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Abstract

Direct writing of precise micro-patterns of metallic films is an emerging fabrication technique
applicable for a vast range of devices. Techniques for printing various materials are being
developed for some time owing to the escalating demand, and have seen substantial progress over
the years. The objective of this research is to develop a simple direct writing technique that can
accurately form desired patterns with high film quality, low cost, and rapid time. Micro glow
discharge manipulation may be used to print metal structures with high precision. The proposed
micro-scale process for local deposition and direct writing of metal films through sputtering of a
micro-machined target electrode is achieved via a highly confined micro glow plasma generated
between the electrode’s end and the substrate without the need of processing under vacuum.
Through the use of micro-machined cylindrical-shaped target electrodes of the desired metal or
metal alloy, the microplasma is steadily sustained to confirm the local deposition of the electrode
material on the conductive substrate. Film characterization, performed by thickness profilometer
reveals the patterning of target material with thicknesses ranging from the 100-nm order to several
micrometers, dependent on the discharge current and feed rate. The viability of the process to
pattern films over non-planar surfaces is achieved with high quality. The applicability of the
devised technique to micro-pattern T-type thermocouple junctions is demonstrated and the
thermoelectric performance of the printed sensors is measured to verify their thermoelectric
function, with a sensitivity of 39 pV/°C that matches well the Seebeck voltage of a typical T-type
device. The process scheme is promising for rapid, and low-cost production of thin film patterns
and applicable to print of temperature sensors, potentially on a variety of objects including three-

dimensional components and flexible substrates.
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Preface

The work in Chapter 2 followed the prior study conducted in UBC Microsystems and
Nanotechnology group at Takahata’s Lab by Dr. Z. Xiao. I updated the experimental setup by
adding the current regulating electronic circuitry and studied the process experimentally and
theoretically in more depth. A part of the chapter (Copper deposition results) has been published
in [IEEE MEMS 2016 conference; A.M. Abdul-Wahed, A. L. Roy, Z. Xiao, and K. Takahata,
“Direct writing of thin and thick metal films via micro glow plasma scanning,” IEEE MEMS,
2016, pp. 443-446. Dr. Xiao did the experiments presented in Figures 3(a-b) and 4(a-b) in this
paper. The preparation of copper electrodes was done by A. L. Roy. I conducted all the remaining

testing and wrote most of the manuscript.

A version of chapter 3 has been presented in IEEE Sensors 2016 conference. [A.M. Abdul-
Wahed], A.M. Abdul-Wahed, A. L. Roy, and K. Takahata, "Microplasma Drawing of
Thermocouple Sensors," IEEE Sensors 2016, Orlando FL., 2016, pp. 1634-1636. I conducted all
the testing and wrote most of the manuscript. The preparation of copper-coated glass substrates

was done by the help of A. L. Roy.
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Chapter 1: Introduction

Micro/Nano-patterning of metallic films in is a primary requirement for micro/nano-
manufacturing in a massive range of application areas including integrated circuits, micro-electro-
mechanical systems (MEMS), sensors, biomedical devices, flexible electronics, and photonic
integrated circuits (PIC). This necessity is commonly achieved through the use of planar
fabrication techniques based on three main processes; material deposition in the form of thin film,
lithography which transfers the desired pattern to the substrate by means of ultraviolet radiation or
electron beams, and etching (excess material removal) processes. Even though this approach is
highly applicable for wafer-scale production of planar devices, it naturally leads to time high cost
because it implicates many process phases (film deposition, patterning using masks, and etching)
which are time consuming, and requires complex high-vacuum equipment for plasma-based thin-
film processing. While patterning of metal layers on non-planar surfaces is often required for
microfabrication and packaging purposes (e.g., forming 3D micro coils [1, 2] and patterning
interconnects over steps [3]), in the above application areas, this is not easily achievable through

the conventional planar methods.

1.1 State of the Art Direct Writing Techniques

Scanning-mode “direct write” patterning of metallic thin films is a promising alternative approach
to this requirement. As outlined in Figure 1-1, direct writing of thin films is a direct method to
create the desired pattern without the need of conventional photolithography procedure, in which
the film material is locally deposited on the substrate at the desired areas.

Previous work described various methods along this approach, including pulsed arc discharge [4,

5], microplasma jet [6], laser-assisted writing [7, 8], atomic layer deposition [9] and inkjet printing
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Figure 1-1 Patterning thin films by conventional photolithography techniques vs. direct writing.

[10]; nevertheless, most of them suffer a number of important concerns. Pulsed arc discharge
systems were used to deposit copper lines [4] and form spiral structures [5]. Despite the system
was relatively simple in [4], the material quality and film resolution were very low. J. Benedikt et.
al. developed an atmospheric pressure microplasma jet for depositing hydrogenated amorphous
carbon thin films from C2H» gas [6]. However, in addition to the complex design of the plasma jet
capillary, limitations of this technique includes the deposition on the capillary walls itself which
results in dust formation and reduced ion energy that reduces the film quality. Several laser-
assisted direct writing mechanisms have been reported [7, 8]. L. Wee and L. Li have used selective
electroplating of copper electrolytic solution to form copper line. However, the use of a wet setup
and laser source in [7] made the system’s complexity very high. J. Chen et. al. used laser induced
plasma to deposit thermoelectric misfit cobaltite thin films. Similar to the work of Wee and Li, the

system is considered very complex and applicable to limited materials. An electron-beam induced



atomic layer deposition technique was developed to show direct writing of platinum patterns with
high resolutions [9]. However, the process of ALD is very slow and this is known to be its major
limitation. As outlined above, most of these techniques includes a number of essential issues, e.g.,
poor film thickness control, film quality and contamination, patterning resolution, and/or complex
system configuration, to name a few. It is also worth noting that inkjet printing is a common path
to direct writing of liquid-phase materials; for metal patterning, however, its use is limited to the
deposition of metallic particles [10] — although continuous metal film could be formed via a post-
deposition sintering process (to melt the deposited particles) [10], the need for high temperatures

for this melting step also hinders the applicability of this approach.

1.2 Research Goals

In this research we aim to devise an alternative path to micro-scale local deposition of continuous
metal film patterns. The process should be able to create the desired structures over both planar
and non-planar surfaces to be applicable to a variety of applications. The desired process should
be applicable to a wide range of materials and not limited to specific materials as in the techniques
mentioned above. The system should be cost-efficient and simple; that is to say it shouldn’t have
complex vacuum systems, laser systems, or wet nature. Moreover, processing at atmospheric
pressure is beneficial for vastly simplifying the system configuration and possibly achieving high
deposition rates [11]. The potential applications of this process are printed sensors [12].
Temperature sensing is one of the promising areas in the field. This study explores an application
of the developed direct write process to printed temperature sensors with a focus on micro
thermocouples. In particular, drawing of Constantan (an alloy of 55% Cu and 45% Ni) on copper-

coated glass substrates is investigated to form T-type thermocouple junctions.



