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Abstract

The past decade has seen a new manufacturing revolution, in the form of additive
manufacturing. While recent additive manufacturing processes can produce structural materials in
intricate shapes not previously possible, additive manufacturing of functional materials remains a
challenge. In particular, functional electronics must still be made via traditional lithographic and
etching processes. This thesis introduces a microsputtering method to directly write metals with
high resolution. A wire feed enables continuous, extended use of the system. We motivate,
simulate, and test a novel electrostatic focusing system to improve the resolution of the imprints;
this focusing scheme combines electrostatic and fluid effects to direct the sputtered material into
a strip as narrow as 9 pm. The microstructure of the deposits, which affects their conductivity, is
also explored and modified. Using gold as printable feedstock, this technology allows for smooth

(55 nm roughness) deposits with ~65X the electrical conductivity of bulk metal.
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I- Introduction

Modern electronics require complex circuitry, squeezed into as small of a space as possible.
State-of-the-art microelectronics manufacturing uses lithography, a method that involves laying
down photoresist, tracing out patterns with light, and removing unwanted material via etching.
This can achieve in-plane resolution of tens of nanometers with ease, but involves difficult and
costly pre- and post-processing. The subtractive nature of traditional lithography also requires the
manufacture of expensive masks, limiting the adoption of new circuit designs. The capital expense
involved in building the infrastructure necessary for precise deposition and removal of the different
layers also acts as a hurdle to inexpensive, agile circuit building.

Thus, lithography can be compared to the state of manufacturing before the additive
manufacturing (AM) revolution. Traditional manufacturing is unmatched in its ability to produce
high-quality parts in bulk, usually by removing unwanted material from stock. However, over the
past decade, AM has demonstrated its utility and versatility in the fast-turnaround development of
prototypes, fabrication of customized structures e.g., prosthetics, and in mid-scale production of
finished products in a range of materials including polymers and more recently, metals [1],[2]. In
addition, AM has made possible the implementation of designs not previously attainable due to
fabrication complexity or design three-dimensionality [3],[4].

Similarly, although lithography will likely remain the method of choice for standard chips,
there is a need for AM of microelectronics to repair circuits, to produce custom-built chips at a
fraction of the cost of a mask, and to manufacture devices on a wider variety, e.g., curved,
substrates. Even if the main circuitry is printed using traditional methods, AM can add
interconnects on a non-planar surface, allowing the direct interfacing of a variety of devices [5].

In this thesis, a method for AM of metals (and other materials) used in microelectronics
and MEMS is explored. The method harnesses a plasma at atmospheric pressure to create high-
resolution, high-quality imprints via sputtering without any post-processing, e.g., patterning.
Chapter 2 is a review of the literature on AM of metal microstructures, while Chapter 3 explains
the theoretical background of plasma microsputterers. Chapter 4 describes the microplasma printer
apparatus, while Chapters 5 and 6 report the computational and experimental characterization of

the microsputterer, respectively. In Chapter 7, research directions for future work are proposed.
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2 - Prior Work

While the technology for AM of plastics is fairly mature, and while there are ways to print
structural metals, current methods of printing freeform, finely featured conductive deposits, e.g.
interconnects, are all lacking. We outline several of the most promising methods, drawing on the
excellent review of Hirt ef al. [6], and mention their shortcomings. A summary of this exercise is
included in Table I.

Arguably, the most mature method for additive manufacturing of freeform, finely featured
conductive deposits is nanoparticle ink extrusion, first developed by Lewis in 2003 [7]. Silver
nanoparticles are suspended in a liquid (carefully chosen for its rheological properties and ability
to be removed during annealing), which is then extruded onto a substrate. Annealing removes the
liquid and fuses together the svilver, leaving a narrow, conductive line in its wake. Over a decade
of research has led to excellent results, with the method eventually becoming commercially
available. With high-temperature annealing (250 °C), ~2X the electrical resistivity of bulk silver
and in-plane features as small as 2 um have been achieved [8]. However, annealing limits the
substrate choice to materials that can handle such a high temperature. The use of a reactive ink
allows for high electrical conductivity with low-temperature annealing, but, due to poor
rheological properties, at the expense of minimum feature size [9]. Furthermore, a fundamental
limitation of nanoparticle ink extrusion is that is only suitable for silver, which can be properly
shaped into nanoparticles that are mixed with solvents to form ink formulations of high
concentration without nanoparticle coalescence.

A similar method is electrohydrodynamic printing, or e-jet printing. As in nanoparticle ink
extrusion, metallic nanoparticles are suspended in a liquid. By charging the liquid and the
substrate, electrostatic fields force nanodroplets out of a small nozzle and onto the substrate. In
electrohydrodynamic printing, electrostatic fields deform the meniscus of the liquid into a cone,
called the Taylor cone, which emits a jet of liquid from its apex that is chopped into droplets via a
Rayleigh instability. The volatile liquid evaporates, leaving behind the dissolved solids, i.e.,
metallic structures. While submicron features are possible, the voids left by the evaporating ink
preclude the formation of conductive structures without further thermal annealing. Even with

annealing, the minimum electrical resistivity of the imprints is high, i.e. ~130X that of the bulk
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metal [10].

Another commercially available method is laser-induced forward transfer (LIFT). A
transparent substrate is coated with a very thin layer of metal. A highly focused laser is aimed at
the non-metallic side of the substrate; the applied heat melts a small amount of metal, which flies
from the donor substrate to a second substrate, less than a millimeter away, where it is deposited.
However, because this method deposits metal in a droplet-by-droplet fashion, electrical
conductivity is less than ideal (electrical resistivity is ~12X that of the bulk metal). Additionally,
the transparent substrates are not simple to produce, and are depleted quickly; even sparse patterns,
where a small fraction of the donor substrate is used, render the donor substrate unsuitable for
future use. In addition, because the inter-substrate gap is so small, this method is not suitable, in
general, for curved surfaces [11].

Other methods of AM of electronics-quality metal are electron beam induced deposition
and ion-beam induced deposition, in which a highly-focused beam of charged particles reacts with
a precursor to precipitate a metal deposit. While the feature resolution is excellent [12], the
precursor’s remnants cause unacceptably high electrical resistance. Although there are a number
of chemical post-processing [13] and thermal annealing [14] methods that ameliorate the electrical
resistance issue, they can damage the substrate and still result in an unacceptably high resistance.

Similarly, laser assisted electrophoretic deposition precipitates nanoparticles out of a
precursor [15]. However, it does so with electrophoresis, in which a carefully focused laser (or
other electric field) selectively moves metallic nanoparticles toward a focused spot. There, with
the aid of another electric field, the nanoparticles adhere to a charged substrate. To the best of our
knowledge, the electrical resistivity of deposits created via this method has not yet been reported
in the open literature, but, as with all other methods that combine nanoparticles, the electrical
conductivity is most likely significantly less than that of bulk metal; additionally, micrographs of
the imprints suggest that they should have high electrical resistivity.

Instead of attempting to manufacture metal components in situ, perhaps one of the simplest
. and more effective methods is to embed already-drawn wires made of bulk metal into a printed
plastic structure [16]. While the electrical conductivity is unmatched, the feature size is limited to

the size of the wire, approximately 100 um. Additionally, the printing procedure only allows the
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metallic components to be deposited in series with the plastic, instead of at the same time. Thus,
metal can only be deposited in the plane of the plastic, not through several layers of printed plastic.

Other researchers have attempted to use established 3D printing technology for plastics to
attain finely featured structures with high electrical conductivity. In a mainstream commercial 3D
printing system known as fused filament fabrication (FFF) or fused deposition modeling (FDM),
thermoplastics are heated until they are soft and then extruded through a nozzle; it is possible to
dope the plastic with micro and nanoparticles to attain electrical conductivity, albeit far less than
bulk. The resolution is also not high; the minimum feature size is ~150 pm. However, this method
is uniquely suitable for printing large conductive structures. [17].

