality plasma to become alumina (Al.O3)—a high-k dielectric (Figure 6-6). SEM
microscopy (Zeiss 1525 SEM) shows a collection of very small (~10 nm) nanoparticles coalescing
into a single film (Figure 6-6). These nanoparticles are significantly smaller than those described
in Chapter 4 due to the relatively slow rate of aluminum sputtering; there are not enough aluminum
atoms in the plasma to form 100 nm nanoparticles.
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Figure 6-5. Deposition rate and plasma voltage versus argon content.As expected, the increase
in argon decreases the plasma voltage. Despite this, a small amount of argon is helpful in
increasing the deposition rate, dude to argon's ability to sputter more effectively than the
diatomic species of air.

Figure 6-6. An SEM micrograph of the alumina. The alumina is clearly porous on the
nanoscale, but the film is continuous. The pores are approximately 5 nm in diameter.
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Figure 6-7. EDX results from an alumina deposit on a SiO»-coated silicon wafer. The silicon,

oxygen, and aluminum peaks are all clearly visible. Because of the thinness of the alumina, the

aluminum peak is shorter, but nonetheless clearly present.
The alumina film is shown through EDX (JEOL JSM-6010LA) to clearly contain aluminum
(Figure 6-7). Additionally, the aluminum to oxygen ratio of the sputtered material is found to be
1:2.05. This was calculated by comparing the oxygen content of oxide-coated silicon to a nearby
spot with an alumina film above the oxide. Similarly oxygen-rich alumina (1:1.95 ratio) has been
found when sputtering in an oxygen rich (10% oxygen) atmosphere at low pressure [6:16]. The
electrical properties of the film are nearly identical with traditionally manufactured alumina, as
Chapter 8 will describe. The proof-of-concept demonstration of devices fully microsputtered in
gold and alumina (a capacitor) is reported in Chapter 8.

6.7. Conclusion

This chapter reports various approaches for increasing the ion energy in a microplasma,
with the intention to significantly increase the yield and volumetric deposition rate. The high
collisionality of a microplasma precludes strong electric fields, and, as a result, the sputtering ion
energy is too low to sputter as effectively as in the standard (vacuum) case. Approaches such as
increasing the current, flow, or shaping the target to serve as a field enhancer only provide
modest/temporary improvements. Instead, the chapter demonstrates that an argon-nitrogen
mixture greatly boosts the ionization and sputtering processes: the diatomic nitrogen allows for a
high electric field, while the argon is stable enough to sputter effectively. The efficacy of the
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proposed solution is demonstrated in the deposition of gold at twice the deposition rates previously
obtained, and in the deposition of alumina using an aluminum target—yielding a dielectric material
of great interest for printable electronics.

To the best of our knowledge, this is the first study that proposes an explains an appropriate
gas mix for atmospheric pressure plasmas to obtain high sputtering yield. Traditionally, sputtering
has been done in vacuum, while atmospheric pressure plasmas have had low ion energy. Now that
a method for efficient atmospheric pressure sputtering has been found, more work, both theoretical
and experimental, can be done on the ideal mixture of gases for each set of sputtering conditions,
(i.e., sputtered material, current, and voltage), leveraging the discoveries of this chapter to not only
add to our understanding of plasmas, but to further allow atmospheric pressure microsputtering to
become a viable manufacturing technique for agile electronics and other low-temperature devices.
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Chapter 7 — Gold Coated Nanowires for RF Interconnects
7.1. Introduction

Until now, the microsputterer hardware was introduced and improvement in the material
properties of the sputtered films have been reported. The remainder of this thesis will be devoted
to demonstrations of the technology. This chapter describes the coating of nanowires for RF
interconnects. This work was part of a collaboration with Charles Draper Laboratory and is
published in the proceedings of IVNC 2020 [7:1]. The chapter motivates the research by explaining
the need for conductive nanowires, describes a method of coating nanowires with gold without
needing a vacuum, and characterize the films’ relevant properties (i.e., mechanical and electrical).