1.3 Glow Discharge

In general, plasma may be defined as partially ionized gas made up of electrons, ions and neutral
particles, but electrically neutral. Being electrically neutral, it contains equal quantities of electrons
and ions and is, by definition, a good conductor. The word was first used by Irving Langmuir in
1928 to describe the ionized gas in an electric discharge [13]. Plasma is also considered the fourth
state of matter. The term discharge was first used when a capacitor was discharged across the gap
between two electrodes placed closed to each other. If the voltage is sufficiently high, electric
breakdown of the gas occurs. The gas is ionized and the conducting path closes the circuit and a
current can flow [14]. A glow discharge is a plasma formed by the passage of electric current
through a gas. It is created by applying a voltage between two metal electrodes in a glass tube
containing gas. When the voltage reaches the breakdown voltage, the gas in the tube ionizes, and
begins conducting electricity, causing it to glow with a colored light that depends on the gas used.
1.3.1 Discharge Voltage — Current Characteristics

Vossen and Cuomo explained the DC discharge voltage-current relation [15]. The discharge that
develops between the electrodes following breakdown has four main regions or states (Figure 1-2):
Townsend region, Normal glow, Abnormal glow, and Arc. Initially, a few femto-amperes of
current flows when a voltage is applied due to the presence of a small number of ions and electrons
from some external source such as cosmic rays and natural radioactivity. The current is roughly
constant because all the charges are moving. When the voltage is increased, charged particles
acquire sufficient energy to produce more charged particles by collisions with the electrodes and
neutral gas atoms. At the breakdown voltage, the current will increase by several orders of
magnitude without a significant increase in voltage. This is called the Townsend discharge. As

neutral gas atoms become charged ions (positively charged), they hit the cathode (negative



electrode) releasing secondary electrons, which form more ions by colliding with neutral gas
atoms. These ions then return to the cathode producing more electrons that, in turn, produce more
ions. This avalanche effect continues until the number of electrons generated is just sufficient to
produce enough ions to regenerate the same number of electrons, which yields a self-sustaining
discharge. The normal glow is the region when the gas begins to glow, the voltage drops, and the
current abruptly rises to a nearly constant value. Additional pumping of power increases both the
voltage and current in the discharge. This region, called the abnormal glow. When the current
density increases further, electrons are emitted by a thermionic process and secondary electrons
are emitted followed by further avalanche effect. Since the voltage is restricted by the output

impedance of the supply, a low-voltage high-current arc discharge is generated.
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Figure 1-2 Current versus voltage characteristic of Neon DC glow discharge [16].

1.3.2 Paschen’s Relation
Friedrich Paschen published what is currently known as Paschen’s Law in 1889 [17]. The law

briefly states that the breakdown voltage (Vp) between two electrodes is a function of the product



of the gas pressure (P) and the separation gap (d) or the distance between the electrodes. Paschen’s
relation is given by:

- BPd
B "7 In(P d) +In(A / In(1+1/y))

(1-1)

in which A, B, and y are constants dependent on the specific gas between the electrodes [18].

Figure 1-3 shows the Paschen Curve for air, two flat parallel copper electrodes, separated by 1
inch, for pressures between 3x102 Torr and 760 Torr. At standard atmospheric pressure, A=11.25
m ' Pa!and B =273.77 V/m Pa, and y = 0.01 [19]. As shown in the plot, the breakdown voltage
decreases with increasing Pd. The fact that the gas is not very dense or the electrodes are very
close is (i.e. not enough neutral atoms exist to be ionized) is the reason for the high value of the
breakdown voltage. As Pd increases, more neutral atoms exist and the breakdown becomes easier
until it reaches a point were too many neutral atoms are present that increases the number of
collisions of an electron before it reaches the anode. Hence, the electron needs more energy to

make this journey and the breakdown voltage to ignite a discharge increases again.
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Figure 1-3 Paschen’s curve for air breakdown voltage [20].
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1.3.3 Microplasma

Microplasma is a plasma discharge of small dimensions in the order of (~10 - 1000 um). They can
be generated at a variety of pressures. If the pressure of the gas between the electrodes increases,
the gap between the electrodes must decrease to maintain the same breakdown voltage as indicated
by Paschen’s law. At values below 5 Torr cm, the discharges are called "pre-discharges" and are
low intensity glow discharges [21]. Stable direct current atmospheric pressure plasmas can
regularly be generated in air using microplasma systems. Figure 1-4 shows the breakdown voltage
of air against the separation gap spacing at atmospheric pressure. Owing to the fact that the
separation gap between the cathode and the anode is too small, the plasma can be sustained at low

voltage levels (-200-300 V) at separation distances of 10-20 um.
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Figure 1-4 Breakdown voltage against a range of gap spacing (um) for air at 1 atmosphere [19]

Nowadays, microplasma has a tremendous number of applications. Microplasmas have been used
to enable the flat panel screen of a plasma display. The principle of operations relies on passing a
high voltage through a gas generates an optical emission. Gary and Park are used microplasma for

illumination [22]. Though confining plasmas in arrays of micro-cavities, thin and flexible light-



emitting sheets were successfully fabricated. Microplasma are also used to destroy volatile organic
compounds such as benzene, heptane, octane, and ammonia in the surrounding air for use in
advanced life support systems designed for enclosed environments [23]. Current research on the
applications of microplasma includes nanomaterial synthesis and deposition [24, 25, 26, 27], gas

and light detection sensors [28], as well as fuel cells [29].

1.4 Sputter Deposition

Sputter deposition is one of the popular physical vapor deposition techniques of thin films. It
involves material removal from a solid surface as a consequence of momentum transfer between
an energetic ion and the surface. When energetic ions (created in a plasma discharge or by a
separate ion beam) are accelerated towards the target material, a plume of material is released. In
a plasma discharge, the sputtering gas is often an inert gas such as argon or nitrogen. Reactive
gases can also be used to sputter compounds. Sputtering can be used to deposit a wide range of
materials including metals, metal alloys, and dielectrics.

1.4.1 Diode Sputtering

The simplest form of sputtering is the planar diode structure. The diode has two electrodes in which
the target represents the cathode and the substrate is the anode, typically within a vacuum chamber.
To achieve better film thickness uniformity, the target is disk-shaped and is placed at a distance
from the substrate so that the flux of particles arriving at the substrate is more uniform [30]. The
target is heated by the impact of ions, hence it is usually mounted to a water cooled backing plate
or directly water [31].

There are three important sputtering techniques: DC diode sputtering, capacitive RF diode

sputtering, and planar magnetron sputtering [32]. In diode sputtering, energetic ions created from



the discharged gas medium bombard the target and cause neutral particles to be ejected through
momentum transfer. The ejected target particles fall on the surface of the substrate to form a thin
film. The target acts as the cathode of the discharge, and is connected to either a DC negative
voltage or RF signal, and the anode is usually grounded (or sometimes connected to a substrate
bias). The power supply can either be a high-voltage DC power source or a high voltage RF source
of a standard frequency of 13.56 MHz.

1.4.2 DC Sputtering

The DC plasma discharge creates the energetic ions, and can be created by applying DC voltage
across electrodes in the presence of a gas at low pressure (Figure 1-5). In this process, the electric
field formed between the electrodes will generate an electric current in the rarefied gas, due to the
presence of electrons and ions formed by different processes (cosmic rays, thermionic emission
...etc.) [33]. The gas pressure shouldn’t be very low to allow collisions between atoms and
electrons before electrons hit the anode. The pressure should not be very high to let the electron
reach enough velocity before it hits the atom [33]. Due to the electric field, ions reach the cathode

with high energy so that they emit secondary electrons that moves towards the anode and generate

Plasma

L)
Cathode | @

Anode

Figure 1-5 Formation of the glow discharge inside a vacuum chamber to generate energetic particles [33]



new collisions and sustain the plasma. At some ion energies, the ion can generate a series of
collisions in the target leading to the ejection of materials. A typical DC sputtering system
(Figure 1-6), contains the target electrode which is connected to a high negative voltage, and is
cooled by water. The substrate is grounded or connected to a bias voltage to control the film
properties [34]. The system is kept at controlled pressure and voltage. One of the main drawbacks

in DC sputtering diode is that the cathode should be conductive.

Argon Substrate
Heating/cooling bias | |
v =
Anode - substrate
Shutter

Cathode - Target

; DC power

Coolin _I
g source

Vacuum system =

Figure 1-6 Conventional DC sputtering system [33].

1.4.3 Key Parameters of Sputtering Process
An important ratio to characterize the average electron/ion energy is the ratio of the electrical field

intensity to the pressure [35]:
E
T ~ — 1-2
KT ~ 7 (1-2)

where £ is Boltzmann’s constant, 7 is electrons/ions’ temperature, £ is the electric field intensity,
and P is the pressure of the sputtering chamber. The higher the field intensity, the higher the

velocity of free electrons/ions, but velocity is lost by inelastic collisions (with gas species) and

10



those collisions increases by increasing the pressure. Therefore at high gas pressures high voltage
is required not only to breakdown the gas, but also to move the ions/electrons. The total
bombarding flux of ions is then given by [35]:

Jion = Nion Wion E (1-3)
in which nj,, 1s the density of ions pion is the ion mobility, and g is the charge of the ion, and the
sputter rate is equal to the sputter yield (number of target atoms ejected per an incident ion)
multiplied by the ion flux density:

s =Y Jion (1-4)
The sputtering yield depends on the ion incident angle on the target, the ion’s energy, the atomic
numbers and weights of the ion and target materials, and the surface binding energy of atoms in

the target [36].