Alternatively, the metal itself can be heated and extruded. Solder alloys soften at
significantly lower temperatures than those involved in annealing of AM imprints of metal (58 °C
vs. 250 °C), and can thus be similarly extruded, and subsequently harden into arbitrary shapes
[18],[19]. However, the resolution of the technique is limited by the rheology of the solder and is
insufficiently fine for microelectronics.

There are yet other AM methods for metal deposition that rely on the established method
of electroplating, which is commonly used to deposit a thin layer of high-quality metal on a free-
form conductive surface. This is done by submerging a conductive surface in a liquid solution; an
electric potential forces metal to precipitate out of the solution and adhere to the surface. To
achieve small feature size, the liquid can be confined [20],[21], or the metal can be confined in salt
form while the liquid is unconfined [20]. With this method, submicron resolution is possible, and,
as is typical of electroplating, the material quality is high. However, electroplating is only possible
with conductive or semi-conductive substrates and a few conductive materials, limiting the utility
of this method in the printing of microcircuits.

In this thesis, we investigate sputtering, which, like electroplating, is commonly used to
coat large surfaces with a thin layer of high-quality material. However, unlike electroplating,
sputtering is suitable for any substrate and nearly any feedstock, including, crucially,
semiconductors and dielectrics. We outline the theory behind sputtering and microsputtering in

Chapter 3.
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Name Description Minimum Electrical Shortcomings
Feature Size | Resistivity

Ink extrusion Silver nanoparticles 2 um [8] 2X bulk [8] | Annealing temperature,
suspended in a liquid that minimum feature size,
is extruded and cured choice of material

E-jet printing Metal nanoparticles 500 nm [10] | 130X bulk | Annealing temperature,
suspended in a liquid; EM [10] electrical resistivity
fields create and guide
droplets

LIFT Laser melts metal particles 3um/[11] 12X bulk Electrical resistivity
from donor to substrate [11]

EBID/IBID Electron/ion beam 3 nm [12] 220X bulk | Electrical resistivity
selectively cures precursor [13]

Electrophoretic | Laser guides nanoparticles | 500 nm [15] | N/A Electrical resistivity

deposition suspended in a liquid (presumed)

Wire embedding | Bulk-extruded wire is fed 100 pm [16] | Bulk [16] Minimum feature size
onto printed surface

Doped Plastics Metal nanoparticles are 150 um [17] | 5x10°X Electrical resistivity,
added to plastic feedstock, Bulk [17] Minimum feature size
which is extruded

Solder alloys Alloys heated and 800 pm Bulk [19] Minimum feature size
extruded, then cooled 46[19]

Electroplating Metal confined, then 400 nm 8X bulk Electrically conductive
transferred to substrate via [20],[22] [21] substrates only
electroplating

Table I: A summary of reported direct-write additive manufacturing methods that produce finely featured,
conductive metal microstructures. While each of these methods has advantages, none is free of
shortcomings. Additionally, all of these methods only work on metals; the printing of nanoelectronics

requires a combination of metals, semiconductors, and dielectrics.
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3 - Theoretical Background

3.1-Plasma

Plasma is the fourth state of matter, in which electrons and ionized species are significant
constitutive parts of a gas, to the degree that electromagnetic forces strongly affect the plasma’s
behavior. A non-thermal plasma is generally maintained by a voltage gradient; this allows already-
present electrons to accelerate, gaining the energy necessary to ionize more atoms into ions and
electrons upon impact. The electric field also causes separation of charges, which in turn decreases
the voltage gradient. If there are multiple gradients that can maintain a plasma, this shielding will
cause the plasma to form along the steepest gradient, thus shielding the regions that contain the
other gradients.

Broadly speaking, there are three significant regimes of plasma discharge. First, if the
voltage gradient (neglecting space charge) is insufficient for electrons to ionize atoms, a Townsend
discharge is formed; the ionization “chain reaction” does not grow exponentially, and any
ionization (due to, for example, cosmic rays) is not self-sustaining [23][23].

Second, if the voltage gradient is large enough to cause electrons to ionize atoms, a self-
sustaining reaction occurs, known as a glow discharge. Electrons ionize atoms, and as ions migrate
toward the cathode, they shield the majority of the plasma from the low voltage of the cathode.
Quickly, an equilibrium is reached, and the shielded portion of the plasma (which is split into
several regions, including the Faraday dark space and the positive column) sustains a small voltage
gradient, with only enough ionization to replenish charged particles lost to recombination. The
electrons, which move much faster than the ions, are attracted to the anode, leaving the positive
column with a small positive net charge. Closer to the cathode, in the unshielded region, the ions
bombard the cathode, releasing electrons; these electrons can ionize atoms due to the high voltage
gradient in this “cathode fall”, or “cathode glow” [23]. A diagram of the electric field in a glow
discharge is presented in Figure 1.

Once the current of the glow discharge is large enough, thermal effects become significant,
causing the plasma to evolve into a third regime. A heated cathode is an excellent source of
electrons, which ionize atoms near the cathode. The ions are then drawn to the cathode, which

12
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Figure 1. Schematic of the electrical properties potential V, electrical field E, space charge n, and
current density j of a typical plasma (from [25]). In microplasmas, the only regions of appreciable
size are the cathode glow, the Faraday dark space, the positive column, and the anode glow. In our
microplasma, the transport of the sputtered material only passes through the cathode glow and
Faraday dark space. Note that the electric field is positive (toward the cathode) for the entire plasma,

but is strongest in the cathode glow, near the cathode.

heats it further, causing a “runaway” reaction. This is known as arcing, due to the formation of an
arc —a high-current stream of plasma along the voltage gradient. Arcs often damage the cathode;
in the case of a small cathode such as ours, the cathode melts within a few seconds, thus destroying
the plasma. Stability is usually achieved through the use of a ballast resistor or other means of
current control since arcs are inherently unstable. Several microplasma configurations have been
designed to avoid the need for a ballast resistor; we simply use a current-controlled power supply

[24].



3.2- Microplasmas

Shortly after plasma research began, Paschen discovered a scaling law described by his
eponymous curve [26]. Several behaviors of plasmas are governed by the product of the pressure
and the interelectrode distance [23],[27]. On a molecular level, this can be understood by
examining the behavior of a single ion. In the distance it travels between collisions with two other

particles, the ion will undergo a voltage drop V' equal to

Vo =25, (1)
where V is the interelectrode bias voltage, d is the interelectrode distance, and 4 is the mean-free-
path of the ion. Given that in an ideal gas the mean-free-path is inversely proportional to the
pressure, the product of the interelectrode distance and pressure is an important term. For example,
the product of the pressure and the interelectrode distance is relevant in gauging the stability of
plasmas; plasmas tend to form at reasonable voltages (1 kV or less) and are well behaved when
this product is near 1 Torr-cm [24], which is usually accomplished with the use of a strong vacuum.
However, in microplasmas a small interelectrode distance (usually on the order of a millimeter or
less) is used instead, allowing for reasonable values of this product —even at atmospheric pressure
[24].

Microplasmas have been used in a wide range of applications including mass spectroscopy
[29], medical sterilization [30], processing of heat-sensitive polymers [31], excimer sources [32],
and nanoparticle synthesis [33], among other reasons, because of their compatibility with
atmospheric pressure operation. For our purpose, the printing of fine features and the small scale
of the plasma is also advantageous. Additionally, agile manufacturing, our goal, is easier if we

obviate the need for a vacuum; sputtering vacuums are typically on the order of 10~ Torr.