7.2. Motivation

Wires transmit electrical signals. These signals could be DC, low-frequency AC, or high-
frequency AC. For DC and low-frequency AC signals, the choice of wire is simple. Every wire
has a resistance, which varies inversely with its cross-sectional area. The longer the distance that
must be travelled and the lower the necessary resistance, the thicker the wire must be. However,
high frequency signals cannot be transmitted with minimal loss simply by using thicker wire. This
is due to the skin effect. If an alternating current flows along a wire, the induced magnetic field
drives the current out of the center of the wire, concentrating it in the outermost “skin” of the wire.
Since the current only flows through a small fraction of the wire, only that small fraction
contributes to the conductance, and the resistivity can be unacceptably high, even for thick wires.
Specifically, the skin depth of the wire is calculated as

p
wfou (7 l)

where p is the resistivity, f, is the signal frequency, and u is the magnetic permittivity. As Figure
7-1 shows, for frequencies greater than 4 MHz the skin depth can be less than a 40-gauge gold
wire’s radius (39 um; 48 Q/m). As a result, for high-frequency signals, the majority of a wire is
useless and the resistivity is high. One common solution is to use Litz wire, a bundle of narrow
wires, each insulated from the others, to carry the signal. The strands pass from the center of the
bundle to the perimeter and back again, so that no single strand is the outermost wire that carries
the entire current. The insulation prevents the current from migrating to the perimeter. Instead, the
current is evenly distributed among all the wires. Within each strand, the current is pushed to the
outermost skin depth.

However, this technique is only useful if each strand that comprises the Litz wire is smaller
than the skin depth. For higher and higher frequencies, the strands must be made smaller and
smaller, and, consequently, more and more strands must be included to have the desired total
thickness.
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Figure 7-1. Skin depth of gold as a function of frequency. For frequencies greater that 10
GHz, the skin depth is submicron.

Manufacturing conductive wires is feasible for individual strands with a diameter larger
than 2 um, which can be easily manufactured by drawing. Traditionally, wires are drawn to their
desired thickness by forcing thicker wires through a mold; the ductile nature of metal allows the
wire to reshape itself to fit the narrower mold, and a uniform, narrow wire is formed. However,
for narrower wires, suitable for > 6 GHz signals, metal is no longer ductile at such dimensions,
and an alternative must be found.

Past research has explored the possibility of using electrospinning to produce fibers, which
could then be coated to make wires. Electrospinning uses strong electric fields to create narrow
strands of polymers; via whipping and stretching, the polymers cure into an extremely narrow and
uniform nanofiber—sometimes as small as 50 nm diameter [7:2].

Unfortunately, electrospun nanofibers are not highly electrically conductive. Instead, they
must be coated with a conductive shell, before being encased in a dielectric and twisted into a Litz
wire. One method of coating the fibers involves traditional sputtering in a vacuum chamber.
However, this is time- and labor-intensive; each batch of electrospun nanofiber must be brought
to vacuum, sputtered, turned over, and then the underside must be coated again. This coating is
then used as a seed layer for electroless coating.
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7.3. Results

We demonstrate a room-temperature sputter coating method that is compatible with
atmospheric pressure. Due to the scarcity of the electrospun nanofibers that our collaborators were
using for the packaging of the Litz wires, this method is demonstrated on Kevlar fibers (5 um
diameter). A bundle of Kevlar fibers is attached to a metal frame (Figure 7-2). A gas jet (50 m/s)
in each inner and outer gas channel carries microsputtered material (2 mA) to the bundle of wires;
the printhead is rastered over the bundle of fibers for 10 minutes, coating the 10 mm-long fibers.

The coated fibers were characterized using an SEM microscope (JEOL JSM-6010LA).
EDX measurements confirm that the wires are coated with gold; SEM confirms that the gold is a
nearly uniform coating, coating both top and underside of the wire with an approximately 300 nm
thick film—even though the deposition was conducted on one direction (Figure 7-3). This is in
stark contrast to traditional sputtering, in which sidewall and underside coating is severely lacking.
We can study this by investigating the path that a jet flow takes around a cylinder, such as a Kevlar
fiber. The Reynolds number of the flow, assuming a Kevlar wire of 5 um diameter and a gas flow
of 50 m/s, is 13 [7:3]; this is low enough that the viscous effects dominate the fluid flow, and the
plasma surrounds the underside of the wires as well as it does the upper side of the wires; diffusion
then carries the sputtered material onto the underside of the wire, just as it carries the sputtered
material onto the upper surface. A smaller wire would have an even lower Reynolds number, and
thus also have underside coating. In other words, material transport across the entire surface is
attained.

Additionally, this coating is mechanically sound. When the fiber is cut with a pair of
scissors, the coating deforms due to the shear stress, but remains intact as it separates from the film
(Figure 7-4). This indicates high density and good coverage, which are useful if the film is to be
used as a seed layer for an electroless process.