1.5 Thermocouples

Sensors are transducers that convert energy from one form to another. A thermocouple (TC) is a
temperature sensor consisting of two dissimilar metal wires, joined at one end, and connected to a
thermocouple thermometer or other thermocouple-capable device at the other end. When properly
configured, thermocouples can provide temperature measurements over wide range of
temperatures [37]. When two wires composed of dissimilar metals are joined at both ends and one
of the ends is heated, a thermoelectric voltage is developed at the junction and there is a continuous
current which flows in the thermoelectric circuit. Thomas Seebeck made this discovery in 1821
[38]. Thermocouples are inexpensive, and provide fairly accurate temperature measurements.

Thermocouples can provide measurements in different environments, including fluid or toxic gas
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environments. Thermocouple behavior can be explained by these phenomena: the Seebeck, Peltier,
and Thomson effects [39].
1.5.1 Seebeck Effect in Thermocouples
A temperature difference between two points in space in a conductor or semiconductor material
develops a potential difference between those two points [40]. This phenomenon is called “the
Seebeck effect”. The value of the thermoelectric voltage (Vyg) developed for every unit
temperature (7;) difference is always referred as the Seebeck coefficient (S).
Considering a metallic wire that is heated at one end and cooled at the other (Figure 1-7), the heat
at the first end makes electrons more energetic, and hence, they diffuse towards the cold part of
the metal leaving positive ions behind them. The diffusion stops when the electric field due to
positive ions becomes high enough to stop further immigration of electrons. The thermoelectric
potential due to the electric field is called the Seebeck voltage [40]. The Seebeck coefficient is
given by:

§ =2E (1-5)

aT
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Figure 1-7 Illustration of the Seebeck effect [40]

A temperature gradient gives rise to electric potential difference.
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If two wires of different materials are tied at an end and heated, while the other two ends are held
cold as shown in Figure 1-8, the voltage due to the temperature gradient of the first wire will be
different from the voltage of the other wire, and the potential difference across the two terminals
is proportional to the temperature of the hot end. The thermoelectric voltage at the terminals is
equal to the difference in Seebeck voltages of the two metals [37]. The Seebeck voltage of a given
thermocouple wire pair can be measured by sweeping the temperature and recording the values of
the thermoelectric voltage for every temperature while holding the voltmeter contact leads at the

same temperature.

Metal A

VAB

-0 )

Metal B

Figure 1-8 Basic Thermocouple wire configuration

1.6 Thesis Overview

In this chapter the motivation for the current work was presented. A brief history and the
applications of direct writing methods were discussed. A technical background about glow
discharges, gas breakdown, and microplasma was delivered. Sputter deposition was explained with
focus on conventional DC diode sputtering, to provide a foundation for the research in this thesis.
Chapter 2 explains the principle of localized micro-sputter deposition of thin film and shows the
experimental setup. Experimental results of deposition of three materials (pure copper, nickel 200
alloy, and copper-tungsten alloy) are shown. Patterning of arbitrary metal structures on planar

surfaces and deposition on non-planar substrates are demonstrated. The effects of process

13



parameters on the deposited film properties are discussed in detail. Chapter 3 presents the
preliminary results of the fabrication and characterization of a printed thermocouple sensor for the
T-type combination (based on copper - Constantan) as a potential application of the presented
micro-sputter deposition process. Chapter 4 summarizes the research and provides
recommendations towards the improvement of the fabrication process to broaden the device

applications realized by the proposed technique.
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Chapter 2: Micro Sputter-Deposition and Direct Drawing of Metal Films

This chapter presents the first micro-scale process for local deposition and direct writing of metal
films through sputtering of a micro-machined target electrode. The deposition process is achieved
via a highly confined micro glow DC plasma generated between the electrode’s tip and the
substrate at atmospheric pressure. Using cylindrical electrodes with diameters down to 50 pm of
three materials (copper, nickel, and copper-tungsten alloy), a micro glow plasma is stably
established to show local deposition of the material on doped silicon. The controlled manipulation
of microplasma enables direct writing of the target material, with variable pattern controlled by
the discharge and scanning conditions. The feasibility of non-planar patterning is also

demonstrated.

2.1 Process Principle

The concept of the new local deposition process is illustrated in Figure 2-1(a). The process
principle is based on sputtering of a micromachined cylindrical electrode of the target material.
Sputtering is performed via a micro glow plasma discharge established by applying a DC bias
between the electrode tip and a conductive substrate. The discharge current is controlled by means
of a current regulator inserted in the discharge circuit. In this diode system, the microelectrodes,
with diameters down to 40 pm as tested in this study, act as the cathode while the substrates act as
the anode. As illustrated in the figure, sputtering gas, nitrogen in this study, is supplied to the
electrode tip, which is positioned above the substrate with a controlled gap separation, to sustain a
steady micro glow discharge. The nitrogen ions created in the microplasma are accelerated towards
the negatively biased anode by the electric field present across the gap space, bombarding and
ejecting atomic-scale material from the bottom surface of the electrode. The ejected vapor-phase

material is then deposited on the substrate surface to form a film locally. Film patterns with
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arbitrary designs can be created through manipulating the electrode microplasma over the substrate

laterally.
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Figure 2-1 Direct writing process
(a) Conceptual diagram of the developed process (b) Optical image of the emission from a micro glow plasma

established between a micro-machined copper electrode and a silicon substrate.
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2.2 Experimental Setup

The custom-designed platform used for conducting experiments in this study is shown in
Figure 2-2. The glow plasma is generated between a micro cylindrical target electrode and a doped
silicon substrate (n-type with resistivity of 1-10 Q.cm, unless otherwise stated) by applying a DC
bias ranging from 200V to 500 V between them. To ignite the glow discharge, the electrode’s tip
is first positioned above the substrate with the gap distance noted above, and then the bias voltage
is raised to a level that causes a gas breakdown, after which the voltage is set to a level suitable for
the sputtering process. A current regulator is inserted in the discharge circuit as illustrated in
Figure 2-2, so that a steady micro glow discharge is achieved. The mandrel and the substrate are
kept in a transparent box to maintain the sputtering gas, with an oxygen sensor attached to ensure
that the environment is fully filled with the gas. At a gas flow rate of ~ 200 sccm, the oxygen
sensor’s reading was zero indicating the chamber was full of nitrogen. The micro glow is sustained
at a constant current in an approximate range of 0.3-4 mA for 50 um-diameter electrodes. The
relative position of the electrode with respect to the substrate is controlled with a three-axis stage
(A3200 Motion Controller, Aerotech Inc., PA, USA) with a nano-scale positioning resolution. The
micro cylindrical electrodes of a target metal are prepared to have diameters of 35-260 pm using
a wire electro-discharge grinding technique [41]. The separation gap between the electrode tip and
the substrate is adjusted to be 10-20 pm. Using the set-up and conditions, a confined micro glow
plasma is established at atmospheric pressure in a stable mode (Figure 2-1(b)) and can be
manipulated by moving the electrode on the substrate while maintaining the defined discharge gap.
Three materials were studied in details as target electrodes: pure copper, copper-tungsten alloy
(75% tungsten, 25% copper), and nickel 200 alloy (99% nickel, with iron, molybdenum, silicon,

copper, and carbon each less than 0.5%).
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Figure 2-2 Experimental set-up for microplasma generation and manipulation for direct metal patterning.

The dependences of the local deposition and film patterning on the process parameters, including
the discharge current, the scanning speed, and the discharge gap, are characterized using the set-
up described above towards optimizing the process conditions for patterning tests. As will be
discussed, controlling these parameters is revealed to enable fine tuning of the geometry (width
and thickness) of the deposited metal pattern, offering a potential path to direct printing with
varying dimensions without the need for changing the electrode tool.

