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Microelectromechanical systems (MEMS) have enabled a wide variety of technologies
both in the consumer space and in industrial/research areas. At the market level, such
devices advance by the invention and innovation of production techniques. Additionally,
there has been increased demand for flexible versions of such MEMS devices. Thin film
patterning, represents a key technology for the realization of such flexible electronics.
Patterns and methods that can be directly written into the thin film allow for design
modification on the fly with the need for harsh chemicals and long etching steps. Laser-
induced dewetting has the potential to create patterns in thin films at both the
microscopic and nanoscopic level without wasting deposited material. This thesis
presents the first demonstration of high-speed direct-write patterning of metallic thin films
that uses a laser-induced dewetting phenomenon to prevent material loss. The ability to
build film material with this technique is explored using various scanning geometries.
Finally, demonstrations of direct-write dewetting of a variety of thin fiims will be
presented with special consideration for high melting point metals deposited upon

polymer substrates.
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1 Introduction

11 Motivation

The advent of the microelectromechanical system (MEMS) has enabled the
miniaturization and mobilization of a number of technologies in recent history. The most
prominent and oldest applications for MEMS consist of accelerometers’, gyroscopes?,
inkjet heads®, and pressure sensors®. Each of these categories boast a market size
valued over $1 billion and accounted for nearly 60% of the $8.9 billion MEMS market in
2010. In addition, to these highly commercialized devices, a number of MEMS
technologies are poised to make large leaps in growth in the coming years. Examples
include micro displays®, micro oscillators®, and especially microfluidics’®. While most
current microfluidics devices are created for niche applications, their market volume is
projected to increase drastically as designs become more robust and more devices are
produced for research purposes in a variety of fields combined with commercial
purposes such as in-vitro diagnostics for the medical and chemical fields. Table 1.1 lists
several MEMS categories along with established commercial or emerging applications
that are likely to see increased activity in the near future.

All  of these miniaturization efforts were initially made possible through
micromachining and patterning methods first used in integrated circuit (IC) technology,
but adapted for the creation of the 2.5D and 3D mechanical structures characteristic of
MEMS technology. The first batch-fabricated MEMS devices appeared in the mid to late
60’s and used a combination of electroplating and photolithography.' Traditional I1C
manufacturing techniques, however, cannot overcome all of the design requirements

dictated by the higher amounts of geometric variation and applications of the final MEMS



products. There is no equivalent “Moore’s Law” for MEMS devices since there is no
standard, universal process, such as CMOS manufacturing, nor is there a single
functional structure, e.g. the p-n junction, on which to focus development upon.
Furthermore, where IC technology strives to continuously increase the amount of
transistors that can fit onto a particular area/volume with the goal of added computing
power, MEMS devices do not have a unified manufacturing goal that will benefit all end-
users. There is a limit to the usefulness of additional micro-sensors and actuators on a
single commercial device if the existing sensors built into it already succeed in their
purpose. Therefore, size reduction does not necessarily represent the major
developmental goal in this field.

Instead, current MEMS technology progresses through the advent and optimization
of new micromachining/patterning techniques.” New manufacturing techniques will give
MEMS designers greater freedom in their architecture and increased device throughput
while keeping costs down. Such cost reduction is essential for fabrication companies
seeking to make a profit, as there is an enormous price pressure on the commercial
MEMS units. Additionally, there is a growing desire in the MEMS market to move
towards a “fabless” structure, where the burden of fabrication is shifted from the
hardware and design companies and placed upon specialized fabrication outfits for
mass production.12 Thus, now more than ever, it is crucial that new scalable fabrication
processes are explored and characterized.

In this respect, new 2.5D and 3D microfabrication techniques for both IC and MEMS
devices have proven to be a rapidly growing area of research and development. Such
techniques provide increased freedom and optimization of device design. Unfortunately,
much like their 2D counterparts, 3D patterning will often require the removal of unwanted
material, which ultimate raises front-end costs. Alternatively, additive processes must

sacrifice manufacturing throughput in order to obtain the high resolutions needed to



construct features at the micro-scale. The work detailed in this thesis seeks to expand
the options available to the researchers and process engineers who seek to pattern thin

films onto flexible substrates for use in the MEMS and microfluidics industries.

Table 1.1: Market valuation and projections for MEMS devices.

2010 Market [2|\2i1||i70|r\1nsa[1kse t$] Commercial & Ref
[Millions US $]

MEMS Category . C
(Projected) Emerging Applications

Accelerometers $1,411 $1,564 -automotive electronic
stability control
-platform stability
-automotive impact 13
detection

Pressure Sensors $1,355 $2,240 -mass air pressure sensor

-intraocular pressure
Ink Jet $1,567 $1,939 -commercial ink printer 3
head control
Gyroscopes $1,006 $1,468 -automotive rollover 16
detection
-navigation (in
combination with
accelerometers)
Optical MEMS $965 $2,555 -micro-grating array °
-micro-mirror array
Microfluidics $1,154 $4,794 -"lab on chip" medical -
diagnostics
-biomedical research
-micro fuel cells
Oscillators $12 $463 -frequency control
-surface acoustic wave 19
sensors
Micro Displays $ - $261 -face mask HUD 20
flexible displays 2
RF MEMS $359 $1,028 -micro switches for Radar 2
-tunable capacitors %
Uncooled IR $303 $652 -military FLIR cameras 2
Miscellaneous $198 $991 -piezoelectric energy 25
harvester
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1.2 Literature Review on Thin Film Patterning

To deal with the diverse nature of MEMS, the methods for fabricating and patterning
their foundational thin-films have continuously evolved towards the improved
performance and production beyond those of integrated circuits. Still, the foundation
upon which all MEMS technology is based rests on the original silicon processing
techniques used for IC. The following is a literature review on micro-fabrication
techniques used to pattern thin films for use in IC and MEMS devices beginning with
older techniques, such as masked deposition of thin films and proceeding to more

advanced, experimental techniques.

1.2.1 Masked Deposition

Masked deposition represents one of the oldest and simplest forms of patterning
thin-films. Also known as stencil lithography, this in-situ process relies on the precise
and accurate creation of stencil masks to block out deposition of a thin-film in a specific
pattern. Masks are most often used in conjunction with physical vapor deposition (PVD)
techniques such as sputter deposition or evaporation deposition — techniques in which
the trajectory of the depositing particles can be described as “line of sight” from the
source to the target.?® Figure 1.1 diagrams a typical PVD source and target apparatus
with a mask in place for patterning. The spacing of the apparatus components dictate
the final profile of the deposited features and represent an area of great importance for
the technique. Sopori and Chang (1977) investigated the edge profile of deposited
microscale features using a mask and sputter deposition combination.?” Theoretical and

experimental studies described a discontinuity in the tapered profile of deposited



material that proved dependent upon the thickness of the mask itself. In 1979, Yao
developed analytical and computational models to predict the profile of mask-patterned
features for the purpose of constructing mesoscale (~300 um) thin-film Luneberg
lenses.?® This group demonstrated that careful construction of the mask could enable
user-defined deposition profiles and proceeded to create lenses of a pre-determined

thickness and taper.

Thin Film

Sputtering _{ | | —— )
Gas Mask
Art . —*
© Target
. Atoms

Figure 1.1: Diagram of a sputtering deposition.

More recent examples include work in which silicon micro-machining techniques are
used to create a shadow mask to enable in-situ patterning of electrode materials with
features down in the 100’s of microns.?® Figure 1.2 details some examples of possible
patterns created using the shadow mask system. The latest masks are capable of
producing features down to 20 nm in size using patterned gold thin films (Figure 1.3) for

the purpose of biosensing.*



a)

a)

Figure 1.2: Visual association between the etched patterns of a shadow mask (a) and
the resulting deposition through the mask (b). The geometries attempted consist of: (1)
a square (height = 320 um); (2) letters (height = 50 um); (3) a spring (height = 1000 ym);
(4) an IC with square contacts of 100 um x 100 um.?® © |OP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved.