Suspending wires and then coating them, rather than printing on a flat substrate, also gives
information with regard to the speed of the printer. Although typical speeds when printing on a
flat substrate do not exceed 1 nm/s (Chapter 6), the wires’ films grow at 3 nm/s. This is due to the
relatively free flow of the fluid; as we discussed in Chapter 3, when the fluid impinges on a flat
substrate, it spreads out and some of the sputtered material does not reach the substrate, or
minimally, does not reach the part of the substrate directly under the flowing gas. However, in this
case, because the fibers minimally interrupt the flowing gas, the flow is still in the “free flow”
stage, and more of the sputtered material is deposited on the wires.

The coating is electrically conductive. Because the fibers are so small, it is not trivial to
attach a lead to a single fiber and measure the conductance directly. Instead, conductive tape is
attached to two ends of a bundle of fibers and fibers are cut by one. As each fiber is cut, the
conductance of the bundle decreases, and, assuming that each cut fiber had identical conductance,
the conductance per fiber can be calculated by noting how much the conductance decreases with
each cut. This also allows us to estimate the number of fibers in the bundle (Figure 7-5). It is found
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Figure 7-2. Photograph of setup. The microplasma printer is depositing a film on thin
(invisible) wires, suspended between the two plastic blocks.
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Figure 7-3. Micrograph of a cross-section of an 80 pum diameter steel wire, coated with gold.
The underside of the wire (top of image) clearly has a continuous coating. The coating has
deformed onto the cut side of the wire due to shear stress. The thicker steel wire is easier to
image than Kevlar, but the same results are seen in Kevlar.
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¢ Delaminated film

Figure 7-4. A micrograph of a Kevlar fiber. The shear stress of cutting the fiber peeled the
gold coating off (above the fiber), but the coating remains intact, showing its mechanical
strength. This micrograph also shows the thickness of the coating as 300 nm.
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Figure 7-5. Dependence of conductance of Kevlar bundle on number of fibers in the bundle.
By cutting the fibers one-by-one and fitting a best-fit line to the resultant conductance, the
conductance of each individual fiber can be extracted without knowing directly how many
fibers were in the bundle.
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Figure 7-6. A micrograph of a gold-coated Kevlar fiber. The porous nanostructure of the wire,
along with larger cracks due to the stress of cutting the wire, are visible. Although the fibers
are conductive, they are much more resistive than bulk gold, due to the porous nanostructure.

that each fiber has a conductance of 137 uS, which means that the 500 nm thick film has a
conductivity of 14 pQ-m This would mean that the films are 600 times more resistive than bulk
gold; because a bias could not be applied directly to the nonconductive Kevlar wire, the films are
somewhat porous (Figure 7-6), as described in Chapter 4. Nevertheless, the minimal conductivity
of the wires allows for the use of electroplating to coat the wires, with the gold coating serving as
a seed layer.

Atmospheric sputtering of gold is suitable to produce as a seed layer for electroless plating
or electroplating; those chemical methods could be used to deposit a dense, highly-conductive
layer of metal quickly. If microsputtering was to be used as the sole coating for a bundle of
nanofibers, roll-to-roll manufacturing methods would be necessary. A short length of a bundle of
fibers would be coated without the benefit of a negative bias on the wires, much like our case. That
length could then be attached to a negative bias. The bundle of fibers would be slowly passed
under the microsputterer. As a thin film of sputtered gold built up on the bundle, the thin film
would become negatively charged, and would attract denser films to attach themselves to the
initial, porous films. This method would necessarily be slow, as any method involving the
microsputterer is, but it would lead to dense, highly conductive films produced in a single step.
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7.4. Conclusion

In this chapter, the proof-of-concept use of the microsputterer to implement RF
interconnects based on ultra-thin (5-um diameter) wires is reported. The microsputterer can coat
fibers, integrating itself in a non-vacuum manufacturing process. This is in stark contrast to
traditional sputtering, which requires switching from atmospheric pressure (for the fiber
production) to vacuum (for the coating) and rotation of the wires as the metal coating is applied.
In the method described in this chapter, the coating covers both sides of the fiber in a single process
due to the high collisionality of atmosphere that fosters mass transport across the surface. The
coatings produced with this method are of high mechanical quality and sufficient electrical quality;
a step forward to improve the electrical conductivity is outlined.
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Chapter 8 — Fully-Printed Multimaterial Capacitors
8.1. Introduction

This chapter reports the proof-of-concept demonstration of working, multi-material,
microplasma-printed electrical capacitors. To the best of our knowledge, this is the first entirely-
printed devices produced via microsputtering, and serves as an important milestone towards the
maturation of microsputtering as a technology for manufacturing agile electronics. While most of
this thesis was devoted to the development and characterization of a microsputtering process for
gold for use as an electrical conductor, these capacitors also showcase the possibility to print high-
quality dielectrics, printed using the same additive manufacturing technology. Dielectrics allow
for the layering of interconnects, preventing signals from one interconnect from interfering with
an intersecting trace.