2.2.1 Electrical Circuit

The stability of the discharge current is highly important to achieve a stable microplasma, a
uniform deposition rate, and a higher-patterning resolution. Consequently, the use of a current
regulator is recommended to sustain a stable discharge current. In the experimental setup, a Wilson

current source circuit [42, 43, 44] comprised of high-breakdown voltage MOS transistors was used
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for this purpose. The Wilson current mirror is a three-terminal circuit that inherently has a high
output impedance to provide a stable output current regardless of the changes of the voltage at the
output node. An input current at one terminal and provides an exact copy of that current at the
output terminal. The mirrored current is a precise copy of the input current regardless the value of
the voltage at the output terminal. To make use of the current mirror as a current source, a tunable
input current is supplied at the input. As shown in Figure 2-3, the tunable current is obtained
through the application of voltage across a 1 K{2 resistor from a tunable DC power supply. The
current mirror is configured with 3 identical high power NMOS transistors as shown. A high
voltage sufficient enough to breakdown the nitrogen gas is applied to initiate the glow discharge.
Once the plasma is initiated, the circuit regulates the current so that the plasma is sustained stably

at the desired discharge current value.

Discharge
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Figure 2-3 Schematic of biasing circuit (Wilson Current Source) for the glow discharge.
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2.3 Experimental Results

Generating the microplasma between electrodes of different metals and the silicon substrates were
confirmed. The micro-scale local deposition of thin films and arbitrary patterning of metallic
microstructures on the substrates were successfully demonstrated. In this section, a preliminary
test of drawing a thick copper film with thickness of ~5 um is presented. This is followed by
characterization and demonstration of direct drawing of different materials (copper, copper-
tungsten alloy, and nickel 200 alloy) patterned using 50-pm-diameter electrodes.

2.3.1 Preliminary Test: Drawing of Thick Copper Film

Sustaining microplasmas between moving electrodes of commercial copper wire and the silicon
substrates, micro-scale local deposition and arbitrary patterning of copper film on the substrates
were successfully demonstrated. Sample lines patterned using a 40-um-diameter copper electrode
is shown in Figure 2-4(a-b); this drawing was performed with a discharge current and a scanning
speed of 0.8 mA and 20 pum/s, respectively. Figure 2-4(c) shows a transverse profile of another
copper line printed using an 80-um-diameter electrode with a larger current (3.6 mA) and a slower
scanning speed (5 um/s), indicating a film thickness of micron-scale thickness (~5 pm). By
programming the contour of the electrode’s motion, arbitrary patterns could be created as
displayed in Figure 2-4(d). The measurement of deposited film thicknesses, as shown in
Figure 2-4(e), clearly suggests a trade-off relationship between the deposition thickness and the
scanning speed (or the throughput) of the writing process. This is an expected outcome because,
for a specific sputtering rate and a fixed discharge condition, the amount of material deposited
within a small region along the scanning path should be more (or less) when the microplasma, the
source of deposition, passes the region slower (or faster). The figure also shows that higher

discharge currents led to larger thicknesses of the deposited film. This can be easily illustrated as
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Figure 2-4 Results of thick copper film patterning on silicon wafer.
(a) and (b) Optical and scanning electron microscope (SEM) images of copper lines drawn with a 40-pm-
diameter electrode, respectively. (c) a sample cross-sectional profile of a patterned line showing ~5 pm thickness
(measured using a stylus profilometer Alpha Step 200, KLA-Tencor, CA, USA); (d) a demonstration of an
arbitrary copper pattern drawing (performed using an 80-pm-diameter electrode); (e¢) measured film thickness
(peak value) vs. scanning speed with varying discharge currents tested using 100-pm-diameter electrodes

showing ~3 pm film thickness.

at a higher discharge current, ions bombard the electrode with a higher density and thus eject more
material from its surface to be deposited. The thickness was observed to change from ~200 nm up

to 5.4 um by varying the current from 1.23 mA to 4.35 mA.

2.3.2 Characterization of Drawn Thin Films
In light of the application of the process for thin-film writing, the discharge current used in the
further testing was limited to 1 mA or smaller towards controlling the film thickness in the

nanometer scale. This experiment tested pure copper in addition to two alloys, copper tungsten
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and nickel 200, as the target electrode materials. Examples of patterned lines of these materials
using 50-um-diameter electrodes of corresponding materials are displayed in Figure 2-5(a),
Figure 2-6(a), and Figure 2-7(a) respectively. Both copper and copper-tungsten lines were
deposited at a 0.4-mA discharge current, with scanning rates of 20 um/s and 5 um/s, respectively.
The nickel-200 line in the figure was patterned at a 0.6-mA discharge current and a 20-pum/s
scanning rate. The gap voltages for these conditions were measured to be similar (within a range
of 380-400 V). All line patterns were created by scanning the electrode twice on the identical path
in a reciprocating manner. The gap voltages for these conditions were measured to be similar
(within a range of 380-400 V). All line patterns were created by scanning the electrode twice on
the identical path in a reciprocating manner. The transverse profiles of each patterned line were
measured at multiple locations with an equal (90 um) interval using a stylus profilometer (DekTak
XT 3D Profilometer, Bruker Co., MA, USA).

2.3.2.1 Effect of sputtering yield and threshold energy on the deposition process

The transverse profiles of each patterned line were measured at multiple locations with an equal
(90 um) interval using a stylus profilometer (DekTak XT 3D Profilometer, Bruker Co., MA, USA),
and the results are shown in Figure 2-5(b), Figure 2-6(b) and Figure 2-7(b). The measured
thicknesses of copper and nickel lines are approximately 130 nm and 85 nm on average (from
Figure 2-5(b) and Figure 2-7(b) respectively). The average ion energy in a plasma can be
characterized by the ratio of the electric field to the pressure [35], which is calculated to be in the
order of ~100 eV for the process conditions used in this study. The sputter yields, y, of copper
and nickel with nitrogen ions are estimated (using the formula and material parameters reported in
[36]) to be 0.30 atoms/ion and 0.19 atoms/ion, respectively, i.e., the ratio of the yields

(Y copper/¥nickel) 1s 1.57. The deposition rate is proportional to the sputtering yield in theory, hence
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the measurement of the thickness profile of copper and nickel lines (as shown in Figure 2-5(b) and
Figure 2-7(b) respectively), showing thicknesses of approximately 130 nm and 85 nm, agrees well
with the predicted sputtering yields (1.53). Pure tungsten has a small y value (0.01 atoms/ion under
the same conditions above); which in turns leads a tungsten-rich alloy has a low sputtering yield
[45]. Patterning of the copper- tungsten alloy required to use 1/4 of the scan speed used for pure
copper patterning to obtain a film thickness (~200 nm, as in Figure 2-6(b)) comparable to that of
the copper case — this condition clearly manifests the low total sputtering yield of the alloy. The
experiments using the 50-um-diameter electrodes also revealed that the case of copper and copper-
tungsten alloy could be deposited at a discharge current of 0.4 mA whereas the case of nickel
required a slightly higher discharge current (of 0.5 mA) to initiate the deposition. This difference
is likely associated with that in the threshold energy for sputtering, Em, of the target materials,
which is calculated to be 13.40 eV for copper and 16.84 eV for nickel [36] in the setting involved.
Although the gap voltages of these two cases were measured to be almost identical as noted earlier,
the process for nickel is presumed to have provided an increased ion energy led by a higher plasma
temperature increases due to enhanced joule heating [46] to overcome the level of Ein nickel. This
hypothesis appears to be supported by the fact that the ratio of Ew for the two materials
(Eth_nickel/Eth_copper = 1.257) matches very well with that of the discharge currents required for their
depositions (0.5 mA/0.4 mA = 1.250).