Stencil membranes Deposited structures

L

LS SiN Apertures - 500nm|

Figure 1.3: The word “STENCIL” created out of Au deposited onto SU-8 photoresist.
Adapted with permission from Vazquez-Mena et. al. Copyright 2012 American Chemical
Society. *

1.2.2 Photolithography

Photolithography represents the most commercially successful thin-film patterning
methods to date. Nearly all IC devices are currently created using some form of
photolithography. As such, the technology is very well developed; however, there are
more advanced versions in development and on the verge of more widespread adoption
that may offer improved resolution and throughput. A total of six basic steps comprise
traditional photolithographic processes: thin film deposition, photoresist preparation,
masked exposure, post-bake/development, etching, and removal of the photoresist

(Figure 1.4).
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Thin Film
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Figure 1.4: The basic steps of lithography for the patterning of thin films.

The entire process relies upon properties of photo-sensitive polymers that enable a
change in solubility upon exposure to radiation. Originally, photolithographic processes
relied on filtering of mercury arc lamp radiation and exposure of the photoresist through
masked features of 1:1 proportionality. Modern photolithographic regimes use a
modified optical-step process that takes chromium masks and uses a series of lenses to
project the mask’s image onto the photoresist at a reduced size. In this way, the limit to
feature size and depth of field are described by the Rayleigh diffraction limit as described

by Equation 1 & 2, where ki1 is a dimensionless constant based on the imaging system,

A is the wavelength of the radiation in the medium, 6 is the half angle aperture of the



lens, and NAo = sin@. All features are restricted by the wavelength of the radiation

used.

R = ky * A/sin 6, (1)

DOF o« A/NAZ (2)

There are ways, however, to decrease the effective minimum resolution of the
lithography process — some of which are already being used in the IC and MEMS
industry. Such methods include the implementation of immersion lithography, two-
photon polymerization, x-ray lithography, extreme ultraviolet lithography (EUVL), multiple
exposure processes, and combinations of two or more of these. Rather than using
particles with shorter wavelengths (such as in x-ray, extreme UV, or electron lithography)
immersion lithography increases the index of refraction of the medium through which the

exposure occurs — thus lowering the effective wavelength of the radiating particle as
described by Equation 3, where Ao is the wavelength of the particle in a vacuum and n

is the index of refraction through the medium.

A= Ao/n (3)

In 2001, Switkes and Rothschild demonstrated the technique using a modified
interference lithography system with a 157 nm exposure source and a system index of
refraction of n = 1.37 to give an effective wavelength of 115 nm.*" Linear features with a
pitch length of 60 nm were created in a thin layer of photoresist (Figure 1.5). The
authors explored several perfluoropolyether (PFPE) liquids as the index matching

immersion fluid and noted that this was a relatively simple and easy modification since
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the source and optical components need not be changed from their original “dry”
configuration. By extension, more complex, optical-step lithography systems would
need only slightly more complicated modification in order to implement the technique.
Immersion lithography has seen successful use in combination with 193 nm sources for
use in 55 and 45 nm IC devices®. Most current instances of this technique use an
aqueous immersion fluid that can reduce the effective wavelength down from 193 nm to
134 nm.*® Thus, smaller features may be created than what would be possible with a

“dry” system using 157 nm sources.
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Figure 1.5: Photoresist features created using 157 nm immersion photolithography with

60 um line-to-line spacing. Reprinted with permission from Switkes and Rothschild.
Copyright 2001, American Vacuum Society.*'

Of course, if a source with a much smaller wavelength can be used in conjunction
with immersion fluid processes, smaller features may be achieved. To this end, extreme
ultraviolet lithography is being developed as a possible successor to immersion
lithography at the 16 nm node of CMOS development. Tin, xenon, and lithium have

been investigated as possible for sources for EUVL due to their similar excitation
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energies at 13.5 nm.** These sources may be divided into two separate categories:
discharge produced plasma and laser produced plasma. An industry goal of 3%
conversion efficiency from input laser/discharge power to in-band EUV output was set in
2005. Therefore, choice of source composition along with increasing the power output
of the exposure system is crucial to the implementation of the technology. For high
volume manufacturing, Sn source targets have emerged as the most promising targets.
There are still difficulties creating clean and effective photoresist patterns. All of the
optical elements in EUVL systems must be comprised of Mo/Si Bragg-reflectors. As a
result, speckle is introduced into the pattern as a result of the surface roughness of the
mask.* However, some groups have made progress. In 2012, a 22 nm device was
demonstrated using a combination of 193 nm immersion lithography and EUVL.*® In this
device, two layers were printed using EUV lithography — one on top of the other.

Examination showed good feature wall smoothness as well as reproducibility.

1.2.3 High Aspect Ratio Techniques

Modern MEMS devices use a wide variety of chemistries, such as ceramics, metals,
polymers, etc... for which traditional IC manufacturing techniques are ill-suited or
uneconomical. Additionally, MEMS may require aspect ratios or other geometries that
are not necessary in IC devices. Thus, more complex and versatile methods of
patterning are necessary for the realization of commercially viable and practical
microsystems. Dry reactive ion etching was developed as an extension of radio
frequency (RF) glow sputtering, which uses an RF current to create plasma arch and
accelerate argon towards the desired target. By changing out the argon gas for a

fluoride gas, the plasma will create reactive ions that can be used to etch hard-to-sputter
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targets such as SizsN4, SiO,, and silicon.*

While initial etching rates measured on the
order of 0.3 to 0.6 nm/min newer processing equipment and gases have allowed etching
rates to reach rates on the order of 3 to 4 um/min.*® Such high rates have been used to
create high aspect features for use in MEMS device creation.

It is important to note that DRIE requires some level of photolithography to create a
etch mask out of the photoresist, but it avoids the use of wet etch techniques that can
employ dangerous chemicals. The technique has also been used to create hierarchal
surface patterns for the purpose of modifying hydrophobicity.*® By creating features at
both the micro and nanoscale, the researchers were able to achieve apparent contact
angles of 158° with minimal contact angle hysteresis.

LIGA (LIthographie Galvanoformung Abformung) processes refer to a series of steps
combining deep X-ray or UV lithography with electroplating and mechanical forming. By
using deep X-ray exposure from a synchrotron source, features with aspect ratios on the
order of 100:1 can be patterned into a chosen resist (typically PMMA). Because of the
collimated nature of synchrotron radiation in addition to the high energy photons, the
surface walls of the resist features typically exhibit a high degree of verticality. Following
this variation of lithography, metal is electroformed onto the surface, which can be used
as a final product or as a mold for the production of high-quality injection-molded
structures.*® With additional lithography and etching steps, 3D structures can be formed
with precise moving parts. Unless extreme aspect ratios are needed, UV sources can
be used to provide a lower cost option that still follows the basic LIGA process. In this
way, come of the costly Such UV-LIGA patterning techniques use SU-8 photoresist to
create the templates for further electroforming and injection molding. It has been
recently used as the basis for creating MEMS gyroscopes*' and low cost micro-channels

for heat exchange.”” A modified UV-LIGA protocol has also been used to create a



13

template for hot embossing micro-features into a prototype light guide plate used in the

construction of the LCD screens that are common in contemporary display technology.*

1.2.4 Direct-Write Techniques

Direct write techniques represent a pathway to free-form patterning of thin films and
micromachining of bulk structures. There are two main categories for direct-write
techniques: mechanical and directed energy. At the micro-scale, mechanical energy is
often carried out using atomic-force microscopes (AFM) due to their ability to carefully
modulate and monitor the forces placed on a surface. This “dip pen" technique relies on
the tendency of AFM tips to promote condensation of water near the tip to surface
interface. By pre-coating the tip with the desired molecules, patterns on the nanometer
scale are achievable. Figure 1.6 provides a diagram of the process. The first
demonstration of this technique made use of 1-octadecanethiol to create 30 nm lines
along the surface of an Au thin film.** Patterning was carried out in 34% humidity and
took a total of 5 minutes. It was also shown that relative humidity played a key role in
the deposition rate and resolution of the deposited features, where an increase to 42%

relative humidity was able to generate 100 nm lines in 1.5 minutes.
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Figure 1.6: Diagram of dip-pen lithography.

ater
Meniscus

Other groups have expanded the technique to pattern oxides*® and metals.*
Processing time remains the major drawback to this technique. By using arrays of the
cantilever “dip pens” production time can be cut down significantly. It has been shown
that arrays of 55,000 separate cantilever tips are effective at patterning a variety of
molecules onto dot-arrays with nanometer precision. One square centimeter of area
was patterned with over 88 million individual features.*” Three-dimensional patterning is
also possible; however, the array of cantilevers must be scaled down, as individual
control of each tip is necessary. Topographical representations of greyscale pictures
have been demonstrated using an array of 18 individually controlled cantilever tips.*® By
using fewer tips, a greater amount of control may be exerted on each individual point. In
this way, much more complex shapes may be created, such that 3D structures are
possible.