The multimaterial head, first described in Chapter 2, which allows the use of two materials
(e.g., aluminum and gold) in sequence, is also demonstrated in this chapter. The chapter first
describes the fabrication of a capacitor. It will then describe the characterization of the capacitor,
namely its response to both DC and AC signals. The DC response is shown to be typical of
traditional alumina. However, the AC response includes the effect of the universal dielectric
response, a commonly-found frequency dependence in the electrical behavior of heterogeneous
dielectrics due to the porosity of the film. Based on data analysis, it is hypothesized that the
microsputtered dielectric material is a mixture of alumina and small water-filled nanopores; a
precedent in the literature of such film structure is found.

8.2. Fabrication of a Fully Microsputtered Capacitor

A structure of the fully-microsputtered parallel capacitor consists of two (7-mm long) gold
lines, printed perpendicular to each other and intersecting at their centers (Figure 8-1). Between
the gold lines is a (3-mm) square layer of alumina, which caps the bottom gold line at the point of
intersection. The capacitor is printed on a silicon wafer with a 300 nm thermal layer of SiO> film.
All parts of the capacitor use the combined innovations of Chapters 3 to 6: vat polymerization-
printed FunToDo nozzles (1-mm wide aperture), -300 V bias voltage on the substrate, moderate
gas flow (~4 slm), and 5% argon content. The area in which the two gold traces overlap was
examined with an optical microscope and found to be 800 pum by 1.1 mm. The gold traces were
printed by rastering the printhead 20 times at a speed of 50 um/s with a total thickness of 150 nm,
while the alumina patch was printed by coating a square 3 mm on each side for 120 minutes; the
two stages moved at different speeds (80 um/s and 110 um/s) to produce a uniform coating pattern
over the entire area. After the first gold line was deposited, the substrate was rotated to allow the
dielectric cap and second gold line to be printed. The alignment was done with the use of reference
marks.
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After the dielectric and electrically conductive layers were deposited, thin copper wires (36
AWG, 127 um diameter) are connected to the four ends of the gold imprints using conductive
epoxy, to facilitate the electrical characterization of the devices.

Aluminum cap

Top gold

Figure 8-1. A photograph of a completed capacitor, consisting of a bottom gold trace
(vertical), an alumina cap (center) and a top gold trace (horizontal). Conductive epoxy and
copper wires are visible in three of the terminals of the gold traces (the copper wire at the
bottom of the image was not installed for clarity). The colored lines represent the AC electrical
measurements taken; to eliminate the effects of the gold traces on the frequency response, the
impedance was measured by adding paths 1 and 2, subtracting 3 and 4 from that sum, and
dividing by two. That eliminates the gold traces’ contribution, while accurately capturing the
alumina’s electrical response. A schematic drawn in the lower right corner illustrates the parts
and layout of the capacitor.

After the electrical characterization was complete, one of the capacitors was cleaved and

an SEM was taken of its cross-section (Figure 8-2). From the metrology of the SEM, the alumina
was found to be 35 nm thick.
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Gold [surface)

Gold (cross-section, top
trace)

Gold (bottom trace) Porous Alumina

Silicon Dioxide

100 nm

Silicon

Figure 8-2. SEM micrograph of cross-section of the capacitor. The cross section is taken off-
center from the center of the capacitor; as a result, the bottom trace is extremely thin.
Nonetheless, the two gold traces, the porous alumina, the silicon dioxide, and the silicon are all
visible
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Figure 8-3. A DC IV characteristic of the microplasma-printed alumina capacitor before
breakdown of the capacitor's DC response. The leakage current is minimal and linear, showing
a resistance of 4 GQ. The breakdown voltage of the film is equal to 220 V.

8.3. Breakdown Voltage and DC Response

To test the quality of the dielectric, a DC bias voltage was applied between the two gold
traces and the current was measured with a Keithley 2657A power source. A 10 kQ resistor was
inserted in series to prevent damage to the power source. The breakdown measurement was taken
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after all other electrical measurements; once the breakdown voltage was reached, the capacitor
was no longer functional.