3.3-Sputtering

Sputtering is a physical deposition process in which a plasma is used to generate a shower
of individual atoms ejected from a target to land on a substrate, producing a conformal coating. A

sputterer has two electrodes: a rarget electrode (comprising the material to be deposited), and an
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anode electrode. The target is biased at a lower voltage than the anode, causing a plasma to be
struck between the electrodes. The electric field between the electrodes accelerates ions toward
the target; if a given ion has sufficient energy [28],[34]-[35], it strikes the target with enough force
to eject an atom approximately normal to the target surface, with a fraction (~1 eV) of the incident
ion’s energy. The stream of sputtered atoms moves away from the target to the anode and impinges
on a substrate placed at some distance from the target forming a solid deposit, or film. The atom-
by-atom creation of the deposit results in a continuous, conformal film; if the sputtered material is
a metal, under the right circumstances, this film has high electrical conductivity —approaching that
of bulk material.

Sputtering is a well-established technique in the microelectronics industry, where plasmas
are struck in large high-vacuum chambers. Thin, flat semiconductor substrates are coated with
ultrathin, uniform conductive films, which are then patterned via lithography to form
interconnects. Because the material is deposited atomically, many of the defects inherent in the
already-described AM techniques can be avoided. Unlike most of the previously described
technical approaches, sputtering can be used to create deposits made of most non-crystalline
materials, although alloys require special care due to the differences in depletion rates of the

different elements that make up the target material [36].

3.4-Microplasma Sputtering

Combining the material quality of sputtering with the atmospheric pressure operation and
small dimensions of microplasmas, microplasma sputtering is a promising approach for AM of
interconnects; the method harnesses the same physical deposition process used in state-of-the-art
microelectronics to manufacture interconnect material, although it operates at a different length
scale to directly deposit features without lithographic patterning or the involvement of a high-
vacuum environment.

Interest in this technology has sparked two previous explorations into microsputtering.
First, Burwell explored a gold target surrounded by a ring anode [37]. Argon was flowed through
the gap between the two electrodes, while a magnetic field was used to force precession of the arc

formed to limit its harmful effects. Deposits on glass substrates showed excellent electrical
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conductivity, although this result may have been due to unintentional thermal annealing (the
recorded temperature on the substrate was in excess of 600 °C). The paucity of parameter variation
or theoretical modeling is compensated by the innovative experimental setup, which served as an
inspiration for our own setup, and by the carefully gathered experimental data.

Second, Abdul ef al. used a different geometry, in which a plasma is struck directly between
a target and a conductive substrate; with this approach, the authors demonstrated the sputtering of
copper conductive lines and the completion of a simple thermocouple [38],[39]. Their work
includes some helpful measurements of the dimensions of the deposits and the deposition rate.
However, their experimental setup is not useful for insulating substrates. Although there is no
study of the morphology of the imprints, this investigation confirms an intuitive limitation: the
dimensions of the deposit cannot be smaller than the electrode’s dimensions. While this limitation
can be mitigated by micromachining a target to the desired size of the feature, this is impractical
for a consumable target to be used in continuous manufacturing. Our solution to overcome this

significant limitation will be discussed in Chapter 4.
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4-Experimental Setup

4.1- Focusing

This thesis is motivated in great part by the pressing need to reach higher feature resolution
in electrically conductive AM imprints. Just as macroscopically, the size of a graphite impression
is governed by the size of a pencil lead, microscopically, the size of a sputter deposit is governed
by the size of the target. In our case, machining a sputtering target for continuous deposition down
to the necessary resolution for state-of-the-art interconnects (I um) would be impractical and
potentially unfeasible. Instead, we implement a focusing mechanism.

We thus must focus sputtered gold atoms. Much research into deuterium-tritium fusion has
yielded the conclusion that herding neutral atoms is incredibly difficult [40], and the sputtered
material in a sputtering plasma is mostly un-ionized [28]. However, there is enough ionized
material in the plasma (both sputtered material and working gas) that, if the ions could be directed
and the resulting momentum could be transferred to the neutral atoms, the neutrals’ movement
could be controlled. While the majority of this ionized material is in the cathode fall, we introduce
a fast gas flow into the cathode fall region to carry a small fraction of ionized material, far away
from the cathode fall, toward the substrate. We harness the dense atmosphere of microplasmas to
transfer momentum. While the gases in regular sputterers have very long mean free paths, an ideal
gas at atmospheric conditions has a submicron mean free path. The frequency of collisions means
that any force on the ions will very quickly transfer to a net change in momentum on the entire
plasma, neutrals included.

Therefore, the problem at hand (i.e., the control of neutral atoms), has just been converted
to a much simpler and well-studied problem (i.e., the control of ions). Research into charged
particle optics (CPO) has yielded several methods to focus ions and electrons onto a single point.
This is useful for electron microscopy, as well as several more exotic applications, such as ion
microscopy and e-beam lithography. However, the established optical lenses, such as Einzel lens,
are not appropriate solutions for our problem. Unlike CPO, our work must take place in
atmospheric pressure, and must act on the entire plasma equally. Thus, if we were to try to focus
our plasma onto a single spot on a substrate, the pressure differential that this would cause would
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negate our efforts. This can be seen by examining the mass flow at any focused spot. Mass must
flow in to form the deposit. The sputtered material can adhere to the substrate, but the gas has
nowhere to go. Mathematically, the impossibility of single-point focusing in this approach can be

derived from the steady-state conservation of mass equation
V-(pi)=pV-u+u-Vp=20 2)
In cylindrical coordinates with rotational symmetry, equation (2) is equivalent to

where u is the velocity of the charged particles, z is the distance from the target to the substrate
and r is the radial direction. For the left-hand side of equation (3) to be finite, u, needs to vanish at
r = 0; in addition, of a solid surface that does not adsorb gas requires the boundary condition of
u: = 0 at the substrate. (Note that this step of the argument is not applicable to traditional CPO).
Consequently, the right-hand side of equation (3) must equal 0 at the substrate. However, for beam
focusing to be viable, u must be negative for small », and ». must be positive near the substrate,
for the gas to carry the sputtered material to its surface. Therefore, the LHS in equation (3) must
be negative, leading to a contradiction. The proposed ion-drag focusing scheme can bypass this
limitation by focusing the stream of particles into a narrow line instead of a point —there is no
pressure build-up when the gas is constrained in only one dimension. Beam line focusing is
achieved by using two pairs of electrodes that are spread evenly around the circumference, and
where opposite electrodes are biased at the same voltage (Fig. 2): the plasma is pushed away from
the anode electrodes, while the focus electrodes pull the plasma toward them (in fact, defocusing
the plasma in that direction), shaping the beam into a line. A benefit of this focused beam profile
is that it produces long and narrow lines required for interconnects. The plasma is struck between
the anodes and target wire, or, more often, between one of the anodes and the target wire; even
though the focus electrodes play no role in the formation of the plasma, they are essential to shape
the plasma and focus the imprint.

Ion drag has been used effectively in ion pumps, which are devices that use electric fields

to pull ions toward electrode meshes, causing a drag that evacuates neutral gas from a closed vessel
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Figure 2. (a) Schematic of the printhead as a metal line is being deposited:; (b) close-up schematic of

printhead tip showing focused asymmetric imprint spot.