Energy-based direct write methods for patterning thin films use a directed beam of
laser energy to enact a morphological or chemical change to the local area of exposure.

As with photolithography, the ultimate resolution of the system is dictated by the
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wavelength of the incident radiation according to the Rayleigh diffraction limit.
Therefore, micrometer resolution is possible with lasers operating in the near-infrared
region (NIR) and nanometer resolution with laser operating in the visible to ultraviolet
range. In some processes, lasers may be used to directly deposit material onto the
desired substrates via physical or photochemical means. Laser-induced forward transfer
(LIFT) processes have received a great deal of attention due to their ability to direct write
metal thin film structures. The process uses short pulses of focused laser radiation to
induce a breakdown at the target thin-film/substrate interface and subsequent “blasting”
of the target film onto the acceptor substrate. An alternative mechanism is a result of the
thermo-mechanical phenomena within the film induced by the laser radiation, where the
thermal expansion of the film causes delamination, tearing, and eventually is expelled
across the separation distance onto the acceptor substrate.*® A number of different
target films and substrates have been demonstrated using various metals as transfer
targets with substrates consisting of ceramics and oxide glasses. These types of lines
have also been used as seed layers for subsequent electroplating.*® Aside from metals,
the technique has been used by researchers to create transparent indium tin oxide (ITO)
electrodes for use in transparent electronic devices. By focusing a frequency
quadrupled (A = 266 nm) Nd:YVO, laser under pulsed operation, onto a spin coated
suspension of ITO particles, the researchers were able to create linear patterns of ITO
measuring 850 nm high, 20 um wide, and a line to line spacing of 30 um.*" Fluence, as
measured in deposited energy per area, emerges as an effective way of characterizing
the varying lasing parameters provided that the unit power per area is consistent. For
the described LIFT patterning, fluences ranged from 10 mJ/cm? to 100 mJ/cm?, with the
most effective settings ranging between 20 mJ/cm? and 30 mJ/cm?®. After printing, the

deposited ITO particles were consolidated using an excimer laser operating at a
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wavelength of 248 nm with 30 ns pulses but without focusing. Fluence above 38 mJ/cm?
sufficiently fused the particles such that conductivity rose drastically. The lack of
focusing resulted in the amalgamation of the nanoparticles without the concentrated
rapid heating in the LIFT protocol.

By increasing the intensity as well as the fluence, it is possible to completely ablate
thin films in a type of negative space laser direct-write technique. In 1989, Ballentine et
al. explored patterning of superconducting thin films using a pulsed Nd:YAG laser
operating at a wavelength of 1064 nm and a pulse length of 120 picoseconds. In their
work, patterns were ablated out of a 1.5 um, Y-Ba-Cu-O film mounted on an X-Y,
computer controlled motion stage.® With an average power of 10 mW and a spot size
of approximately 10 um, the pulse fluence during processing was calculated to be on the
order of several J/lcm®. Complex patterns were demonstrated with ablated lines as thin
as 6 um. A micro-bridge was also created using the X-Y system measuring 200 pum
wide and several millimeters long. The authors claim that the super conductivity of the
film was unaffected. More recent work on laser ablation patterning has focused on
applications in photovoltaic (PV) devices. In 2010, Bovatsek et al. studied the laser
scribing parameters for use on a variety of PV materials, including molybdenum, SnO,,
amorphous silicon, and a multilayered film deposition.>® Multiple lasers were tested for
efficacy in scribing. Two wavelengths were investigated: 1064 nm and 534 nm. All
lasers operated in a pulsed fashion with pulse lengths ranging from 6 to 70
nanoseconds. Images of the scribed lines are displayed in Figure 1.7. For the
patterned lines, the authors made use of galvanometer mounted mirrors to scan the
beam across the surface of the film, which would allow free-form patterning of the layers
to suit any solar cell design. Threshold fluences of the SnO, and molybdenum were

measured to be on the order of 1 J/cm?. Threshold values for scribing the amorphous
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silicon and the multilayered film stack were measured to be on the order of 0.1 Jiem?,
where there was a cited preference for shorter pulse duration and thus lower thermal
loading on the targets. The scalloping of the edges is due to the overlap percentage of
the pulses, which is controlled by the scan speed of the mirrors, as well as the frequency
of the laser pulsing. For the features presented, scan speeds ranged between 0.5 m/s
to 1.5 m/s, demonstrating that high-speed laser processing is viable for processing thing

films for the purpose of micro-electronic systems.

Figure 1.7: Example scribes of a) SnO,, b) amorphous-Si, and c) a multi-layered film of
Al/ZnO/amorphous-Si.>®

In 2011, Heise et al. investigated the ablation of thin molybdenum films deposited on
transparent glass substrates. Using a technique similar to the LIFT technique, the
authors were able to create series of ablated lines in both a “direct” configuration where
the beam impinges directly on the film and in an “indirect” configuration where the beam
54 It

is passed through the transparent glass substrate before striking the Mo thin film.

was found that while the direct, film-side exposure process required a fluence of 1.7
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Jicm? but the threshold for indirect, substrate-side exposure was 0.11 Jicm?.  This
highlighted a difference in the mechanism that causes film removal upon exposure
dependent on the side of illumination. While direct exposure experiences complete
thermodynamic heating, melting and evaporation, exposure through the substrate cause
a non-thermodynamic event that is characterized by breakdown at the substrate film
interface with subsequent delamination, cracking and disintegration. With the shift in
modern consumer electronics towards developing cheap, flexible, and polymer based
devices, it is important to demonstrate the viability of using a laser to pattern thin films on
flexible substrates. Using a similar mechanism as the through-substrate indirect
ablation, some researchers have demonstrated patterning of thin copper-indium-gallium-
diselenide (CIGS) films that were deposited on polyimide (Pl) substrates.”® Instead of
relying on the transparency of the substrate to allow exposure of the film-substrate
interface, the group chose a laser wavelength (248 nm) that would actually induce a
small amount of ablation of the substrate itself. The trials were conducted on a multi-
layered set of films consisting of a 2.2 um thick CIGS film deposited on 1 um of
molybdenum deposited upon a 25 um thick polyimide substrate. Using a 25 ns pulsed
excimer laser and an X-Y-Z moveable stage, the authors created linear patterns to
demonstrate the efficacy of their technique.

According to the researchers, when the ablation event is initiated at the surface of
the PI substrate, shock waves are created that travel perpendicular through the plane of
the polymer to strike the target CIGS film where delamination and ultimately cracking
and destruction occur. In this manner, the group was able to create lines measuring
approximately 73 um wide using three pulses per point, each with a fluence of 8.6 J/cm?

— significantly higher than other laser processing regimes. The benefit seen from this
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method stems from the thermal insulation afforded by the substrate and the lack of laser

generated heat on the target film itself.