2.3.2.2  Surface morphologies

The surface morphologies of deposited thin films were observed using a high-magnification SEM
system (S3000N VP-SEM with EDX, Hitachi Ltd., Japan). The results indicated that the surfaces
of the pure copper film produced (with 0.4-mA discharge current) was comprised of nanoparticles

(~50-nm in size) of the material with a good uniformity (as shown in Figure 2-5(d)), which is close
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to the grain size of thin films deposited by conventional sputtering systems [47]. In the case of
copper tungsten pattern produced (also with 0.4-mA current), the morphological features appeared
to form coalesced nanoparticles (as shown in Figure 2-6(d)), resulting in a more connected thin
film compared with the pure copper case. The interconnected nature of the film may be attributed
to its increased thickness similar to the result reported in [48]. Nevertheless, the film morphology
was found to be as uniform as the case of pure copper. Figure 2-7(d) shows that the nickel 200
alloy pattern produced (with 0.6-mA discharge current) exhibited a film that contained smaller
particles with string-like nanostructures unlike the other two cases. The fact that a higher power
was required to enable deposition of this material suggests that temperatures of the microplasma
and the corresponding local region of the substrate were higher to provide higher ion energy [46,
49] and higher surface migration of landing atoms [50], respectively; these factors, along with the
relatively lower deposition rate [51] of the resultant film (compared to the copper case), could have
contributed to the smaller particles with smoother surfaces. The formation of the string-like
nanostructures could be related to the buckling effect developed during the film deposition due to
resultant residual stress [52] that might have been enhanced by the higher substrate temperature
condition, especially at smaller film thicknesses that tend to allow deformation of the film easily
[53].

2.3.2.3 Material composition

The material composition of the deposited patterns was analyzed using energy dispersive x-ray
(EDX) spectroscopy (available with the SEM system used for the above observation). It was found
from this analysis that the elements of the deposited thin films were well consistent with the
electrode material used in each case as can be seen in Figure 2-5(c), Figure 2-6(c), and

Figure 2-7(c) respectively. For pure copper (Figure 2-5(c)), the L and K peaks of the element are
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clearly distinguishable the tungsten M and silicon K peaks are inherently too close (1.774 KeV
and 1.74 KeV, respectively) to be distinguishable. However, the copper KA and tungsten L peaks
are clear in the spectrum (at 8 KeV and 8.3 KeV, respectively), the ratio of their relative intensities
were found to be nearly identical to those of the original target alloy (not shown), which suggest
that the composition of the alloy elements was approximately preserved due to the fact that surface
composition of the target electrode balances the difference in sputter yields [54] (for example, if
more copper atoms were sputtered from the electrode (due to the high sputtering yield of copper)
until the target’s surface becomes rich in tungsten atoms, tungsten atoms will deposit until more
copper is exposed). As can be seen in Figure 2-7(c), the result of nickel 200 alloy only revealed
nickel signals due to the minimal amounts of the rest of the elements (including iron, molybdenum,
silicon, copper, and carbon each <0.5%) included in the alloy. It should be noted that the silicon
peak shown in these plots is due to the signals coming from the substrate. Low levels of oxygen
seen in them could be due to the presence of native oxide on the substrate. The peak at ~3.5 KeV
seen in all three materials is presumed to be a spectral artefact known as the sum peak (pile up)
[55], which corresponds to a sum of two X-ray signals from silicon (1.74 KeV x 2=3.48 KeV).
2.3.2.4 Dependence of patterns’ geometry on process parameters

The geometry of the drawn films was evaluated by varying the process conditions, specifically the
discharge current and the electrode’s scanning speed. The measurement of deposited film thickness
using the DekTak stylus profilometer revealed a dependence of the width of a printed line on the
discharge current. Figure 2-8 show the results measured in the lines patterned using a 50-um-
diameter electrode with varying discharge currents under different scanning speeds, revealing an
apparent dependence of the line width on the discharge current while indicating less dependence

on the scanning speed. The dependence on the discharge current can be explained with an
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observation that the lateral size of the microplasma (Figure 2-1(b)) was clearly modulated with
discharge currents, e.g., increasing the input power enlarged the plasma size along the electrode’s
radial direction and thus caused a larger line width. Since a film pattern is defined by scanning the
microplasma whose size can be electrically modulated, this observed dependence in turn offers a
possibility to freely control the line width within a selected range (e.g., up to ~30 pum, for the
process with discharge currents up to 1.0 mA using 50-um-diameter electrodes based on the results
in Figure 2-8 during the patterning process. It can be also seen from these figures that with the
smallest level of current, the produced line width matched well with the diameter of the electrode
used (within a ~+10-pm tolerance), representing a promising feature towards achieving precision
patterning with the process. This result suggests that the resolution of the patterning process is
effectively determined by the tip diameter of the micromachined electrode along with the smallest
levels of discharge voltage and current that can sustain a stable microplasma and sputtering. The
experiments also verified that the thickness and line width of the pattern was highly dependent on
those two parameters (discharge current and scanning speed) as shown in Figure 2-9, with a
tradeoff relationship between the deposition thickness and the scanning speed. These results are

consistent with the thickness variation of thick films in Figure 2-4(d).
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Figure 2-5 Characterization results for direct patterning of copper thin film.
(a) Optical image of a linear patter drawn with a 50-pm-diameter electrode at discharge current of 0.4 mA and
scanning speed of 20 pm/s; (b) transverse cross-sectional profiles of the patterned line (measured at the

locations indicated in the image in (a)); (c¢) close-up SEM image of the deposited thin film; (d) EDX signals

obtained with created copper pattern.
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Figure 2-6 Characterization results for direct patterning of copper-tungsten thin film.

(a) Optical image of a linear patter drawn with a 50-um-diameter electrode at discharge current of 0.4 mA and
scanning speed of 5 pm/s; (b) transverse cross-sectional profiles of the patterned line (measured at the locations

indicated in the image in (a)); (c) close-up SEM image of the deposited thin film; (d) EDX signals obtained with

created copper-tungsten pattern.
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Figure 2-7 Characterization results for direct patterning of nickel 200 thin film.
(a) Optical image of a linear patter drawn with a 50-um-diameter electrode at discharge current of 0.6 mA and
scanning speed of 20 pm/s; (b) transverse cross-sectional profiles of the patterned line (measured at the
locations indicated in the image in (a)); (c) close-up SEM image of the deposited thin film; (d) EDX signals

obtained with created nickel 200 pattern.
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Figure 2-8 Measured line width vs. discharge current with different scanning speeds.

(a) Copper results (b) Copper-Tungsten alloy (c¢) Nickel 200 Alloy
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Figure 2-9 Measured average thickness vs. scanning speed with different discharge currents.

(a) Copper results (b) Copper-Tungsten alloy (c¢) Nickel 200 Alloy
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2.3.3 In-plane Patterning

Through programming the contour of the XY stage relative motion, arbitrary film patterns of the
electrode material were successfully created. Figure 2-10(a-b) shows optical microscope images
of in-plane patterns formed from copper and nickel, respectively, drawn on silicon substrates (p-
type with resistivity of 0.001-0.005 Q.cm) using 50-pm diameter electrodes by programmed
motion of the XY stage. These patterns were drawn by scanning the electrodes back and forth
along the contour with 20 pm/s scanning rate at the smallest discharge currents required for these
materials as noted earlier.. The SEM image in Figure 2-10(c) demonstrates the ability of to

reproduce same patterns. The material in the figure was copper.

500 um

(b)

Figure 2-10 Planar drawing of arbitrary pattern (letters “UBC”).
Optical images of (a) copper and (b) nickel 200 patterns created on silicon; (¢) SEM image of an array of copper
patterns consecutively drawn on the substrate using the identical micro electrode of copper. The silicon used

for this experiment was highly doped p-type (resistivity 0.001-0.005 Q.cm).
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2.3.4 Out-of-plane Patterning

The demonstrated process is potentially applicable to direct metal writing over 3D structures
beyond the aforementioned planar patterning, through out-of-plane electrode scanning with
synchronous multi-axes control. As displayed in Figure 2-11(a-b), deposition of lines over ~10-
um silicon steps and along the side walls was successfully achieved using a 50-um diameter
electrode at microplasma current of 0.4 mA, scanned twice at 20 um/s speed. In this test, the
silicon steps were prepared by anisotropic wet etching in potassium hydroxide solution — details
of this process are given in Appendix A. In Figure 2-11(a), the electrode was laterally approached

to the step while maintaining a microplasma on the higher plane of the substrate; when it reached

the etched part of the silicon, the electrode was then moved along an inclined path

(@) (b)

Figure 2-11 Results of patterning copper film over nonplanar silicon substrates.
(a) Deposition across a square pattern etched in silicon using KOH with depth 10 pm (b) deposition on the side

walls of a KOH etched silicon substrate.

parallel to the side walls (111 plane) while sustaining the plasma at the same discharge current,

after which it was again laterally scanned on the lower substrate to continue drawing until it
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reached the next step. In Figure 2-11(b), the electrode was slightly lowered to maintain the plasma
discharge stable between the electrode and the inclined 111 plane.