The resistance was found to be 4.05 GQ (Figure 8-3). Given the alumina’s thickness and
the area in which the gold traces overlap, this suggests a resistivity of 1.0 X 10 Q:m. This is
approximately 10% of the resistivity of bulk (crystalline) alumina and 10x the reported resistivity
of amorphous alumina [8:1].

The capacitor’s breakdown voltage was 220 V. Thus, the alumina has a dielectric strength
of 6.2 GV-m™, which is fivefold the best results for bulk alumina reported thus far [8:2], and double
the best results reported value for ultrathin (~1 nm) alumina films [8:3].

8.4. Electrical Characterization: Frequency Response

A Digilent Analog Discovery 2 USB oscilloscope was used to measure the frequency
response of the dielectric film. To eliminate the response of the gold, measurements from four
pairs of pads were taken and a linear combination of the results was taken to eliminate all but the
alumina’s response (Figure 8-1). The impedance was measured, divided into real and imaginary
parts, and found to follow a power law dependency on the frequency over 5.5 orders of magnitude
(10 Hz-5 MHz) (Figure 8-4). Knowing the dimensions of the capacitor, the permittivity was
extracted from this response, and both real and imaginary parts (corresponding to reactance and
resistivity, respectively) follow a power law where

e = €0 (1092 wio'o'133 _ 3.68iwﬂo'°'152) (8-1)
where €, is the permittivity of free space, w is the frequency of the AC signal, and w,, is a reference
frequency, i.e., 1 Hz (Figure 8-5). It is notable that the exponents are nearly the same, making the
elements of the impedance proportional; this is characteristic of the universal dielectric response.
The imaginary permittivity, which corresponds to the ohmic loss of the material, is less than the
real permittivity; this signifies that if the device were modelled as a resistor and capacitor in
parallel, the capacitor would have the lesser impedance (in magnitude) at all frequencies, most of
the current would flow through the capacitor, and the phase shift would be close to 90 degrees.
(Conversely, if the device were modelled as a resistor and capacitor in series, the capacitor would
have the greater impedance and would be responsible for most of the signal’s behavior.) Thus, the
device behaves primarily as a capacitor, albeit with a significant resistive loss.

The permittivity has real and imaginary parts (Figure 8-5). The real part is, by definition,
inversely proportional to the reactance, while the imaginary part is inversely proportional to the
AC resistance. At the low-frequency limit (10 Hz), the real part of the permittivity (i.e., the part
which contributes to the impedance) is 8.0, which is within the range of reference values for
alumina [8:4] for low-frequency measurements (i.e., 7-11). Many other reported measurements of
permittivity, taken in the GHz range, are within the same range [8:4]-[8:8]. Thus, the behavior of
the dielectric film at low frequency matches the known behavior of alumina. Combined with the
metrology of Section 6.6, where the film was shown to contain aluminum and oxygen, we are
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confident that this material is primarily made of alumina.
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Figure 8-4. Frequency response of resistance and reactance of the device modelled as a
resistor and capacitor in series. The reactance is larger than the resistance, signifying that the
device is primarily capacitive. The power law, where both terms of the impedance have similar
exponents, is typical of the universal dielectric response. The aberrations near 60 Hz are likely
due to line voltage. The resistance diverges slightly above 1 MHz, as is typical for the
universal dielectric response, which is limited to a given frequency range.
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Figure 8-5. The relative permittivity of the alumina layer as a function of frequency. The real
component is greater than the imaginary one, classifying this material as a lossy dielectric. As
noted in Figure 8-4, the slight divergence of the permittivity from the power law at high
frequencies is typical of the universal dielectric response [8:6].

Universal Dielectric Response

However, unlike typical dielectric measurements of alumina, the microsputtered capacitor

has a frequency dependence in the real part of the permittivity and a significant imaginary part to
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Figure 8-6. A Bode-Bode plot of the frequency response of the capacitor, from 10 Hz to 5
MHz. The relationship between the reactance and resistance is linear, which is characteristic of
the universal dielectric response. The reactance is greater than the resistance, showing that the
device acts primarily as a capacitor, not a resistor.

the permittivity. Both phenomena, and particularly the presence of a power law in both real and
imaginary parts, with identical exponents and similar prefactors to both parts (Figure 8-6), has
been seen in a wide variety of dielectrics, and is referred to as the universal dielectric response.
Usually, it appears in heterogeneous dielectrics, i.e., those with both dielectric and conductive
components [8:12].