1.3 Laser Dewetting

1.3.1 Undirected Laser-Induced Dewetting

There exists a small window of processing parameters where laser modification of
thin films does not result in traditional or mechanical ablation of the target film, but
rather, induces a localized melting effect that enables forces of surface tension to cause
dewetting of the film from the substrate. In this regard, the minimum amount of material
is removed while creating structures of varying height and width within the thin film.
Even though, some control over the geometry of the features is relinquished dewetting of
metastable thin films presents as an interesting way to generate micro patterns without
wasting precious film material. The mechanism behind laser induced dewetting of thin
films — specifically metallic ones — was first investigated by Bischof et al. in 1996.%° The
films explored, consisted of Au, Cu, and Ni deposited upon fused-silica substrates.
Dewetting was induced by illumination of the films via a frequency-doubled (A = 532 nm)
Nd:YAG laser operating in a Q-switched mode with pulse durations of 7 ns. Spatial
distribution of the beam intensity closely matched a TEMy, profile. A perfect TEMy
intensity distribution will take on a Gaussian spatial profile. True beams can approach a
Gaussian profile, but as beam power increases, so does the deviation from the ideal
intensity profile. In this initial work, the beam underwent mild focusing down to a spot

diameter of ~1 mm. As described by the authors, the dewetting of the 25 nm to 50 nm
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films presented two different distributions of hole-diameter. For the larger, 5 um holes,
the authors observed small nucleation points at the center of the dewetting region, thus
confirming the nucleation and growth mode of dewetting. Alternatively, smaller, 2 um
holes exhibited a characteristic length scale, but the centralized defects or hillocks
representative of the nucleation and growth of holes were not observed. As described
by previous work on liquid polymer systems, these smaller holes originated from surface

5760 This mode of hole

perturbations whose amplitudes increased via capillary flow.
formation and film retraction was termed “spinodal dewetting,” since the dynamics and
appearance of the morphology was analogous to the spinodal decomposition phase
separation that is found in certain binary solid systems. The dewetting mechanisms of
thin films were further explored in 1998 by Xie et al., whose group used polystyrene on
silicon substrates to demonstrate that films thicker than 100 nm tend to dewet via
nucleation and growth of holes, while films thinner than 100 nm will tend to dewet via the
spinodal decomposition-like change. Spinodal dewetting was again utilized to create
nano-patterns on ultra-thin (1 to 8 nm thick) cobalt films.®"** The authors demonstrated
the use of unfocused UV (A = 266 nm) laser exposure while in a vacuum atmosphere to
observe and characterized the undirected re-ordering of the film. Beam spot area was
cited as 3 x 3 mm?. By varying the number of pulses irradiating a single area, the
authors were able to note the effects of an increasing cumulative fluence. As in earlier
work done on polymer films, the metal films progress from a series of connected voids to
a series of isolated drops with a specific characteristic wavelength that is dependent on
initial film thickness.”® This characteristic wavelength is described by Equation 4, where

d is the thickness of the film and « is a constant related to the film/substrate

combination.
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A= 2r%x+2/3%d?*/« (4)

The spinodal dewetting nature of ultra-thin silver films as deposited on SiO,
substrates was investigated by Krishna et al in 2010 and used, in large part, the same
protocol as was described for the ultra-thin Co films.*® Once again, it was shown how
the characteristic length may be tailored by controlling the initial thickness of the
deposited film. It was also shown that above a certain thickness (> 11.5 nm) discrete
holes begin to form at the outset of dewetting rather than the characteristic
“bicontinuous” morphology seen in other spinodal films. Finally, spinodal dewetting was
demonstrated on ultra-thin nickel films where a 12 ns pulse of unfocused laser radiation

resulted in metallic liquid lifetimes on the order of 25 ns.®®
1.3.2 Pre-patterned directed laser dewetting

By pre-patterning the film, some researchers have essentially constrained the flow of
the dewetting, molten metal so as to create structures of a variety of shapes. Rack et al
demonstrated this technique using electron beam lithography to pattern PMMA
substrates that were then coated in a 30 nm Ni film.®” In addition to surface tension
forces, the authors attribute some of the retraction to the change in density experienced
by the mass of irradiated nickel. A more specific manner of patterning took advantage of
the observed Rayleigh-Plateau instability that is observed in ribbons of dewetting film by

pre-patterning specific edge profiles, into the deposited films.%®%°

Rayleigh-Plateau
instability describes the tendency of a column of liquid to break up into individual drops
over time as a result of infinitesimal varicose perturbations of the column’s surface. The

growth rates of the perturbations are a function of wavelength, however, for patterned
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edge ribbons, dominating wavelength is set at a pre-determined spacing and distribution.

Examples of these may be seen in Figure 1.8.
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Figure 1.8: Manually defined instability wavelength using pre-patterned films. Adapted
with permission from Fowlkes et al. Copyright 2011 American Chemical Society.®®
Adapted with permission from Roberts et al. Copyright 2013 American Chemical
Society.®*

1.3.3 Beam shape and interference patterning

Aside from pre-patterning the target film, some researchers have investigated
shaping the beam itself as a means of directing dewetting. In a technique analogous to
projection lithography, Kuznetsov, Koch, and Chichkov demonstrated the patterning of a
60 nm gold film using masked laser radiation and fluences on the order of 0.2 J/cm?.”°
The authors employed a series of masks in the beam line of the 800 nm laser to block
out only the desired areas of intensity. By taking this masked laser radiation and de-
magnifying it down 100x, a variety of shapes were achieved — from basic shapes such
as circles, to complex shapes such as letters. The authors also demonstrated that Au
films tend to initially flow toward the center of the exposure, which was explained via a

combination of thermal swelling and fluid flow down a composition gradient formed from

impurities. Rather than using a mask, it has also been shown that interference is a
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viable route for the patterning of thin films a number of different chemistries.””"? In this
respect, it was shown that a set of two or three interfering beams will create periodic
intensity patterns. When using a 10 ns pulsed, frequency-doubled (A = 532 nm)
Nd:YAG, exposure resulted in the formation of “bumps” in areas of relatively high
intensity before eventually rupturing to make voids in the surface of the film. It was
shown that these bumps are hollow on the inside; thus, they are formed through thermal
expansion and delamination rather than melting. Certain chemistries, such as Si, Ge, or
Bi films did not exhibit this bumping, which may be due to density changes that occur
during melting combined with incredibly high quench rates. With fluences ranging from

100 mJ/cm? to 300 mJ/cm?, feature resolution was on the order of 1 to 2 um.

1.3.4 Focused beam dewetting

Dewetting has also been investigated using tightly focused radiation to induce
thermocapillary flow and moving the beam relative and target relative to one another.
Willis et al investigated the thermocapillary flow of chromium films under focused near-
infrared laser radiation. The authors found that the movement of the molten surface was
nearly entirely characterized by the surface tension effects created by the temperature
gradient at the exposure site.”® This type of localized thermocapillary dewetting has,
thus far, been used to create direct-write structures in thin polystyrene films when
deposited on silicon substrates.” It was demonstrated that there was minimal to no loss
of polymer during the dewetting process. Linear features of varying line-to-line distances
were realized using an X-Y computerized stage. The technique also took advantage of
the differing absorption properties of the polymer/substrate interface. The authors

provide evidence to the fact that the polymer acts as an anti-reflectivity layer, where
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areas of exposed substrate no longer produce as much heat since the impingent laser
radiation is transmitted to a higher degree. This ability to direct-write thin films using a
dewetting mechanism rather than traditional scribing opens up new possibilities for
creating micro-scale and nano-scale features without wasting time on masking or
destroying large amounts of film. Before further investigation and improvement of this
basic technique, a better understanding of the relevant forces and phenomena is

warranted.