[41]-[43]. Ion drag also has applications in electric-field assisted combustion, where electric fields
can shape ion-rich flames, guiding them to where they will best consume fuel [44]-[45]. However,
to the best of our knowledge, ours is the first application of ion drag in which the ions are not
simply pulled out of the system to the electrodes; we must leave the path to the substrate clear of
electrons. We also cannot place a small, negatively charged electrode under the substrate to act as
a lodestone. While this might work well for thin, dielectric substrates, conductive substrates would
shield the plasma from the attractive effect. Additionally, the effect would not be precise enough
if the substrate is too thick (i.e., not on the same order of magnitude as the desired feature size).
We implement the anode/focus electrode system using tungsten wires; tungsten was chosen
due to its resistance to sputtering [34],[46], which can affect the electrodes if an undesired plasma
forms between the anodes and focus electrodes. The possibility of such sputtering has also been
decreased by shortening the focus electrodes; the plasma will tend to follow the sharpest voltage
differential, and the target-anode path is much shorter than the anode-focus electrode path, leading
to a greater voltage differential. The placement of the electrodes in the printhead can be seen in

Fig. 3 (e) and Fig. 4 (a), while an image of a plasma forming between the two anode electrodes
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Figure 3. (a) CAD of printhead support system that supplies gas, electrical signals, and target wire
to printhead: (b) CAD of target wire feed mechanism; (c) cross-section CAD showing the gas feed:
(d) close-up photograph of implemented wire feed mechanism; (e) nozzle with electrode wires (f)
plasma generated at nozzle tip. In (f), the longer anode electrode pair generates the plasma and
compresses the beam, while the focus electrode pair, perpendicular to the anode pair, is used prevent
pressure build-up. In this case, the plasma is formed between both anodes and the target wire; often,

only one anode and the target are used.

and the target wire is shown in Fig. 3 (f).

The bias voltage applied to the anodes is regulated by a Keithley 2657 A power supply. The
power supply is a source-measuring unit that regulates the current, typically at a value between 0.5
and 1.5 mA. The resultant bias voltage, between 1 and 2.5 kV, flows through a 1 MQ ballast
resistor before reaching the anode electrodes; the ballast resistor prevents the parasitic capacitance
of the circuit from rapidly charging and discharging, which would cause unwanted transient
plasmas. The focus bias voltage is regulated by a HP 7516A power supply, which supplies a
constant voltage (relative to ground) and no current; a 2 MC resistor between the power supply

and ground minimizes the chance that an unwanted plasma connects the anode and focus
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Figure 4. (a) Schematic of cross-section of printhead, and (b) overhead schematic of printhead with
stages, gas flow, and electrical connections. In (a), the plasma forms between one of the anode
electrodes and the target wire; due to the curvature of the spooled target wire, the target is rarely
perfectly centered. Thus, the plasma will naturally form between the anode electrode that is closer
to the target. The target wire is surrounded by inner and outer gas flows, each bounded by a thick
tube wall. The anode electrodes push the deposit toward the center, while the focus electrodes draw
it out. In (b), the printhead is mounted on the Z-stage, which is mounted on the Y-stage, which in
turn is mounted on the X-stage. Two separate power supplies bias voltages to the anode and focus
electrodes; both are referenced to ground. Two mass flow controllers meter gas from a common
source (either a compressed-dry-air line or an argon tank) to the inner and outer flows. Neither

diagram is to scale; the dimensions of the printhead are summarized in Table II.

electrodes, running through the HP power supply to the ground (Fig. 4 (b)). The dimensions of

the printhead are summarized in Table II.

4.2-Gas Flow

Plasmas strike most easily in inert noble gases, in which there are few reactions to absorb
energy from accelerated ions. Argon is a popular choice due to its inexpensiveness and large
lonization cross-section. Heavy ions also increase the sputter yield, due to the increased mass and
thus impulse incident on the sputter target [34]. For these reasons, many sputtering setups use
argon. Because we do not work in an enclosure, if we want to use argon, we must ensure a steady

flow of argon replenishes any gas that freely diffuses out to the atmosphere. However, our plasma
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Measurement Experimental Dimension (um) | Simulation Dimension (pm)
Target Wire (diameter) 50 50
Inner Flow- ID of glass pipette | 375 150
Inner Flow- OD of glass pipette | 1000 1000
Outer Flow- ID of outer tube 3000 N/A
Anode-Target Gap 1500 750
Focus-Target Gap 2500 1400
Substrate-Target Gap 500-2500 200-3000

Table II: Summary of key dimensions of the printhead used in the experimental setup and the
computational simualtions. The computational values were changed in the interest of computational

stability and speed. The simulations do not have an outer gas flow; as such, there is no associated diameter.

is stable and easy to strike in air, and thus we do not need an argon atmosphere. Nevertheless, we
incorporate the option to use an argon atmosphere. The majority of our results were obtained with
compressed dry air; those results obtained in argon are noted as such explicitly.

Furthermore, a gas flow is essential to ensure that the sputtered material reaches the
substrate. In traditional sputtering, the high vacuum ensures that the sputtered material flies
directly from the sputtering target to the substrate; the mean free path is larger than (or at least, on
the same order of magnitude as) the distance between the target and the substrate. However, in a
microsputterer, where the aforementioned target-substrate distance is orders of magnitude greater
than the mean free path, any sputtered atom must undergo what can be approximated as random
walk, turning with every collision with the ambient gas. As in random walks, the fraction of atoms
that reach the substrate scales as the square of the distance. By introducing a gas flow from the
target to the substrate, we can direct the entire atmosphere, and thus the sputtered material, toward
the substrate, minimizing the loss due to collisions. The random walk still occurs, but it is now
relative to the gas flow.

A gas flow leading from the target to the substrate also assists in our focusing. The cathode
fall, near the plasma, is very rich in ions, which we need to implement our focusing approach. A

gas flow draws some ions out from the cathode fall, just as a plasma jet might extract ions from

22



near the electrodes to pattern a substrate [31].

These two purposes of the gas flow are best served by two different flows (Figs. 3 (c),
4(b)). An inner circular pipe with a small (0.44 mm?) cross-section allows a relatively fast flow of
gas to carry sputtered material at an initial speed of 20-100 cm/s toward the substrate. An outer
annular pipe with a much larger cross-section (6.28 mm?) floods the atmosphere surrounding the
sputterer with 20-100 sccm at a velocity of 4-20 cm/s. The use of two flows allows to
independently control the argon content of the atmosphere (when using argon) and the velocity of
the gas flow. The two flows are controlled by two Unit MFC-1000 controllers; the inner flow’s
controller is rated for a maximum of 25 sccm, while the outer flow’s controller is rated for 100
scem. The controllers are independently adjusted using analog voltage inputs; when we sputter
with air, we do not use the outer gas flow at all.

To characterize the focusing performance of this novel microsputterer, we (i) conducted
simulations using COMSOL Multiphysics® (reported in Chapter 5), and (ii) tested the system

experimentally (reported in Chapter 6); the results validate our proposed focusing method.

4.3- Wire Feed

While our work is still experimental, we recognize that a practical system needs to run for
hours on end; during that time, the sputtering target will be depleted if is not somehow replenished.
While the slow depletion of targets is not a major problem in traditional sputtering, the same
depletion from a microsputtering target can change the behavior of a microsputterer, due to the
greatly reduced length scale.

As a simple example, let us assume that a microsputterer is simply a 1:10* model of an
industrial sputterer. If a standard sputterer has an interelectrode distance of 1 m, the depletion of 1
kg off of a 2-inch diameter target only changes the distance by 2%. However, if we scale down the
standard sputterer to a microsputterer with an interelectrode distance of 100 um and a 5 um
diameter target wire, the depletion of 10 ug of gold (allowing for an equally-thick coating on an
appropriately reduced area) multiplies the interelectrode distance by 26. Therefore, it is clear that
depletion is a much more immediate need in microsputterers than in regular sputterers.