The universal dielectric response has been attributed to the interaction between capacitive
elements and conductive elements within the dielectric. At a microscopic level, the dielectric is
not homogenous; there are dielectric and conductive elements. This heterogeneity, likely due to
the presence of grains and nanoparticles discussed in Chapter 4, can be modelled as an electrical
network. Each element (i.e., dielectric or conductive nanoparticle) acts as a single link (capacitive
or resistive, respectively) in an electrical network. As the frequency increases and the impedance
of the capacitive elements decreases, more current flows through the capacitive elements. This
shift to the capacitive elements has the effect of decreasing the effective resistance through the
conductive regions and increasing the total current flow. Given that the microsputtered dielectric
film is porous and comprised of nanoparticles, it is not surprising to see this behavior in the
microsputtered capacitor.

Specifically, [8:12] suggests the following equations for the resistance and impedance, if
we model the system as a resistor and capacitor in series:

R = (weey) %% L cos (az—n) [sin (%n) + cos(%)] (8-2)

Z = (weey) " *0% Lsin (?) [sin (%) + cos(%)] (8-3)
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where R and Z are the real and imaginary parts of the impedance of the material (or equivalently,
the resistance and reactance of the in-series resistor and capacitor), a is the fraction of the material
that is dielectric, o and € are the conductivity and real permittivity of the conductive and dielectric
components of the material, respectively, and €, is the permittivity of vacuum. From the frequency
dependence of R and Z (Figure 8-3), we can estimate a~0.85, and, substituting in for « = 0.85
and €, = 8.84 x 102, we find:

R = 8.94 x 107(F—0.85m0.85) 6_0'850'_0'150)_0'85 = 7.53 % 107.Q HZ0'850)_0'85 (8'4)
7 =3.72 X 108(F_0'85m0'85) 6_0'850'_0'150)_0'85 =2.00 % 108Q HZO'SS(U_O'SS (8'5)

With the prefactors of the right-hand sides of Equations 8-4 and 8-5 derived from the data of
Figure 8-4 (and adjusted for the conversion to angular frequency)

We can thus conclude, by dividing the prefactors of the right sides of Equations (8-4) and
(8-5) by the prefactors of the middles of those equations, that that e °8557015~0.68 +
0.15 S—0.15m0.15l

The power-law dependence of the universal dielectric response has also been seen in
porous anodized alumina—another form of porous alumina. Like our films, porous anodized
alumina exhibits the same behavior over a wide range (mHz-GHz) of frequencies [8:13]. It is
hypothesized that water vapor in the air may condense to fill the pores and act as the conductive
element.

In our case, if the dielectric element is pure alumina, with relative permittivity of ~10, then
the conductive element has a conductivity of approximately 7x10° —1.4x10* S-m™. We posit that
in our case the conductive element is also pure water, condensed from vapor in the atmosphere.
Water, unlike any common alumina compound (e.g., aluminum, aluminum oxide, aluminum
nitride) has a conductivity of approximately 10 S-m™*, which falls within this range.

8.6. Conclusion

This chapter described the first demonstration of a multi-material microsputtered device,
namely, a functional electrical capacitor. The microsputtered alumina was shown to have electrical
properties similar to those of traditionally manufactured alumina (i.e., bulk resistivity of 101! Q-m,
relative permittivity ~10 for low-frequency signals, breakdown voltage of ~11 GV-m™). The
microsputtered film also demonstrates the universal dielectric response—common to many
heterogenous dielectrics. Based on the frequency response of the impedance, it was concluded that
this material is 85% alumina (based on the exponent of the power law), with nanopores filled with
pure water.
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Chapter 9 — Conclusions
9.1. Accomplishments

This thesis on microplasma sputtering for agile electronics lies at the intersection of
manufacturing, material science, and plasma physics. By combining insights in those fields and
others, we have

e Qutlined methods to achieve, in practical terms, hundreds of microns-level, in-plane
features using electric fields and masks to shape the deposition

e Used a high-collisionality, high-energy plasma to produce adhesion-enhanced deposits that
greatly surpass the adhesion of traditionally sputtered films

e Produced films at room temperature and atmospheric pressure with 80% of bulk electrical
conductivity by harnessing electric fields and nanoparticles, with no pre or postprocessing

e Demonstrated the use of an engineered gas mixture to double the sputter yield and allow
for reactive sputtering of alumina

e Demonstrated our technology in the atmospheric pressure coating of microwires, attaining
fully azimuthal coverage from depositing in one direction, with no rotation

e Produced fully-printed capacitors, with the material qualities of traditionally produced gold
and porous alumina