Moreover, the deposition over large steps (relative to electrode dimensions) was explored. As a
preliminary test to evaluate this feasibility, film drawing was performed over large steps made on
the silicon substrate (prepared by bonding a 500-pum-thick piece of the same silicon). As can be
seen from a sample result shown in Figure 2-12(a), out-of-plane drawing was indeed feasible. In
this test, the electrode was laterally approached to the 500-pm-tall step while maintaining a
microplasma on the lower substrate; when it reached a 10-20 pm distance from the step, the
microplasma emerged between the side of the electrode and the step’s sidewall, which apparently
contributed to the deposition on the sidewall. The electrode was then pulled up over the step while
sustaining the side plasma, after which it was again laterally scanned on the upper substrate to
continue drawing with the microplasma created on the electrode’s bottom.

In addition to wafer bonding, silicon steps with vertical depth of 50 um prepared by anisotropic
wet etching similar to the case in Figure 2-11 (refer to Appendix A). At a scanning rate of 20 pm/s
and a discharge current of 0.4 mA, a copper electrode was scanned back and forth across the
nonplanar silicon substrate to draw a line over a step as shown in Figure 2-12(b). It is worth noting
that the lines drawn over the steps exhibited certain variations in their widths, as can be seen in
Figure 2-12(b). In particular, the line width appears to become greater at a convex corner and vice
versa at a concave corner. This outcome could be related to a combination of the following two
factors: 1) the field intensity rises at a convex corner to enhance the sputtering deposition whereas
the opposite phenomenon occurs at a concave corner, and 2) the minimum distance between the

electrode surface and the substrate surface increases near a concave corner to lower the deposition
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(b)
Figure 2-12 SEM images showing the possibility of patterning the electrode material over large silicon steps
(a) A preliminary result from direct writing of Cu on Si over a 500-pm step, performed via out-of-plane position
control of the microelectrode with respect to the Si surfaces. (b) deposition of a copper line over a KOH etched

silicon substrate with vertical depth of S0 pm.
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rate on that region. This variation in linewidth becomes more apparent in the case of patterning
using smaller diameter electrodes (as can be seen from a comparison between the results between
Figure 2-12(a) and 2-12(b)). Nevertheless, it was indeed verified that the process was capable of
printing continuous patterns over bulk-micromachined steps, indicating the feasibility of printing
patterns of thin metal film on 3D structures through the developed process. The mask-less, direct-
writing ability is expected to offer a wide range of applications where conventional

photolithography-based approach is not effective.

2.4 Geometrical Impacts on Target Electrodes and Its Effect on Deposition

The profile of the thin film cross section is one of the important parameters to test the process
performance and process quality. Moreover how the target electrode is consumed determines
several process aspects including optimum electrode geometry and life time of the target. It was
found that the cylindrical target microelectrodes formed rounded tips after certain time with minor
changes in pattern geometries. In light of this, the geometrical dependence of the electrode on the
process time was studied experimentally. For this experimental characterization, the
microelectrodes of copper and nickel were scanned at a rate of 20 pm/s for a distances of 3mm
and 6mm with a microplasma generated at a discharge current of 0.5 mA, after which the resultant
shapes of the electrodes were observed using a measuring microscope. As can be seen in
Figure 2-13(a-b), the consumption at the corners of the cylindrical-shaped electrode was greater
than the bottom when it was used for a certain period, leading to form tapered sidewalls with time.
This observation also indicates that copper was consumed more than nickel; this outcome can be

interpreted by the fact that the sputter yield of copper is lower than that of nickel [36].

36



0 150 300 0 150 300
(Seconds) (Seconds)

(@) (b)

Figure 2-13 Optical images of micro machined electrodes taken at specific periods of discharge

(a) Copper Electrode (b) Nickel Electrode

2.4.1 Electric Field Distribution with Flat and Tapered Electrode Bottoms: Finite Element
Analysis

In the microplasma, the trajectory of nitrogen’s positive ions follows the electric field lines towards
the negatively biased target electrode. The distribution of the electric field determines which parts
of the electrode will be attacked more/less by the kinetic positive ions. Atmospheric pressure
microplasmas are inherently weakly ionized [59]. Therefore, when calculating the electric field
distribution at the surface of the electrodes (not in the plasma itself), the electromagnetic fields
due to motion of plasma charged particles can be neglected. The electric field distribution due to
a voltage applied between a 50-um-diameter electrode and the substrate (with a gap of 20 pm) was
calculated through finite element analysis using COMSOL Multiphysics® (version 5.2). The result
show the peaks of the field at the corners of the electrode profile with the intensity level
approximately 3.5% greater than that at the center of the bottom surface (Figure 2-14(a) and 2-

14(c)). This field concentration consequently results in a higher consumption rate of electrode
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material at the corners compared with that at the bottom’s flat region, approaching towards a

tapered profile as experimentally observed (Figure 2-13). Considering this consumption effect, the

electric field was recalculated for a tapered-cylindrical electrode tip with top diameter of 50 pm, a

smaller bottom diameter of 25 um and a tapered length of 20 um. The result displayed in
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Figure 2-14 Finite element calculation of Electric Field between electrode and substrate

(a-b) Distribution of the electric field intensity of perfect cylinder and a tapered electrode respectively

(c-d) electric field intensity at the bottom surface of the electrodes (e-f) Streamline plot

Figure 2-14(b) and 2-14(d) indicates that the maxima of the electric field intensity are located at

the edges on the flat bottom surface and the peaks of the field are still in the same order of
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magnitude. To visualize the reason of higher field intensity at the corners, the streamline 2D field
patterns are plotted to show more lines at the corner points (Figure 2-14(e-f)).

2.4.2 Static Mode Deposition

Figure 2-15(a-b) show the deposited films by sputtering tapered nickel electrodes (50-um-diameter
cylinders) that were held stationary during the deposition process (for ~5-10 seconds). The cross-
sectional profiles of the deposited spots (measured along the broken lines shown in Figure 2-15(a-
b) using the stylus profilometer) are plotted in Figure 2-15(c-d), respectively. The thickness dips
in the central region of the profiles in Figure 2-15(c-d) could be caused by the low sputtering rate
at the middle of the electrode if compared to the sides. It is evident from Figure 2-15 that as the
electrode is consumed to have a tapered bottom surface, the diameter of the deposited film narrows,
and consequently, the line width is reduced when a pattern is drawn. This size reduction can be
explained by narrowing of the distance between the two field peaks as indicated in Figure 2-14(c-
d). This effect may be compensated by increasing the discharge current so that the plasma size

increases and the line width increases as demonstrated in section 2.3.2.4.
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Figure 2-15 Results of static mode deposition

(a-b) Optical microscope images of deposited spots through sputtering stationary nickel electrodes consumed

with prior processing for ~600 seconds and ~1200 seconds, respectively.
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Chapter 3: Applications of the Direct-Writing Process - Printed Thermocouple

One potentially promising application of the presented micro-sputter deposition process is rapid,
low cost production of printed temperature sensors such as thermocouples and resistive
temperature detectors [60, 61]. In particular, micro thermocouples could be printed using
commercially available thermocouple alloy wires as the sputtering targets in the process. This
ability will allow micro printing of standard type thermocouples directly on arbitrary objects (e.g.,
mechanical/fluidic parts/tubes and minimally invasive smart implants) that require temperature
management but cannot accommodate separate sensors with them. This chapter reports the
preliminary results from the experiments done on the formation of micro thermocouples via the
above process. The particular focus is placed on drawing of Constantan (an alloy of 55% Cu and
45% Ni) for T-type thermocouple printing. The T-type thermocouple is capable for measurements
from —200 to 350 °C. Both conductors have stable characteristics since both of them are non-

magnetic, hence there is no Curie point.