Target depletion is a pressing, common problem in microplasmas; many other reported
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microplasma-based devices use clever geometries to prevent the sputtering of the cathode, while
still allowing a plasma to form [24]. However, since sputtering is a goal of ours, we must instead
accept depletion, while replenishing the depleted cathode as needed. In our design, target
replenishing is done with a wire feed. We use a commercially-available 50 pm diameter gold wire
for our target [47]. This wire is fed through a capstan-and-roller assembly (Fig. 3 (b)-(d)). A metal
roller (that also serves as the electrical connection between the wire and the high-voltage power
source) and a stepper motor (covered in a rubber sheath) hold the wire tightly between them. When
the motorized stepper motor (FaulhaberAM1524, controlled by a Micromo MCST 3601 motion
controller) is actuated, the wire is pushed through the assembly and down the inner gas sheath, a
glass pipette. This lowers the tip of the wire, replenishing the depleted electrode (Fig. 3 (b), (d)).
Currently, the controller is manually operated using both visual observation and a measurement of
the microplasma’s bias voltage to ensure a consistent geometry. In our experience, monitoring the

anode voltage can ensure that the inter-electrode distance is constant to within 50 pm.

4.4- Substrate

To test the printhead, we printed on silicon wafers, sometimes coated with SiO2 (to prevent
a plasma from attaching itself to the substrate), and sometimes with both SiO; and a thin layer of
chromium to act as an adhesion layer for the gold imprint (gold is known to not stick to many
surfaces; chromium is an adhesion layer for gold commonly used in standard microfabrication).
The distance between the printhead and the substrate is controlled by a Newport 433 ball bearing
manual linear stage with an SM50 micrometer (50 mm of travel distance, 100 pm vernier

resolution).
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5- Simulation

5.1-Model

Our four-electrode ion-drag focusing system is innovative, and as such, it was prudent to
test the system computationally before committing to an experimental configuration. Simulation
also produces results free of experimental error, allowing us to see trends that might otherwise not
be statistically significant, due to large uncertainties in the experimental data.

Plasma simulation is a rich field, yielding many methods, models, and pieces of software.
Atmospheric plasma simulation is a subfield of its own; much important work has been done
recently [24],[48]-[51]. Most models rely on a fluid model, in which the fluid properties (i.e.
pressure and velocity), plasma properties, (i.e., fraction of ions and electrons), and electromagnetic
(EM) fields are tracked for each unit volume. Ionization and attachment equations, along with heat
transfer and separate velocity calculations for ions and electrons further complicate the system.
Kinetic theories, in which the velocity is expressed as a distribution, instead of a single value, for
each unit volume, are more computationally intensive, but are necessary for plasmas driven by
very-high-frequency electric fields. Fortunately, this is not the case in our setup.

However, even a simple fluid model becomes intractable once it is extended into the third
dimension. Particularly, the dependencies between the physical quantities imply that all of the
equations must be solved simultaneously —they are fully coupled. For example, the fluid velocity
depends on and affects the Lorentz force, which depends on and affects the electric fields, which
depends and affects on the charge distribution, which depends on the fluid velocity (and pressure).
For a single unit volume, there are over a dozen equations, which then interact with the equations
for each nearby (and far) unit volume. Nonlinear effects are common, and much of fusion research
revolves around computing this model.

However, in the interests of putting together a framework that solvable in a reasonable time
yet useful, we make several simplifications. Even though the volume charge and EM fields are
interdependent, we neglect the effect of the volume charge on the EM field. We justify this by

separating the volume into two spaces. In one space, the cathode fall, which is very near the target
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wire, there is a relatively high positive space charge [28]. Elsewhere, however, the plasma has a
relatively small space charge. For a qualitative analysis, we can thus ignore the effect of the space
charge on the EM field everywhere far (> 50 pm) from the target wire.

Near the target wire, we implement the effect of the space charge by exploiting Debye
shielding. In a highly ionized plasma, ions arrange themselves to shield the interior of the plasma
from any electric fields. Although our plasma has a low degree of ionization (in a typical sputtering
plasma, 0.1% of atoms are ionized), the high density causes a short Debye length, the characteristic
distance over which electric effects are attenuated. Specifically, with the equation for a Debye

length Ap of

n q2 1x1073-2.54Xx1025-(1.5x10~19)2 >

eokpT 8.85x10712.1.38x10723:350
1= [l | @

we estimate a Debye length of 8.65 nm, which is many orders of magnitude smaller than any of
other dimension in the microplasma reactor. Thus, we approximate the area nearest the target wire
as a floating potential; the high concentration of ions will enforce an equipotential across the entire
cathode fall. The remainder of the plasma has a very small space charge, which does not affect the
EM fields significantly [23].

However, this small space charge is still important for our ion-drag mechanism, as
described earlier. We model this effect as a volume charge on each unit volume, proportional to
the product of the electric field and the space charge. We do not account for recombination or
ionization of the ions and neutrals; this is the most significant deviation from reality, although it is
one that we must accept for computational feasibility. We justify this by claiming that the time-of-
flight of the sputtered material is on the order of 1 ms, a time scale on which ionization effects are
less significant.

Fluid conditions are somewhat simpler to model; we use the built-in COMSOL fluid
model. For computational simplicity, we treat the fluid as incompressible. More detailed
simulations suggest that the actual compression is very small; because of the very small length

scales and high pressure involved, any small compression causes a large pressure gradient, and
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Figure 5. Schematic of the interaction of the three modules that compose the implemented
simplified plasma model (left), and a more accurate plasma model for comparison (right). In
the implemented model the electric field has no dependencies, greatly simplifying
calculations; in reality, the electric fields depend on the charge density. In both models,

the transport of ions and the movement of the gas are coupled.

thus an overwhelmingly large force. Because our simulation uses conditions with Reynolds
numbers between 10 and 100, we also treat the flow as laminar. We neglect heat effects;
experimental results show that there is no significant heating of either the electrodes or the
atmosphere during normal operations.

Our quantity of interest is the sputter yield. We track this by introducing a concentration
of solute at the target wire; the solute moves with convection and diffusion. For computational
simplicity, we assume that the ion concentration is proportional to the sputter concentration; both
are produced near the target wire and move identically through the fluid. Unfortunately, this
requires that we neglect electric mobility, and, as already described, recombination, and ionization
far from the target wire. A summary of the model, along with the major differences from a more
realistic framework, can be seen in Fig. 5.

Boundary conditions and geometry follow reality closely (Fig. 6 and Table II).
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Figure 6. Top view of the geometry simulated, i.e., the upper left quadrant of the space between
printhead tip and the substrate. The region is bounded by two planes of symmetry, the substrate, and
two 3 mm-long walls at atmospheric pressure. Three electrodes (anode, focus, and target), biased at
certain voltages, are placed at the top surface of the region of simulation. The substrate (not shown) is
on the bottom of the simulated geometry. The geometry’s values are based on our experimental setup,
with slight deviations for computational stability. Additionally, the circular boundaries of reality are

simulated as rectangles, to prevent difficulties with modeling circular geometries in rectangular finite-

element meshes.)

Atmospheric pressure is enforced a large distance (3 mm) from the target wire. The volume flow

rate in through each of the inlets is set explicitly. The electrodes are explicitly biased at certain
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voltages, while the target wire is set as a floating potential. Distances mirror reality, although the
inner gas flow is smaller in simulation than in reality for computational stability (see Table II).
The outer gas flow is shown to have a negligible effect on the fluid motion; it is replaced by a
boundary condition that simply enforced atmospheric pressure in the outer gas flow’s inlet. This
condition enhances the model’s computational stability.

The computational stability of the model is of major concern. Because of the many
interacting equations, the possibility exists for computational instabilities. The interactions present
the possibility of positive feedback in errors, where, for example, a small, unphysical stream of
ions far from the target wire can cause the simulation to assume that there is an electrostatic volume
force that will draw more ions to the stream. In reality, such a stream would dissipate quickly, but
COMSOL’s search for a stationary solution can lead it down a wrong path. We mitigate this by
carefully adjusting the coupling mechanism to try to stamp out nonphysical feedback effects

quickly, with moderate success.