These together have served as a demonstration of the potential of microsputtering as a tool in the
arsenal of the manufacturer. When microsputtering technology is mature, it will allow electronics
manufacturing to undergo the same revolution that structural manufacturing has in the last
decade—Ilow-volume, low-cost customized printing. However, there is work to do before this
technology is mature. Some of it, of course, is related to reliability—the ability to produce our best
results consistently and reliably. Other parts involve integration for a microsputtering system with
existing additive manufacturing technology. This would allow developers to take advantage of a
decade of maturity when designing the ancillary systems (e.g., mobility systems, computer control)
of microsputtering, and allow for the easier integration of microsputtered features into 3-D printed
plastic devices.
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9.2. Future Work

The microsputterer, as it stands, is a proof-of-concept of atmospheric pressure sputtering
as a reasonable method to produce high-quality films, suitable for electronics, without a clean
room, pre- or post-processing, or elevated temperatures. In fact, the material quality of
microsputtered films, in many ways (e.g., electrical conductivity, adhesion, dielectric strength),
meets or (in adhesion and dielectric strength) surpasses the quality of traditionally sputtered films.
However, the technology is not yet mature, and thus, to improve the microsputterer or to harness
its abilities, some fundamental areas of interest may be:

9.2.1.Chapter 3- Resolution

Better modelling of the plasma effects and fluid effects, and tighter tolerances in
manufacturing, might lead to a more concentrated flow of sputtered material, and thus higher
resolution and throughput. Specifically, as the microsputtering system stands now, focusing
confines the plasma to a line approximately 1 mm in width, which is further defined by the
aperture. If further hydrodynamic and electromagnetic focusing could confine the plasma to 10
pm, the yield (measured in nm/s, linear film thickness growth) could improve hundredfold, even
without increasing the sputtering rate and the volumetric deposition rate.

9.2.2.Chapter 4- Adhesion

The ability to produce of nanoparticles in an atmospheric plasma can also be controlled
and harnessed. Depositing nanoparticles in specific patterns can be useful to modulate their optical
or plasmonic effects (e.g., camouflage, optics), or as a single-material adhesion layer in traditional
cleanroom environments. Nanoparticles can also be harnessed to produce strain gauges. If the
electrical behavior of a microsputtered film is dominated by the current’s movement between
nanoparticles, using current to measure the underlying substrate’s deformation is possible. This is
useful both in direct-write printing and outside of it.

9.2.3.Chapter 5- Electrical Conductivity

The dependence of microsputtered gold films’ electrical conductivity on the substrate
voltage can be used to fine-tune the electrical properties of films. Given that the conductivity of
gold can be modulated by modifying the electric field, a single material (e.g., gold) can be used as
an interconnect or resistor, or anything in between, simply by modifying process parameters. This
could lead to interesting gradients for integrated electronic components. In particular, complex
broadband antenna shapes may be possible by varying the electrical properties, rather than the
width of the trace.
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Additionally, while the electrical properties of the film due to variations in the
nanostructure have been examined, it would be illuminating to investigate the mechanical
properties—is the film under any strain? One would assume that the deposition of nanoparticles
without any annealing would lead to minimal strain, but investigations should be done to elucidate
this matter.

9.2.4. Chapter 6- lon Energy

Similarly, by adjusting the gas flow, different aluminum-based compounds could be
produced (e.g., oxygen-rich alumina in an oxygen-rich atmosphere, oxygen-poor alumina in a low-
oxygen atmosphere, aluminum nitride in pure nitrogen, aluminum in a mixture of noble gases)
with a smooth gradient between different parts of the feature. Hydrogen can also be used to prevent
oxidation. In particular, aluminum nitride would be a useful semiconductor, albeit a wide bandgap
one. A nitrogen atmosphere, mixed with argon for improved sputtering and hydrogen to reduce
any oxygen contamination, could produce it well. To further control the gas content, an enclosure
may be necessary, to ensure that the sputtering atmosphere matches the incoming gas.

Additionally, this thesis has demonstrated an improved sputtering rate by using nitrogen as
a dielectric gas (i.e., a gas that increases the electric field necessary for breakdown by absorbing
electron energy). Diatomic nitrogen absorbs energy through its rotational mode at 3-4 eV of
electron energy. If a mixture of gases could be found, each absorbing electron energy at a different
range, a more perfect dielectric gas could be made. This would both be useful for our purposes
(i.e., to improve the sputtering rate further), as well as for industrial uses of dielectric gases. Most
common dielectric gases are toxic, as discussed in section 6.5; a safer mixture would be helpful.