3.1 Fabrication Process

The fabrication process of the thermocouple devices, shown in Figure 3-1, involves three main
processing steps: firstly, cylindrical target electrodes of the thermocouple grade Constantan alloy
(55% Cu, 45% Ni),are cut by means of wire electro-discharge grinding. The target alloy is made
of a commercially available T-type thermocouple wire (AWG 30). Secondly, a copper layer of
thickness of 400-pm is evaporated on a glass substrate using an electron-beam evaporator to create
the first material of the thermocouple junction. The copper layer acts as the anode of the diode
sputtering micro-reactor. Finally, for localized sputtering deposition of a thermocouple alloy, a
micro glow plasma is generated between the micromachined cylindrical electrode of the alloy and

the copper layer on the glass substrate, and the Constantan
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Figure 3-1 Fabrication steps of the thermocouple junction
(a) Preparation of the sputtering target (Constantan wire) using wire-electro-discharge grinding, (b) e-beam
evaporation of copper layer on a glass substrate, (¢) micro-sputtering of the target and scanning it back and

forth to draw the thermocouple junction.



film patterns are created by manipulating the electrode-microplasma over the substrate laterally.
The diameters of the target electrode used are 50-80 pum. The localized deposition of the
Constantan alloy on the copper layer forms a T-type thermocouple junction. Lines were patterned
by scanning the microplasma twice along the same track (via a reciprocating motion) to enhance
uniformity of the pattern shape.

3.2 Fabrication Results

Similar to what was demonstrated in Chapter 2: The micro glow plasma was verified to stably
sustain on the electrode with discharge gaps of ~10 um and deposit the material locally in both
static and scanning modes. The optical emission of the plasma from an 80-um electrode is shown
in Figure 3-2(a). A linear pattern of Constantan drawn using a 50-pm-diameter electrode (at a
plasma current of 0.4 mA and a scanning rate of 20 um/s) is shown in Figure 3-2(b). The constantan
pattern is well defined on the copper-coated substrate. The figure also shows the surface
morphology of the surface of deposited Constantan that appears to be covered by nanoparticles
(~50-nm 1n size) with a high uniformity. The result in Figure 3-2(b) agrees well with the pure
copper case discussed in Figure 2-5(c).

Arbitrary patterning of Constantan film on the copper-coated substrates was successfully
demonstrated by scanning the micromachined Constantan electrode; one example shown in
Figure 3-3(a) displays an array of 500-um-long lines of Constantan film patterned using an 80-
um-diameter electrode. Each line was patterned by scanning the microplasma twice along the same
track. The cross-sectional profiles of patterned lines were characterized using the DekTak stylus
profiler, revealing that their thicknesses were in the order of 100 nm (Figure 3-3(b)) and varied

depending on the process conditions.
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Figure 3-2 Results of fabrication of the T-Type thermocouple junction
(a) optical image of the micro Constantan electrode being scanned over the substrate, showing a micro glow
plasma generated between them and a deposited film pattern, (b) optical image of a thermocouple device

(Constantan film over copper layer) (upper) and SEM image of deposited surface (lower),
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Figure 3-3 Results of Constantan drawing
(a) SEM image of a produced array of Constantan line patterns (b) Cross-sectional profile of a linear pattern

(printed at 1.0 mA and 50 pm/s)

The geometric dependence of the Constantan linear patterns on the process conditions was
evaluated by varying the plasma current and the scanning speed (Figure 3-4) similar to what was
done in section 2.3. As indicated in Figure 3-4(a), the clear tradeoff relationship between the film
thickness and the electrode’s scanning speed can be concluded. The average thickness was
observed to change approximately from 330 nm to 170 nm by varying the scanning rate from 20

um/s to 60 um/s when the plasma current was 1.0 mA. The experiments also showed a dependence
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of the width of a printed line on the plasma current (Figure 3-4(b)). The line width was measured
to widen (by 23% with an increase of the current from 0.4 mA to 1.0 mA, at a scanning rate of 60
um/s) which is consistent to what was concluded from section 2.3.

3.3 Test Setup and Preliminary Test Results of T-Type Thermocouples

The micro-patterned Constantan-on-copper structures were tested to evaluate their effectiveness
as thermocouples and their thermal responses using the set-up shown in Figure 3-5(a). As shown
in the figure, test samples of the fabricated structures were placed on a heat source to vary their
temperature from room temperature (~18 °C) up to ~100 °C. This temperature range was enough
to measure the Seebeck coefficient of the fabricated thermoelectric junction. The electrical
connections to the sensing junction layers were made using wires of the same materials as the
layers (Constantan and copper) to avoid any thermoelectric voltage built up at these contacts. The
Constantan wire used as the sputtering target was used to probe the Constantan pattern
(Figure 3-5(b)), and a commercial copper wire was connected to the top of the glass substrate
(from the copper side). The device sample was heated while recording device temperature using a
commercial thermocouple placed on the device substrate to probe its temperature directly, whereas
the reference (cold) junction at which the two wires were coupled to a voltmeter was maintained
at room temperature. The thermocouple voltage from the bilayer structures was clearly observable
in the above set-up. Figure 3-6 plots a typical measured response of the voltage with temperature
(obtained using the device with the same design as the one in the optical image of Figure 3-2(b)),
showing a consistent temperature dependence of the voltage, with a sensitivity of 39 pV/°C that is
close to the known Seebeck coefficient of the T-type thermocouple (approximately 40-46 uV/°C
for the tested temperature range [62]). This preliminary test result experimentally verified the

feasibility of micro thermocouple printing using the developed microplasma drawing process.
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Figure 3-4 Characterization results of Constantan linear patterns created using 80-um-diameter electrodes

(a) Film thickness (mean value along the transverse cross section of the pattern) vs. scanning speed (b) line

width vs. plasma current. (Each data point is an average of five measurement results.)
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Figure 3-5 Experimental set-up used to characterize printed micro thermocouples.

(a) Schematic (b) Optical image showing the 50-um Constantan probe on a Constantan pattern.
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Figure 3-6 Measured thermocouple voltage as a function of temperature

3.4 An Approach towards a Fully Printed Micro-Thermocouple

The previous sections have demonstrated the ability to directly write Constantan alloy over copper-
coated substrates to form a vertical T-Type thermocouple junction. However, a desired form to
expand the degree of freedom in the design of such sensor device is that the thermocouple junction
is created by patterning two corresponding metals/alloys on an insulator. In this section, an
approach towards fully printed thermocouple sensors is discussed, in which both copper and
Constantan films are patterned using the developed DC micro-sputtering technique. This section
outlines the method to deposit these materials between two metal pads isolated on a dielectric
surface and proves the feasibility of the proposed technique that is potentially usable for the device
fabrication.

3.4.1 DC Micro-Sputtering Deposition on Insulators

Figure 3-7 shows the steps of fabrication of a fully printed T-type thermocouple device. Firstly, a
thin film of silicon dioxide (~400 nm) is deposited on a low resistivity (0.001-0.005 Q.cm) silicon

substrate using electron-beam evaporator (Figure 3-7(a)). Next, chromium pads with thickness of
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~400 nm are patterned on the oxide layer by means of electron beam evaporation and lift-off
techniques (Figure 3-7(b)), after which the chromium layer is electrically short circuited to the
substrate. The samples are then subjected to the direct-writing process to locally sputter the each

thermocouple material by initiating the deposition from the pad location (Figure 3-7(c-d)).