1.4 Wetting and Dewetting

1.4.1 Surface Energy and Tension

Surface energy refers to the work required to cleave a new surface or interface out of
the bulk mass of material. Surface tension is one component of this energy. lts origins
stem from the inherent imbalance of forces found at such surfaces and interfaces.
Figure 1.9 diagrams the general discrepancy in the force balance between molecules in
the bulk of a material and molecules at a surface or interface. Within the bulk, the
intermolecular bonds (ionic, covalent, or metallic) and forces (van der Waals, hydrogen
bonding, etc...) that surround a single molecule are on average in equilibrium. At a
surface, the lack of molecules in one direction induces a virtual force along the surface
of the material. For interfaces, the mismatch of molecule arrangement manifests as an

interfacial tension similar to surface tension.
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Figure 1.9: General diagram of the bond and intermolecular forces found at the surface
and in the bulk.

1.4.2 General Surface Energy Trends

Because the surface tension is a result of a mismatch in the bonding state of
molecules located at an interface, certain trends in surface energy may be observed that
depend on the type of material in question. For example, materials such as organic
polymers have chains of monomers connected by covalent bonds; however, these
chains are themselves, held together in the bulk by forces such as van der Waals
interactions and hydrogen bonding. Such materials will typically exhibit low surface
energies on the order of 50 mJ/m?. Table 1.2 details the critical surface tension, as
determined by Zisman theory, of a few common polymers.”® The Zisman method of
determining contact angle assumes that the surface energy of a solid substrate is equal
to the highest surface tension that a liquid drop can exhibit while still completely wetting

the solid.”® This surface tension is termed the “critical surface tension.” Generally, this
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method only works for solids that do not exhibit a polar component in the surface energy
due to a lack of polar molecules or branches. Thus, most non-polar polymers are very
easily characterized using this method. It is also important to take into account the
temperature at which surface energy is calculated/measured, since an increase in
temperature is characterized by a weakening of the bonds within the bulk of a material.
The mismatch between the bonding energies of the bulk and those at the interface are
reduced, thus a decrease in the surface energy of the material is observed. Table 1.3
provides a list of preferred values for the surface tensions of a variety of metals at their
melting point. Tyson and Miller extrapolated, from grain boundary interfacial tension
measurements, the ratio between the solid-vapor and liquid-vapor surface energies.”’
With this, they were able to calculate that at the melting point, the solid-vapor surface
energy is approximately 1.18 times larger than the liquid-vapor surface tension. They
assumed this relationship for all the elements, but noted that a more realistic scenario
would see deviation from this relationship in non-metallic elements. For metals,
however, the relationship is assumed valid.

Additionally, the magnitude of the molar solid-vapor surface energy is roughly
proportional to the heat of sublimation at the material's melting point.”® While the
authors expressed a certain amount of uncertainty in the values, a generally positive
trend is observed. As expected, the metals with the largest heats of sublimation,
tungsten and tantalum, also exhibit the highest surface energies and are more refractory
in nature. Low melting point metals, such as tin, exhibit a low heat of sublimation and

therefore have relatively low surface energies compared to the other metals.



Table 1.2: List of polymer films and corresponding critical surface tension.”

Critical Surface
Tension [mJ/m?]

Polyethylene terephthalate 43.0

Polymer Film

1, 4-cyclohexylene 43.0

dimethylene terephthalate

Polyvinylidene chloride 40.0
Polyvinyl chloride 40.0
Polyvinyl alcohol 37.0
Polystyrene 33.0
Polyvinyl fluoride 28.0

Polytetrafluoroethylene 18.5
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Table 1.3: Solid and liquid surface energies at the melting points of selected metallic

elements.”’
Calculated Solid/Vapor Liquid/Vapor
Metal Surface Energy Surface Tension
@ Tm [MJ/m?] @ Tm [MJI/m?]
Ag, Silver 1086 920
Al, Aluminum 1020 864
Au, Gold 1333 1130
Be, Beryllium 1298 1100
Bi, Bismuth 446 378
Co, Cobalt 2218 1880
Cr, Chromium 2006 1700
Cu, Copper 1566 1327
Fe (3), Iron 2123 1799
Ga, Gallium 845 716
Hg, Mercury 580 490
Mo, Molybdenum 2510 2127
Nb,  Niobium 2313 1960
Ni, Nickel 2080 1763
Pd, Palladium 1743 1477
Pt, Platinum 2203 1867
Sn, Tin 661 560
Ta, Tantalum 2493 2113
Ti, Titanium 1749 1482
V, Vanadium 2301 1950
W, Tungsten 2765 2343
Zn, Zinc 896 759
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1.4.3 Sessile Drop

The surface tensions of materials in the liquid operate on the same basic principle as
solids: there is a mismatch or lack of bond at the interface compared to the bulk.
Liquids, however, may have a free-deformable surface, meaning that when a liquid drop
is placed upon a solid, the liquid may change shape depending on thermodynamic
balance of energies in the system. In this sessile drop configuration, there exists a triple
point, where solid substrate, liquid drop, and ambient gas all meet as seen in Figure
1.10. It is this junction, where all three materials meet, that matters most. There are
three interfaces which must be accounted for: the liquid-solid interface, the solid-vapor
interface, and the liquid-vapor interface. Equation 5 (Young's Equation) gives the
relationship for the three surface energies at the triple point under thermal equilibrium
conditions, where vy, ys., and ys,, are the liquid-vapor, solid-liquid, and solid-vapor

interfaces respectively.”®

R

YsL

Figure 1.10: Diagram of triple point for sessile drop configuration.
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Depending on the balances of these forces, the resulting morphology of the

” o«

deposited sessile drop may be termed “completely wetting,” “partially wetting,” or “non-
wetting.” To determine which of these configurations is thermodynamically favorable, it
is useful to consider the spreading coefficient, S¢q, which takes the difference between
the solid substrate’s surface energy and the combined surface energies of the other two
interfaces (Equation 6). For S < 0, the drop will take on a partial wetting shape with a
contact angle between 0° and 180°. Largely negative spreading coefficients will exhibit

very large contact angles. Conversely, for S¢q > 0, the equilibrium angle becomes zero

and the liquid will tend to completely wet the solid once equilibrium is reached.

Seq = ygv_(ygL_i_?/Lv) (6)

1.4.4 Free Energy of Wetting

The stability of thin films on a solid surface depends on a variety of factors; surface
tensions, intermolecular forces, and initial film thickness comprise the major influences
for metallic fiims. For systems whose spreading coefficient is positive, i.e. the
completely wetting regime, films of any thickness are stable. Systems within the partial
wetting regime can be metastable or unstable when below a critical thickness as
explained by Equation 7, where v,y is the liquid’'s surface energy, p is the density of the
liquid, and g is the acceleration due to gravity.*® Under this thickness, a dewetting event

may take place.
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Figure 1.11: Free energy curve of a metal thin film versus thickness.®®

For liquid metals, the typical thickness at which stability occurs is 1 mm. Below this,
the film will be metastable or unstable. Figure 1.11 provides a typical free energy curve
for a film of metal versus thickness. For all heights, the change in free energy between
wetting and non-wetting can be conceptualized as the difference between the existence
of a film with height, h, versus film with height = 0. Equation 8 describes this change in
free energy, which takes into account the gravitational, intermolecular, and surface
tension forces. In particular, the equation describes the free energy change of a wetting

film — switching the sign would describe a dewetting condition.
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AF(h) = F(h)_F(O) = FExt +Flnt +F5urf = %pghz + _Seq (8)