Specifically, it appears that a mixture of hydrogen and nitrogen is a good choice. Hydrogen
can be excited rotationally at ~1 eV, and electronically at ~8 eV [9:1]. The combination of nitrogen
and hydrogen thus will absorb many electron energies between 1-10 eV, below the ionization
threshold. However, care must be taken to avoid igniting the hydrogen; it is recommended that
oxygen not be present in the plasma wherever possible. Additionally, the fraction of hydrogen
should be kept low. A mix of 5% hydrogen in nitrogen is an easily procured and relatively safe
gas blend; it should be used initially, with oxygen or water vapor (as an oxygen source) added as
necessary for any desired oxidation. Water vapor is also effective at absorbing electron energy
from electrons with approximately 10 eV of energy [9:2], further increasing the electric field. The
exact mixture and the exact proportions should likely be found experimentally.

9.2.5.Chapter 8 - Capacitor

This thesis has demonstrated microsputtering printing of two kinds of materials: an
electrical conductor and a dielectric. A semiconductor would add more to the toolbox. Amorphous
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silicon or selenium are reasonable candidates; both are semiconducting in the presence of light.
However, an oxygen-free environment would be necessary to prevent the oxidation of silicon, and
again, nitrogen with argon and hydrogen is the best candidate. Silicon is less malleable than
selenium and would likely need a modified wire feed to accommodate rigid sticks of silicon.
Aluminum nitride, as described earlier, could also be used.

If it becomes necessary to sputter dielectrics directly, an RF plasma could be introduced,
albeit at the cost of increasing complexity of the apparatus and preventing the use of the
electrostatic focusing system. Thus, it is probably simpler to sputter conductors and synthesize
compounds in the plasma.

Compounds can be easily created by simultaneously sputtering multiple elements (whether
as an alloyed wire or multiple plasmas reacting with multiple elemental wires). These elements
will combine in the high-energy plasma to produce high-quality compounds (e.g., ceramics); the
plasma will ensure that they mix well.

A high-quality film that observes the universal dielectric response can be harnessed for
novel filters; a capacitor whose reactance has a tunable power-law dependence on the frequency
allows the customization of filters. Although a dense dielectric has a stronger power-law
dependence (i.e., an exponent of -1, rather than something between 0 and -1), the tunability of
porous microsputtered alumina may still be valuable. The exact structure of the alumina likely
depends on the production of nanoparticles, as described in Chapter 4; adjusting the process
parameters can adjust the porosity of the nanoparticles and the exponent of the power law.

Additionally, this thesis has demonstrated a simple electrical device (a capacitor) fully
microsputtered. More devices, such as antennae, pressure sensors, temperature sensors, and
actuators, can be printed using similar methods. Future devices can take advantage of the variety
of substrate choices that are available (e.g., 3-D printed, non-planar, flexible).

Outside of microplasmas, there are several directions in which this research can be taken or used:

e Although substrate heating is a valid and well-studied way to enhance the energy of
impinging atoms, our research has shown that a plasma, combined with an electric field,
has the same effect. This can be used to allow for other processes that require high
impinging ion energy (e.g., chemical reactions) on temperature sensitive substrates.

e Gas blends could have their place in traditional sputtering. Although, as described in
Chapter 6, insufficient ion energy and runaway ionization are not typically problems in
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traditional sputtering, the use of a gas blend to tailor the ion energy might be helpful to
allow for low-vacuum sputtering.

Beyond the application of this thesis to microsputtering, it has also involved a return to
first principles for one of the workhorses of CMOS manufacture—sputtering. It serves as a
reminder that industrial practice and basic research have much to learn from each other, and that a
deep physical understanding of well-used processes is highly valuable, to allow for the expansion
and extension of the state-of-the-art.

9.3. References

[9:1] Schulz GJ. Resonances in electron impact on diatomic molecules. Reviews of Modern
Physics. 1973 Jul 1;45(3):423.
[9:2] Jain A. Theoretical study of the total (elastic+ inelastic) cross sections for electron-

H20 (NH3) scattering at 10-3000 eV. Journal of Physics B: Atomic, Molecular and
Optical Physics. 1988 Mar 14;21(5):905.

118