————————

(@ (b)

© (d)

Figure 3-7 Fabrication process of a fully printed thermocouple
(a) Deposit a thin layer (~400 nm) of SiO: on the top of silicon substrate (b) pattern metal pads (chromium) on
silicon dioxide using lift-off (c-d) micro-sputtering of the two thermocouple alloys to form the junction between

the pads
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3.4.2 Preliminary Patterning Results

Using the process described above, similar to the experiment in section 3.2, the micro glow plasma
was verified to stably sustain on the electrode with discharge gaps of ~10 um and deposit the
material locally in both static and scanning modes. A sample structure, drawn using a 80-um-
diameter electrodes (at a plasma current of 1.2 mA and a scanning rate of 20 pm/s) is shown in
Figure 3-8. Both the Constantan and copper patterns are well defined to form a junction on the
silicon-dioxide surface between the pads. Each line was patterned by scanning the microplasma
10 times to deposit a relatively thick film. It was observed that the deposition rate of both alloys
was lower on the oxide region than on the pads, which may be attributed to the difference in electric
field intensities on these regions. This preliminary testing proves the feasibility of patterning
metals on insulator using the DC microplasma. Through further optimization, this technique could

be applied to sensor pattering for a variety of thermocouple types.

Figure 3-8 Optical microscope image of a patterned structure.
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Chapter 4: Conclusion and Future Work

This thesis presented the research results obtained under an ongoing project in the Takahata
Laboratory at the University of British Columbia, which is aimed at the development of a localized
thin film deposition platform to enable direct writing of metallic thin films. The work has
investigated the controlled deposition of metallic thin films via microplasma discharge scanning
to fabricate the desired geometric patterns. Application of this process to thermocouple sensor

printing was demonstrated.

4.1 Summary of the Research

A novel micro-sputter-deposition and direct writing method of metal films by manipulation of a
micro glow plasma were presented. The sputtering was achieved by means of a highly confined
microplasma discharge generated at a micro-machined electrode tip of the target material. The
EDX and SEM analyses showed that the compositions of the film deposited using microelectrodes
of specific alloys were consistent with those of the target materials, and that its surfaces were
comprised of nanoparticles. The deposition of four different materials (pure copper, copper-
tungsten alloy, nickel 200 alloy, and Constantan) was successfully validated. Direct film writing,
performed by scanning the microelectrodes over silicon substrates, was experimentally
characterized to reveal fine deposition with line widths down to 50 um for both metals and metal
alloys with thicknesses which are controllable with the electrode size, the discharge current, and
the scanning speed. Patterning of microstructures on planar surfaces, as well as nonplanar
substrates, was experimentally demonstrated. Out-of-plane writing of copper film was

demonstrated towards the application to direct metal printing on 3D samples.
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The application of the presented process to rapid micro-printing of thin-film thermocouple devices
was explored. Direct writing of Constantan film, achieved by controlled scanning of micro glow
plasma generated using micro-machined electrodes of the alloy over Cu-coated substrate, was
experimentally characterized with a focus on patterning of T-type thermocouples. The
thermoelectric measurement of printed microstructures revealed that they indeed functioned as
temperature sensors with a sensitivity consistent with the typical coefficient of the particular
thermocouple type, verifying the feasibility of the device concept.

The developed process is promising for rapid and low-cost production of thin-film patterns for a
variety of microfabrication and packaging purposes through further optimization. The ability for
thick film writing also offers its potential application to additive formation of 3D metal
microstructures. Founded on a physical sputtering principle that allows deposition of many
different alloys, through further optimization, the developed process could be extended to printing
of a variety of thermocouples and thermopiles including those compatible with high temperatures,

for their applications from temperature sensors to thermoelectric generators.

4.2 Future Work

Future work includes further optimization of the target electrode shape, using the wire-electro-
discharge grinding to obtain the desired pattern geometry, especially when depositing over
nonplanar surfaces. In addition parallel processing can be implemented by attaching an array of
electrodes instead of one to increase the throughput of the process and speed-up multiple devices
prototyping. The resolution of the process is determined by the size of the electrode, therefore

different micromachining techniques which can achieve smaller sizes can be investigated. In case
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of the characterization of the film properties, Electrical and optical characteristic parameters may
be measured to ensure the material properties are as needed.

The discharge chamber may be better sealed to help eliminate the turbulent flow of nitrogen, as in
the present case, which would help attain a more stable glow discharge. Having a sealed chamber
will also enable the use of different sputtering gases which might extend the process to reactive
gases and hence deposit different compounds. Although the proposed system is simple and of low
cost, the study could also extend to vacuum environment and its dependence of patterning
performance.

On the sensor’s side, the development of a test setup of the micro-patterned thermocouple can be
done by patterning a micro-heater wire over the junction by means of lithography to locally heat
the junction and establish the temperature gradient required for thermoelectric voltage
development. Different thermocouple alloys can be explored to develop temperature sensors for
different environments. Printing of resistive temperature detectors (RTD) can be investigated as a
complete temperature measurement device should have the thermocouple reference voltage
corrected by means of RTD device [37]. Fabrication of temperature sensors on 3D microstructures
that require thermal management such as smart implants or microfluidic channels is a promising
research area to explore using the proposed direct-writing technique.

An important step is to work on the modeling of the micro-sputtered flux of particles which can
be calculated on the basis of existing work done in [30], to study the film thickness profile and the
electrode’s consumption shape. The profile of the thin film cross section is one of the important
parameters to test the process performance and product quality. The rate and the shape of the
consumption of the electrode is important to optimize the electrode dimensions for a long target

life time and a stable pattern geometry.
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All the aforementioned improvements can be combined to realize an integrated printing platform

for different materials on different types of substrates, without the need of complex systems.
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Appendix A: Wet Potassium Hydroxide (KOH) Etching of Silicon

To prepare the silicon steps in Figure 2-11 and Figure 2-12(b), masks of SU-8 and silicon nitride
respectively were used in the wet etching processes. The silicon steps were prepared by etching
silicon in a hot KOH solution (~140 °C, 50 gm KOH, and 60 ml DI water) to achieve both a fast
etching speed (~10pum/minute) and smooth surfaces [56, 57, 58]. For the samples in Figure 2-11,
as shown in Figure A-1, SU-8 2015 negative photoresist was spin-coated at 4000 rpm, patterned,
and developed over the silicon substrate directly. A 30-minute post baking step was used to harden
the mask. After that, the samples were immersed in KOH solution for 1-2 minutes to perform the
anisotropic etching of silicon to a depth of ~10 um. The etched silicon (with SU-8 on top) was
then put in diluted hydrofluoric acid (10% wt. HF) to remove the SU-8 mask.

(a) (c)
(b) (d)

Figure A-1 Process steps of wet-etching of silicon with SU-8 mask.

(a) spin coating of SU-8 on silicon; (b) SU-8 mask after exposure and development; (c) etching of silicon in

KOH solution; (d) striping of SU-8 in HF solution

The SU-8 mask was attacked by the KOH solution at the used temperature (see the rounded
corners in Figure 2-11 which were done using a square mask). Therefore, to achieve deeper etching
for the case in Figure 2-12(b), a hard mask (like silicon nitride) was required. As shown in Figure
A-2, 300 nm layer of silicon nitride was deposited using a Trion PECVD system by flowing silane
(SiH4), ammonia (NH3), and nitrogen (N2) gases at ratios 3:40:10 at chamber pressure of 500
mTorr. AZ P4110 positive photoresist was spin-coated and patterned to create an etching mask for

the nitride layer. Next, the nitride film was etched in oxygen plasma until the silicon was exposed.
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The silicon samples with patterned nitride mask was then immersed in the same KOH solution for

6-8 minutes. The etched silicon was then rinsed in 30% BOE solution to remove the nitride mask.

(d)
(b) (e
(©) ()

Figure A-2 Process steps of wet-etching of silicon with PECVD silicon nitride mask.
(a) PECVD deposition of silicon nitride (~300nm) and spin coating of AZ P4110 on silicon; (b) photoresist after
exposure and development; (c) plasma etching of nitride mask; (d) etching of silicon in KOH solution; (d)

removing of nitride mask in BOE solution
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