127h2
1.4.5 Morphological Effects on Wetting

When speaking of the contact angle of a liquid drop resting on a solid substrate, it is
often understood that the system is at its thermodynamic equilibrium and that the solid is
perfectly flat. Actual surfaces will have a quantifiable roughness that affects the
apparent contact angle (6,) of a sessile drop. This is important for the engineering of
surface with specific contact angles with respect to liquids such as water. In a 1936
paper, Wenzel describes the effect of roughness as a factor that increases the interfacial
tension between the drop and the substrate.®’ Equation 9 models the added factor to
the triple point in the system. In this scenario, the drop will make contact with both the
ridges and valleys of a rough surface, as diagramed in Figure 1.12a. This model,
however, does not explain the effect of rough surfaces in which the liquid does not enter
the grooves of the roughened material. Cassie and Baxtor developed a different model
as diagramed in Figure 1.12b. For surfaces of this type, the composition of the surface
can be thought of heterogeneous, where two different materials are present with two
different equilibrium contact angles.®? In this case, the weighted summation of the
cosines of the different equilibrium angles equal the cosine of the apparent contact angle
as shown in Equation 10. Superhydrophobic surfaces can be created when the 2™
component of the surface is air and the fraction percentage of the 1% component is
small. Such surfaces exhibit a number of interesting characteristics, including self-
cleaning properties. This is a commonly found in nature where the most notable
instance is that of the lotus leaf, hence the popular term “lotus effect”. In 2003, Marmur

developed a set of criteria to describe the transition between the Wenzel state
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(homogenous wetting) and the Cassie-Baxtor state (heterogeneous wetting).®* This
criteria depends on the curvature of the free-energy curve of wetting, which for rough
surfaces, is governed by the geometry and size of the peaks and valleys of the solid. A
separate, but related phenomenon may be termed the “petal effect,” which features a
hierarchal morphology of long wavelength features that allow liquid contact, in addition to

short wavelength ridges at the peaks that prevent full adhesion to the leaf.®

cos 6, = rcos b, (9)

Figure 1.12: a) Wenzel wetting state, b) Cassie-Baxtor wetting state

cos 8, = fycos 6 + f, cos &, (10)
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1.4.6 Electrowetting

The presence of an electric potential between the liquid and the solid substrate can
modify the electrical condition of a surface and induce charging as well as other effects
such as double layer capacitance. When this happens, the interfacial tension, and thus
the contact angle, between the liquid and solid can be modified. The first
demonstrations of this technique occurred in 1981 as a means to create a display whose
opacity could be controlled via a change in voltage.®* The authors were careful to
differentiate between electrowetting and the similar technique of electrocapillarity.
Where electrocapillarity looks to overcome the surface tension of a conducting liquid by
imposing a voltage between it and an adjacent electrolyte solution, electrowetting will
impose a voltage between the conducting liquid and the substrate. Electrowetting will
often require much lower voltage potentials, which can be useful for a number of
applications. Beyond displays, electrowetting has been investigated as a possible
method for micro-actuation, namely a micropump.?® The limitations of this technique
with respect to decreasing the contact angle of water on hydrophobic polymers were
investigated by Vallet, Vallade, and Berge. It was found that past a certain point, charge
saturation occurs and large amounts of degradation will occur at the triple point of the
surface tension system.®” More recent progress has found many uses of electrowetting
in the microfluidics field, where small potentials may allow manipulation of liquids at the
micro-scale and has proven to be a viable method of system control for lab-on-chip

applications.®%%
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1.5 Laser/Material Interaction

1.5.1 Reflection, Transmission, Absorption

A material’s interaction with electromagnetic (EM) radiation is essential to assessing
its viability for laser processing. A solution to the wave equation describing the
propagation of EM radiation along the Z-axis through a material can be seen in
Equation 11, where A is the amplitude, n is the index of refraction, k is the extinction
coefficient, o is the angular frequency, and c is the speed of light through a vacuum.
The index of refraction and absorption coefficient may be calculated from the real and
imaginary parts of the dielectric permittivity, €, and ¢, respectively (Equation 12 and

13).%°

E(Z, t) = Aoe—i(a)/c)kze(a)/c)nze—iwt (1)

n? = (g t+&+8)/2 (12)

k? = (—a+J&+)/2 (13)

With these materials constants, one can calculate the theoretical optical properties of
a material. There are three basic interactions that can take place when speaking of
material/EM radiation events: reflection, transmission, and absorption. For any material,
the sum of the reflectivity, transmissivity, and absorptivity coefficients must equal unity

as detailed in Figure 1.13.
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Figure 1.13: Diagram of reflection, absorption, and transmission.

Metallic materials exhibit very shallow penetration depths for EM radiation below the
mid-UV range, with few exceptions. This depth is defined by the inverse of the

absorption coefficient, o, that is found in the Beer Lambert law (Equation 14).°"

[(z) = [je™** (14)

This is due to the delocalization of electrons in a metal’s structure. Typical values for
the penetration depth of a metallic material are on the order of 50 nm, at which point the
intensity of the beam has reached 1/e of the original value of the impinging beam. Such
shallow optical depths imply that metal films above ~100 nm in thickness do now allow
any transmission through the thickness. Thus, we may neglect transmissivity coefficient

and set absorptivity coefficient equal to 1 minus the reflectivity coefficient. In doing so,
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we may calculate the theoretical values of the absorptivity coefficient (4) at normal

incidence solely using n and k values (Equation 15).

A0 =0) = 4n/((n + 1)% + k?) (15)

By using light at normal incidence, polarization does not affect absorption; however,
both the index of refraction and absorption coefficient depend upon the wavelength of
light. The oscillation of an incoming EM wave will drive a complementary oscillation in
the dipole moment of an irradiated metallic atom. Lorentz modeled this as a simple,
driven harmonic oscillator with damping effects caused by collision of the electrons with
other electrons, phonons, and lattice imperfections. Thus, changes in the wavelength
will affect the resulting speed of the EM radiation which then defines the index of
refraction. Figure 1.14 presents a graph detailing the varying theoretical absorptivity of
a number of metals calculated from their optical constants.”> Photon energies
corresponding to common laser wavelengths (1064 nm, 532 nm, 266 nm, etc.) were
chosen for calculation. Where the optical constants were not available, the complex
dielectric constant was used to calculate the absorptivity. Note that the data presented
for absorptivity does not depict the true spectra of the metals, but instead, provides a

general trend between the calculated absorptivity points.
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Theoretical Absorptivity of Metals at Different Wavelengths
80%
70% —Aluminum
P —Chromium
60% /k = —
) / /_/ ? EObaIt
—Copper
£ o0 / = —Gold
B —Iron
240%
§ %/ >< —Molybdenum
< 30% ,_74'/’/ —Manganese
Z7 Nickel
20% =7 —Palladium
—Platinum
10% Silver
’j Tantalum
0% Titanium
1 2 3 4 i Bismuth
Photon Energy [eV]

Figure 1.14: Theoretical absorptivity of various metals as calculated from n and k

1.5.2 Absorption and Heating

As stated before, the EM wave of a propagating light, such as from a laser, interacts
with the electron structure of the illuminated material. For insulators and
semiconductors, this usually means that an incoming photon must have enough energy
to excite an electron into another energy band, such as the conduction band.®’ In the
case of metallic materials, the delocalization of electrons allows for a larger range of
energy photons to undergo absorption. The mechanism for their absorption is often a
collision such as inverse-bremsstrahlung absorption where the momentum of an electron
is shifted by the absorption of an incoming photon.®"*® After this absorption, the excited
electron may re-emit a photon or the energy may be transferred through to the lattice

phonons. In the former case, the radiation is perceived to be reflected, while in the latter
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case, collisions with phonons or lattice imperfections will generate heat and a rise in
temperature within the material.
Whether or not a collision will take place, is dependent upon the plasma frequency,

op, Of the metal (Equation 16).

w, = \/Nee?/meg (16)

This plasma frequency is a function of the electron density, N,, the mass of the
electron, m,, and the permittivity of free space, . When o < o, absorption and
reflection dominate the behavior of the light/metal interaction. However, when the
incident radiation has a ® > o, transmission dominates the interaction. For most
metals, this transition occurs in the mid-UV region. Once absorption and heat
generation occurs, it is conducted through the material according to the heat equation,
which describes the relationship between the time derivative of the temperature and the

spatial distribution of the temperature field. Equation 17 presents a version of the heat

equation for a coordinate system fixed relative to the laser beam, where p is the density
of the material, Cp is is the specific heat at constant pressure, vs is the velocity of the

substrate, and Q is the total amount of energy in the system.”’