5.2-Results

In our model, we modify three parameters: the inner gas flow, focus voltage, and distance
between the target wire and substrate. The anode voltage is set at the typical experimental value
of 1 kV. We use the COMSOL optimization module to focus on a small region of the parameter
space that allows for the desired focusing; we then explored the effects of modifying these
parameters. In the simulations, we are attempting to optimize two values: the yield (fraction of
sputtered material that reaches the substrate) and the line width (measured as full width half
maximum, FWHM, i.e., the total width of the portion of the line that contains at least half the
sputter concentration as the center). We use the COMSOL optimization module, with a Nelder-

Mead algorithm, attempting to minimize a cost function CF

CF = (—2—65—-)6 + ("'01 )6, (5)

Ccenter yield

where ccenrer 1 the total deposit on the line of symmetry (running from focus electrode to target
wire, in the direction of the desired deposit), and cs is the total deposit on a line 5 um away. The

first fraction in the cost function thus will equal unity with a FWHM of 10 pm, and a greater value
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(raised to the sixth power) for wider lines. The second term will equal unity with a yield of 1%,
and a greater value (raised to the 6™ power) for lower yields. The exponents insure that neither
term of the cost function is too high; the cost function is an L¢ norm of our two constraints (in
signal processing and other statistical studies, the Ls-norm is commonly used as a smoothed worst-
case optimizer, i.e. an optimizer that attempts to ensure that the largest error in a fit is as small as
possible, [52]). Repeated simulation runs showed that the “optimal” solution returned by the
implemented model varied greatly based on the starting point of the optimization, suggesting that
the cost function has several local minima. This makes both computational modeling and
experimental exploration of the parameter space difficult. However, it means that even if the true
“best” solution is hard to find, there are many solutions that offer some degree of success, in the

form of an appreciable yield and reasonable focusing.

Selected results of the COMSOL modeling are shown in Figs. 7 to 10. For a suitable set
of parameters, lines narrower than 20 um (FWHM) are predicted, with a yield of 40%. Given that
the implemented model is greatly simplified, no close match between the simulated absolute values
and the experiments is expected; however, the model is valuable for establishing trends on how
the different parameters influence the printed feature geometry.

The simulations showed that optimal narrow lines with appreciable yields have associated
gas flows in which the velocity toward the substrate decreases slowly, in an approximately linear
fashion, with minimal slowing down due to pressure differentials. If the gas flow is not large
enough, convection is not able to carry the sputtered material to the substrate, diminishing the yield
(Figs. 7 (b), 9 (b)). This is equivalent to a lens with a too-small focal length; perfect focus is
achieved, but not at the substrate.

If the gas flow is too large, the gas travels at a very high velocity until it reaches the area
of high pressure, resulting in insufficient residence time for the electrostatic forces to focus the gas
flow before the hydrodynamic forces dominate and defocus the slightly-focused flow (Figs. 7 (c),
9 (¢)). This is equivalent to a lens with a focal length that is too great —the gas impinges on the
substrate before full focusing effects come to bear. This trend was confirmed by experiment.

The focus bias voltage also has an optimal value (Fig. 8). A larger magnitude of the focus
bias voltage improves focusing by pulling the plasma toward the focus electrodes and thus
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Figure 7. Concentration of sputtered material on the substrate for (a) optimally focused and (b), (c)
non-optimally focused beams; concentration is normalized to the concentration at the target wire and
is proportional to the thickness deposition rate at each point. Due to symmetry, only one quarter of the
substrate is shown. Note the narrow width of the optimally focused and over-focused deposits ((a), (b)),
as evidenced by the black vertical line 25 um from the left edge on each plot that marks the boundary
of the target wire. The x-direction runs between the anode electrodes, while the y-direction runs
between the focus electrodes, and thus the direction of the printed line. In (a), we see an imprint
significantly narrower than the target. While (b) also has a narrow imprint, the overly large gap
decreases the yield unacceptably. Figure (c) shows a deposit, that, although asymmetric, is wider than
the target. This is due to a decreased gap between the substrate and target, which causes a widening of
the deposit due to a pressure buildup. These simulations were run with anode bias voltage equal to 1

kV, focus bias voltage equal to -750 V, and a gas flow rate of 33 sccm.

harnessing the hydrostatic pressure to decrease the line width; however, if the magnitude of the
focus bias voltage is too large, the ions are drawn directly to the focus electrodes and never reach

the substrate (Fig. 8 (b)). In practice, the optimal value of the focus bias voltage is highly dependent
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Figure 8. Concentration of sputtered material on the substrate for optimal (a) and non-optimal (b), (c)
focus voltage. These graphs are analogous to those of Fig. 7, although are obtained by varying the
focus voltage from the conditions that produced Fig. 7 (a). An ideal focus voltage produces Fig. 8 (a),
in which the focus electrodes defocus the line enough to prevent a pressure buildup, allowing the
deposition of a narrow line on the substrate. When the focus voltage’s magnitude is too large (b), the
defocusing prevents any pressure buildup, so the deposit is narrow, but much of the sputtered material
is diverted to the focus electrodes instead of the substrate. Note that in (b), the deposit does not reach
the portion of the substrate directly under the target wire; it is diverted in the y-direction towards the
focus electrodes. If the focus voltage’s magnitude is too small (c), the deposit is too wide, due to the

pressure buildup described in Chapter 3.

on the gas flow, although the optimal focus bias voltage has the same order of magnitude as the
anode bias voltage. In experiments, the focus voltage is also constrained by the possibility of a
plasma forming between the anode and focus electrodes, bypassing the target wire. However, focus
bias voltages of -700 V (i.e., 70% of the magnitude of the anode bias voltage) are still attainable.
Even though our simulation model is too crude to give us quantitative results, we still gain
three important insights. First, the ideal parameters for focusing cause a smoothly slowing stream
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Figure 9. Side view of sputtered material concentration as the flow moves from target (top) to substrate
(bottom). Optimally focused (a) and non-optimally focused (b), (¢) beams are shown, with the same
parameters used in Figure 7. As previously, the x-direction, in which the deposit is focused, runs between
the anode electrodes, while the z-direction leads from the printhead to the substrate. To ease
visualization, the color map is saturated at 10% of the material concentration at the target wire. White
contour lines show the velocity of the gas flow toward the substrate, every | m/s from 1 to 10 m/s. A
scale bar for the horizontal direction is provided, while the total vertical dimension (i.e., target-to-
substrate gap) in each plot is 720 pum, 1200 um, and 200 pm, respectively. Note that because of the
varying gap, the scale is different in each dimension and each figure. With optimal focusing, the contour
lines are spaced roughly evenly in the space directly below the target, and the sputtered material spreads
slightly (due to diffusion) before it focuses on a spot (a projection of the line in the y-direction)
downstream of the target. In (b), the sputtered material focuses on a spot above the substrate; because of
the low gas flow rate near the substrate, most of the sputtered material does not reach the substrate. In
(c). although some focusing is evident, the pressure forces a sharp defocusing. It can be seen from the
spacing of the contour lines that the gas must decelerate quickly, slowing from 10 m/s to 0 m/s in

approximately 100 pm.

toward the substrate; this can be accomplished by adjusting the substrate-target gap and the gas
flow appropriately. Second, the focus voltage has an appropriate maximum —too high a voltage
and the sputter deposit will never reach the substrate. Finally, we see the trade-off between focus
and yield; as is evident from Fig. 10, we cannot simply optimize one and hope the other will follow

—an appropriate yield will require some sacrifice in the deposit’s width, and vice versa.
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Figure 10. Yield and imprint center of mass in the x (anode-anode)- and y (focus-focus)-directions,
vs. target-to-substrate gap (a) and magnitude of the (negative) focus bias voltage (b). As the substrate-
to-target gap increases, less material reaches the substrate, although the beam’s focus improves.
Similarly, a larger magnitude of focus bias voltage compresses the beam better, but also draws the
gas flow toward the focus electrodes and away from the substrate, decreasing yield. In (a), there are
unexpected small variations near a gap of 700 pm, due to difficult-to-model interactions between the
gas flow and the substrate near the point of optimal focusing. In (b), the center of mass in x decreases
until the focus bias voltage is -750 V (signifying better focusing), but then begins to level off,
suggesting that the optimal focus bias voltage for this set of parameters is -750 V; at that point, there
is no longer a pressure differential which would defocus the line. At larger magnitudes, the focusing
increases only marginally, as the flow’s attraction toward the focus electrodes causes a vacuum,
further improving focusing. This effect, however, is much less effective at focusing, and should be
avoided to maximize yield. For each graph, the gas flow was held at 33 sccm; in (a) focus bias voltage
=-750V, in (b) substrate-to-target gap = 920 pm. The center of mass was measured for one quadrant

of the imprint.
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6-Experimental Results

6.1- Composition

EDX measurements were done with an EDAX energy dispersive X-Ray analysis tool. The
data show that the imprint is nearly entirely made of gold, with traces of carbon contamination
(Fig. 11). The silicon and oxygen peaks present are from the silicon-dioxide-coated silicon
substrate used to collect the imprint. Notably, even though we sputter in atmosphere, no nitrogen
is trapped in the deposit. Also notable is the absence of tungsten, indicating that the electrodes are
not being sputtered, which is essential for long-term, reliable operation. This enables us to build
future electrodes out of stainless steel, a material that is far easier to machine, but is less resistant

to sputtering.

Si
Au
Au
(0] -
C ‘- Sy +
2 4 6 8 10 12 14 16 18 keV

Figure 11. EDX measurements of a typical deposit, printed using our first-generation printer. Silicon,
the substrate material, is dominant, while gold, the deposited material, is also present. Other than
organic contaminants (carbon and oxygen), no other materials were detected. This suggests that the
tungsten electrodes are not sputtered, allowing us to make future electrodes out of stainless steel, a

material that is less resistant to sputtering but is easier to pattern.
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6.2- Focusing

The ability to print a focused line made of sputtered material is the primary novelty of our
work. While the width of the line is highly dependent on the parameters chosen, we present
selected typical results. Specifically, in Fig. 12 we show a deposit without any focusing (i.e., with
floating focus electrodes), one with mild focusing (the experimental analogy to Fig. 7 (c)), and a
highly focused deposit (the experimental analogy to Fig. 7 (a)). We do not present experimental
results that are a result of over-focused lines (e.g., an experimental result similar to what is shown
to Fig. 7 (b)) because such a deposit is too thin to be accurately measured. In general, the
experimental results match our computational predictions, with the exception of the focus voltage.
The optimal focus voltage is much lower; its ideal magnitude is approximately 30-50%, rather than

100%, of the anode voltage.
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Figure 12. An unfocused (a), slightly focused (b), and highly focused (c) deposit; each deposit was
created by running the printhead for 15 minutes. The unfocused deposit was produced without focus
bias voltage (i.e., focus electrodes were left floating) and is roughly symmetrical. Significant
asymmetry is apparent in the slightly focused deposit; the length of the imprint running from anode to
anode is approximately 250 um, while the length running from focus electrode to focus electrode is
410 um. The highly focused deposit is 9 pm wide and approximately 3 pum thick; the deposit is cracked
due to the stresses induced by the thickness of the deposit. The highly focused deposit is 3 mm long;
it was produced without moving the substrate relative to the printhead. The apparent propagation of
the crack in the SiO> film is an artifact of the confocal microscopy measurement technique. The length
of the highly focused deposit (3 mm, focus-focus direction) cannot be clearly shown on the same scale
its width is shown (9 pm, anode-anode direction). Note that (b) and (c) are the experimental analogs

to Figs. 7(c) and (a), respectively; the absence of an analog to Fig. 7 (b) is discussed in the text.
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The size of the deposit varies greatly. If the target wire is near the substrate (gap <1 mm),
which minimizes collisions, the deposit is on the order of 200 pm in diameter (with possible
deformation due to focusing), and approximately 1 um in thickness for 900 seconds of operation.
As the wire moves farther from the substrate, a halo forms around the deposit —a result of
collisional scattering. Focusing helps limit this effect in the direction of focus, but the halo is still
visible (Fig. 13). The halo is much thinner than the deposit, to the point of being non-continuous.
However, is an undesirable artifact that can cause unwanted effects on sensitive electronics.
Further plans to eliminate this halo, either with improved focusing or a shadow mask, are being
pursued. Specifically, we note that the halo often forms under the opposite side of the positive
column, i.e., toward the anode electrode that does not participate in the formation of the plasma.
This suggests that the halo may be due to a low ion concentration near the target wire, on the side
of the target wire that is farther from the plasma. Further plasma modeling and experimentation

will help us understand this phenomenon and minimize the halo’s presence.

Figure 13. A deposit with a halo. Note the thick deposit in the center (dark gold), with a light gold
halo surrounding it. The halo is more pronounced on the right side, which was not underneath the
plasma. On the left side, the edge is much sharper; this asymmetry might help us understand the
phenomenon and thus prevent the formation of the halo on either side. This deposit was obtained

in an argon atmosphere (i.e., inner and outer argon flows).
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Figure 14. A one-dimensional scan of a smooth deposit (a), created by a well-behaved plasma, and
a rough deposit (b), created by a varying plasma. The roughness ranges from 56 nm in the former
case to 2.48 um in the latter case. Note the small void in the left profile, exposing the underlying

substrate and showing that the thickness of the deposit is approximately 10 times the roughness.

6.3- Roughness

Sputtering is known, in general, for producing smooth deposits. Microsputtering is no
exception; if the plasma is stable and does not vary in its path between the electrodes or its voltage,
the deposits are very smooth (Fig. 14 (a)). In these conditions, we estimate a roughness of 55 nm,
with no apparent pattern to the peaks and valleys. This measurement was obtained by calculating
the mean arithmetic deviation over a typical 20,000 pm? area. However, when the plasma varies
in time, anchoring itself to different parts of the target wire, and/or varying wildly in voltage and
interelectrode path, the deposit smoothness suffers (Fig. 14 (b)). Transient effects can lead to the
deposition of a large amount of sputtered material in one spot, rather than a steady rain over an

entire area.

6.4- Film microstructure

A major challenge in our printing was the microstructure of the deposits. Thornton’s zone
model, accepted since his seminal paper in 1977, has shown that the sputtered material, if it is
buffeted about during its flight to the substrate, forms grain boundaries due to shadowing effects
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[53]. If the pressure is low enough, the sputtered atoms fly directly to the substrate, impacting at a
normal angle. However, at high pressure, the atoms that reach the substrate can be coming from
any angle, and thus are likely to come across an already-deposited atom and stick to it. This causes
grain boundaries (Fig. 15 (a)). If the substrate is heated to a temperature above 0.3 T, where T)n
is the melting temperature of the sputtered material, thermal effects allow the just-deposited
material to diffuse across the grain boundaries.