T (x,t)
a

p(x, T)c, (x,T) — Vx(x, T) VT (x,t)] +

P, T, (x, T)vs VI (x, 1) = Q(x,t) (17)
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From the equation, we can see that the thermal conductivity of the material will
dictate how heat is distributed within the bulk of the material and therefore higher values
of the thermal conductivity will allow quicker dissipation of concentrated areas of heat.
For laser processing, this means that metals with high thermal conductivities will require
higher input laser power for the same inherent absorptivity. Table 1.4 lists the thermal
conductivities of a number of metals along with their melting points for reference.*
Copper, silver, gold, and aluminum are the most difficult to process using near-infrared
radiation since these metals are highly reflective at that wavelength in addition to having
high thermal conductivities. In most cases, heat is conducted away quickly and so little
laser energy is absorbed in the first place that these metals do not experience sufficient
rise in temperature to allow effective laser processing. There are external parameters
that may have effects upon the absolute absorption of a particular film. These can

include surface roughness, oxide layers, and impurities at the surface of the metal.



41

Table 1.4: Melting points and thermal conductivities of selected metals.*

Metal Melting Point Thermal Conductivity
[°C] @ 300K [W/(m-K)]
Ag, Silver 962 429
Al, Aluminum 660 237
Au, Gold 1064 317
Bi, Bismuth 271 7.97
Cr, Chromium 1907 93.7
Cu, Copper 1085 401
Fe (3), lron 1538 80.2
Ni, Nickel 1455 90.7
Pt, Platinum 1768 71.6
Sn, Tin 232 66.6
Ti, Titanium 1668 21.9
W, Tungsten 3422 174

1.5.3 Pulsing Effect

A benefit of using lasers to process metals lies in the variability of exposure regimens
that the user may define. In general, lasers function in one of two different operating
modes: continuous wave and pulsed mode. For applications at the micro-scale it is
often beneficial to carefully modulate the energy incident on the work piece by pulsing
the laser. According to the heat equation, any generated heat from laser exposure must
be dissipated into the rest of the work piece or into the surrounding environment. Thus,

pulsed beam operation takes advantage of this heat dissipation by activating the laser



42

with specific pulse durations, then allowing the piece to cool between pulses. The
frequency with which the laser fires depends upon the type of laser being used, however
typical values range from 1 Hz to 100 kHz. For a pulsed laser traveling in a particular
direction, the heat will build up in overlapping sections. Figures 1.15 and 1.16 display
the temperature profiles generated out of simulation experiments conducted by Kalyon
and Yilbas.*® The authors ran a number of different tests that recreated the effects of
different pulse lengths and thermal relaxation times. It was shown that there is a slow
rise in average temperature from pulse to pulse. Additionally, the effects of two back-to-
back pulses do not raise the temperature to the same degree as a single pulse of double
the intensity. These simulations also highlight the value in creating computational

models as a way to reduce optimization times for laser heating processes.
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Figure 1.15: a) Dimension-less temperature contours of two pulses with pulse to
relaxation ratios of 5 to 10 at different distances from the center of the beam. b)
Contours of the time derivative of the calculated dimension-less temperature taken at
different x-axis distances from the center. The pulse number indicates a particular
pulsing regime chosen by the authors. Copyright 2006, with permission from Elsevier.*®
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Figure 1.16: Dimension-less temperature contours versus a dimension-less time
parameter of two pulses. Contours are shown for various x-axis distances from the
center of the irradiated area. Also shown, is a single pulse at double intensity, which
highlights the relative effects of intensity versus pulse duration. The pulse number
indicates a particular pulsing regime chosen by the authors. Copyright 2006, with
permission from Elsevier.%

1.5.4 Marangoni Flow

During laser processing, a thermal gradient forms within the metal with a peak at the
center of the laser spot that decreases in magnitude as you measure at increasing radii.
For lasers operating in a TEM, single-mode fashion will have an enhanced gradient due
to the Gaussian spatial distribution of the beam. After melting has taken place,
thermocapillary movement will occur due to this thermal gradient as described by the
Marangoni Effect. The source of this thermocapillary flow is the dependence of surface

tension on temperature, where a material at higher temperatures will exhibit lower
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surface tension. Therefore, at the outer edges of the gradient, there is a larger tension

pulling fluid away from the center of the exposure area as described by Equation 18,
where 7 is the surface tension tensor, V}/is the surface tension gradient, and VT is the

temperature gradient.”

-1 = Vy = —=VT (18)

1.6 Thesis Structure

In light of work done in the field of laser-induced dewetting, it is clear that there is
room for improvement as well as the introduction of new variations on the technique.
The following thesis will hold the following structure. First, the various methods and
equipment used in this work will be explored, with some general background theory as
well as the specific models used. Reports on the successful direct-write dewetting of
low-temperature metallic thin films on polymer substrates will be presented. The
versatility and limitations of the technique will be examined. Success in the use of high
melting point and high reflectivity metallic thin films in conjunction with this technique will
be demonstrated. Finally, some conclusions from this work will be discussed, along with

suggestions for future avenues of research.
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2 Experimental

2.1 Introduction

In the course of developing the direct-write dewetting technique, various components
for the laser/scanner system were considered, however, specific models were chosen
due to their compatibility and versatility. With respect to the patterned films, a number of
characterization techniques were used to describe the capabilities of the patterning
system and the characteristics of the created features. From the initial creation of the
films, to the patterns created out of those films, the techniques used in this work will be

discussed and explored in the following section.

2.2 Deposition of Materials

All the films were created using some form of high-vacuum deposition on to a
number borosilicate glass slides. These slides provided the mechanical support for the
polymer substrate. Parylene-C was chosen as a high melting point polymer substrate
with low surface energy. Its molecular structure is displayed in Figure 2.1." Deposition
is carried out by a chemical vapor deposition process where the dimer version of
molecule first is vaporized into the system. This vapor is then pyrolyzed at high
temperature, after which it deposits onto all surfaces of the chamber by a polymerization

reaction.



54

Figure 2.1: The general chemical structure of parylene-C.

The metal films were deposited using physical vapor deposition techniques.
Bismuth, tin, and silver were all created using a PVD products thermal evaporator. This
particular system was connected to an argon-filled glove box to reduce the possibility of
oxygen or water contamination of the films. Thermal evaporation is conducted using a
high vacuum system, where a target is heated to its vaporization point. This creates a
flux of target atoms that move through the vacuum chamber and eventually condensate
onto the desired substrate.? In this manner, films that are normally not stable may be
formed via the large change in the free energy of the metal when colliding with such a
relatively cold surface. Nickel films were created using sputter deposition. Rather than
heating up a target material, the chamber is placed under high voltage. An ionized
sputtering gas is flowed into the system, where it is accelerated towards the sputtering

target, where portions of the target are knocked off onto the desired substrate.?

2.3 Laser and Galvanometer system

Laser stands for “Light Amplification by Stimulated Emission of Radiation.” As the

acronym suggests, lasers operate by a pump/stimulation mechanism. The basic parts of

a laser device consist of the following: the energy pump, the laser gain medium, and the
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resonator cavity. The essential mechanism relies on the transition states of electron
orbitals. By pumping light into the resonator cavity, electrons inside the gain medium are
excited into higher energy states. While some electrons will decay spontaneously, other
electrons will decay after interacting with more excitation energy, thus releasing another
photon. When this occurs, the emitted photons are said to be the result of stimulated
emission, and will be coherent and monochromatic. Thus, in this manner, the emitted

light builds up and is amplified.