This model has stood for decades, and while there have been minor refinements [54],[55],
it remains essentially accepted. Unfortunately, this model poses a problem for our material quality.
Although heating the imprint is clearly a solution in many cases, we cannot use high temperatures
at will to improve in general the microstructure of the film; for example, 0.3 T, for gold is 128 °C,
which is too hot for some plastic substrates. We cannot lower the pressure without changing our
design drastically, and grain boundaries cause electrical conductivity to suffer. Burwell solved this
problem with unintentional annealing; his apparatus raised the substrate temperature to 600 °C
during deposition [37], well above 0.3 T,, for gold and therefore, more than enough to cause
significant improvements in the microstructure of the deposit. While Abdul ef al. do not report a
deposition temperature [38],[39], their plasma used a heat-resistant conductive substrate as an
anode and likely also heated it enough to anneal the deposit. We, in contrast separate the most
energetic parts of our plasma from our substrate; as a matter of fact, tests with LDPE show that
our substrate does not reach 100 °C; it might be possible to use infrared light or a heated bed to
moderately increase the temperature of the imprints and achieve inter-grain diffusion, albeit not to
the degree described in Thornton’s zone model. This is something that should be explored in future
work.

We instead glean an insight from HiPIMS, or High-Power Impulse Magnetron Sputtering.
In HiPIMS, very high current density on a sputtering target ionizes a large fraction (>10%) of the
sputtered material. This is caused by a high concentration of sputtered material in the plasma; the
sputtered material causes a pressure that prevents gas from entering the plasma. As a result, the
sputtered material becomes the dominant species in the plasma, hence becoming highly ionized.
While such a high current would normally melt the sputtering target, if it is only applied in short

bursts (impulses), it does not. By applying a negative voltage to the substrate, researchers have

39



Figure 15. SEM micrographs of deposits microsputtered under varying conditions. With a small (5

scem) inner gas flow and floating bias voltage on the substrate (a), the deposits are porous and have
a meandering grain structure (a). When the gas flow increases to 25 scem (b), the spaces between
the grains are much smaller, although the grain structure still dominates. Once the substrate is biased
(c), the grains merge into a single, continuous deposit. Sample charging causes the electrically
isolated spots in (c) to appear darker, confirming that the majority of the deposit is electrically
conductive. However, if the substrate is negatively biased (d), nanoparticles appear, instead of a

meandering grain structure. These deposits were obtained in an argon atmosphere.

been able to attract the ionized sputtered material toward the substrate; they impact the substrate
at a high speed, resulting in superior adhesion and material quality.

Our microsputterer is not pulsed, nor does it use magnetic fields. It is, however, high-
intensity; the current densities of our setup (500 kA/m?) are even greater with those of HiPIMS
[56].[57]. However, we do not ionize the sputtered material in the same way that HIPIMS does;

because our target is so small, the sputtered material cannot push out the surrounding gas.
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Figure 16. Electrical resistance measurements of a deposit. Probes were placed with a variety of
spacings in a conductive sample, resulting in a resistivity of 4.3 Q/mm. The sample had a cross-

sectional area of 261 um?, yielding a total resistivity of 1.1 pQ-m.

However, even if we do not ionize the sputtered material in the same way that HiPIMS does, we
can use ion-drag focusing to attract the ionized argon atoms to the substrate, and the argon will
drag the sputtered gold with it. While we may not get the same adhesion as HiPIMS, we will avoid
the problems associated with Thornton’s model. To show that our method will work with non-
conductive substrates, we bias a metal plate under the substrate, rather than the substrate itself.
The experimental results to control the grain microstructure are promising. An early test
involved using the inner sheath’s gas flow to minimize grain boundaries; results are shown in Fig.
15 (a) and (b). Later tests involving biasing the substrate, or a piece of metal 1 mm beneath the
substrate show two regimes of interest. In one case, when the metal beneath the substrate is
grounded, very dense, continuous structures form (Fig. 15 (c)); grain boundaries are present, but
subtler, and the majority of the deposit is electrically continuous. In the other case, when the
substrate itself is grounded, or when the metal beneath it is negatively biased, small, distinct

nanoparticles (approximately 50 nm in size) form (Fig. 15 (d)). These represent aggregated gold
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sputter that is drawn toward the substrate with great force, eventually impacting. However, the
substrate’s voltage affects the sputtering mechanism, preventing continuous films from
developing. This process is not yet well understood, but it might be a method to cheaply produce
nanoparticles of a desired size.

Although SEM micrographs suggest that our deposits are continuous, it is difficult to
accurately measure the conductivity of the samples; due to gold’s poor adhesion to substrates,
probes tend to damage the deposit. In the presence of gas flow without electrostatic assistance,

resistance was measured at ~65X bulk resistance (Fig. 16).

6.5- Deposition Rates

The deposition rate varies greatly based on the operational parameters, e.g., bias voltages,
flow rates, substrate-to-printhead separation. Specifically, anode bias voltages below 300 V tend
to yield very thin depositions, or no depositions at all, with the yield increasing as the voltage does
until approximately 700 V. If the voltage is too low, the ions cannot sputter enough material to
create measurable deposits.

As we would expect from the simulation results, the deposition rate also varies greatly
based on the target-to-substrate gap and the inner sheath gas flow. When the gap is too large or the
flow is too slow, very little material is deposited; if conditions are right, the deposits are thicker.
Under conditions of ideal focusing (Fig. 12 (c)), we estimate a volume deposition rate of 200
um’/s, which is comparable with other reports on microplasma printing when similar currents are

used [37],[38]. Higher flows and smaller gaps lead to deposition rates 10 times greater.
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7- Future Work

In this thesis, we provided a proof-of-concept demonstration of an ion-drag focused
microsputterer; this preliminary exploration can be expanded in a number of directions that can be
grouped into three categories: material, resolution, and control.

First of all, the deposited material must be improved. While we have made significant
progress in the optimization of the microstructure of the material, we still need to demonstrate
electrical conductivities close to those of the bulk metal; it is possible that a mild annealing of the
imprint will result in a significantly better electrical conductivity. The material must also be made
to adhere to a substrate; early experiments with rougher substrates (such as paper) are promising.
Adhesion layers are also currently studied.

MEMS and microelectronics require more than metals. Even the creation of interconnects
requires dielectric layers to electrically insulate stacks of conductive layers that run at different
depths; the deposition of functional materials, e.g., piezoresistive or semiconducting, is also
required in many transducers. Toward that end, we must expand our material set. While sputtering
in large-scale reactors is readily conducted on many materials, we must demonstrate
microsputtering of a number of materials of interest, preferably with a single apparatus to avoid
problems with alignment and sample contamination between prints. This might be accomplished
with an innovative multi-wire feed, currently in development.

While regular sputterers can easily sputter insulators by coating a conductive target with
an insulator, forming a plasma between the conductive target and another electrode, and letting the
plasma sputter off the insulation coating (taking care to avoid charge buildup by using RF
plasmas), we cannot coat a continuously-fed wire. Thus, we will need to develop another method
to deposit insulators. We are considering depositing compounds that start as a sputtered beam from
conductive sources that reacts to become non-conductive in situ.

While we have demonstrated focusing, we still must eliminate the thin halo surrounding
our deposits, and in general, improve the minimum feature size to ~1 um. Work has begun with
shadow masks, both those attached to the substrate and those attached to the printhead. Better
plasma modeling will also improve focusing, and perhaps the exploration of other means of

confinement, e.g., magnetic.
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Viable AM techniques require consistency. Our methods must be fine-tuned to minimize
variance, allowing us to achieve optimal results every time. Feedback control is essential for this.
Finally, we must also ensure that the geometry of the imprint is consistent. Our second-
generation printhead has already improved in this area; the electrodes are rigid, and thus no longer
shift slightly. This has improved repeatability; with identical parameters, we can achieve identical
results. More work remains though, to make reliable additive manufacturing via microsputtering

a reality.
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