Excitation Energy

Laser Gain Medium Laser Beam

Rear Mirror Front Mirror/Output Coupler
Total Reflector Partial Reflector

Figure 2.2: Typical solid-state laser configuration.®

The most common industrial lasers use solid-state media, such as Nd:YAG or a CO,
gas mixture. These types of lasing media operate in the near-IR (1064 nm) and far-IR
(10600 nm) range respectively. In order for the laser to function properly, mirrors must
be placed at each end of the laser cavity to reflect emitted photons back into the
structure, and thus amplify the stimulating photon energy. Alignment of these mirrors is
essential for the proper functioning of the laser, as even a slight misalignment will cause
a drop in lasing efficiency.

Fiber lasers offer an effective way to forgo the need for complicated mirror
construction by taking a fiber optic cable and using it as the gain medium itself. In this

way, the fiber’'s total internal reflection phenomenon may be taken advantage of to
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create a long laser cavity without needing complicated mirror alignment. Ball and Glenn
detailed the design of such a fiber laser using an erbium doped silica fiber.? In
substitution of the mirrors found in solid-state or gas lasers, Bragg reflectors were
embedded into the fiber to ensure that the majority of the emitted photons were reflected
back into the system to further fuel the amplification. A diagram of their system can be

found in Figure 2.3.

Fiber laser

A pump M laser
A | i | N VAVAVE
980 nm T T
pump Bragg reflectors

Figure 2.3: Diagram of a fiber laser with Bragg reflectors. © 1992 IEEE®

While Ball and Glenn used an erbium doped fiber, other groups have investigated
the usefulness of different dopants. Ytterbium has been shown to be a useful dopant in
silica fiber lasers due to its large absorption and emission bands. The relevant
electronic structure is depicted in Figure 2.4. Effective pumping wavelengths for Yb-
doped fibers can range from ~ 800 nm to ~1064 nm, which opens up the possibility of
using a second laser as the pump source, though it has been shown that a wavelength
of 975 nm accesses the largest absorption cross-section for the material.” Additionally,
one must also take into consideration that the pump radiation must be of shorter
wavelength and higher energy than the desired lasing wavelength.

For this work, a high-powered, Yb-doped fiber laser was chosen. The redPOWER
R4 HS laser (SPI Laser, UK) has a maximum average power of 100 W exhibited a

TEMoy, beam quality. Both continuous wave and modulated operation was possible. For
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highly reflective metals, continuous wave operation was used at a power 25 W. All other
processing was conducted at the lowest setting of 10 W. Modulation was controlled via
computer software and control board. Typical settings had the laser pulse at a

frequency of 50 kHz with pulse durations of 5 us. This corresponds to a 25% work load.

f 3

940 nim

1050 nim

1030 nm

Y Y

*Fr2

Figure 2.4: Electronic band structure of Yb doped silica fibers.

Beam positioning was achieved using a pair of galvanometer driven mirrors.
Galvanometers use electric currents to create magnetic fields around a permanent
magnet, which for the most basic designs are connected to springs to impeded
movement. By altering the strength and direction of the current, the permanent magnet
will experience a magnetic force and a movement. This movement can be controlled to
a high degree and at a very rapid pace to allow fast turnings of the mirror, thus allowing
very fast laser positioning.? A photograph of the inteliSCAN 20, scanner system
purchased from Scanlab along with the in-line camera and beam delivery optics can be

seen in Figure 2.5. Also, a photograph of the entire system may be seen in Figure 2.6,
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which shows the laser exposure area, Class 1 light-tight enclosure, power supply box,

and the fiber laser.

Figure 2.5: Scanlab intelliISCAN 20 scan system

Figure 2.6: Photograph of entire system.
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2.4 Characterization

Profilometry measurements were carried out using a VEECO Dektak 150 system.
All profile recordings were performed using at 2.5 um diameter stylus tip at 0.5 mg of
force. Sampling rates ranged from 1 pm/sample down to 0.050 um/sample. Three-
dimensional models of the surfaces were created using serial and adjacent 2D scans of
the surface. These scans featured a spatial resolution of 1 um/sample in both directions.
Figure 2.7 displays the profilometer, within its enclosure. Post-processing of the 3D

scans was carried out using Vision software.

Figure 2.7: Dektak 150 profilometer system with a 2.5 um stylus tip.
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3 Micro-patterning of Metallic Film Structures through Direct-Write

Dewetting

3.1 Introduction

Thin film patterning is an essential technology that has enabled the miniaturization of
many technologies in both the electronics and biomedical fields. Patterned thin films can
be found in a variety of electronics applications including batteries, solar cells,
transistors, microfluidics, patch antennas, and touch panels.1'5 The biomedical field has
developed a great need for such thin electrode arrays as well, particularly for point-of-
care applications. Concepts such as the “lab-on-chip,” implantable sensors, and
ingestible probes rely on the biotech industry’s ability to accurately and reproducibly
create microscopic electrical conduits on increasingly thin substrates.®’ Additionally, the
use of organic, flexible substrates will allow implementation of such electrodes into a
wider range of products that can provide users and researchers with highly adaptable
geometries for consumer and industrial electronics. If devices are to progressively
occupy less space and continually exhibit higher functionality, all while remaining
relatively low cost, then industrial processes must match this demand by developing
innovative ways of patterning deposited thin films.

Two of the most prevalent modes of patterning thin films are shadow masked
deposition and photolithography.® The former technique requires the creation of multiple
yet expensive masks, which make changing designs, even slightly, both costly and time-
consuming. The latter technique also uses masks for the purposes of patterning the
area of exposure and incorporates various photoresists and chemical development steps

leading to highly accurate features. In turn, the process is complicated and introduces
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the need for a number of extra environmental engineering controls to deal with such
potentially harmful chemicals. Some drawbacks are mitigated by using directed energy
techniques to scribe out the negative space of a film through ablation, precluding the
need for masks or etching steps. Such processes can use focused e-beams or laser
radiation coupled with a scanning system to reduce production time, however, these
techniques are still primarily subtractive in nature, result in the vaporization of a great
deal of material that cannot be recovered, and are not well suited for temperature
sensitive substrates. Other techniques — including those that are additive in nature (e.g.
ink jet printing) — have their own drawbacks that must be overcome during
implementation into current manufacturing processes.® An alternative to current
patterning techniques resides in the use of dewetting to build patterned structures from
an initially uniform target layer.

The shape of liquids on solid surfaces is dictated by the contact angle (Figure 3.1a).
The latter is related to the materials’ surface energy by the Young’s Equation (Equation
1), where 6. is the contact angle in thermodynamic equilibrium. Liquids that completely
wet the solid correspond to 6, = 0°. Angles between 0° and 90° can be considered
partially wetting, while angles greater than 90° are formed by non-wetting liquids. The
wetting nature of a material can be described by the change in free energy with respect
to the standard state, i.e. complete wetting of the solid by the liquid."® Equation 2

details this free energy value as a combination of three components: gravitational forces

(%pghz), intermolecular forces (ﬁ), and surface tension (S) . Surface topography will

affect the apparent contact angle and by consequence the measured surface energy;
however, materials will exhibit trends in surface energy values that are intrinsic to
material classification. For example, metals tend to lie in the highest range of surface

energy values, while materials such as polymers tend to have the lowest values.



63

Interfacial force influences the dewetting of metallic films deposited on substrates such
as glass or polymeric compounds and can be measured by the spreading coefficient S
(Equation 3). A film will spontaneously dewet when the change in free energy S<0 and
has a thickness less than a critical height. In turn, this critical height is a function of
capillary length and equilibrium contact angle and provides the basis for determining
energetic stability of the film with respect to the substrate.”  Studies on polymer films
have shown that dewetting can occur by a number of mechanisms, including nucleation
and growth of holes within the film and spontaneous spinodal dewetting.'®"
Researchers have also initiated dewetting in films that would not do so independently. A

number of mechanical methods have been employed, rather than relying on random

impurities to serve as nucleation points and some control is established over the

dewetting geometry and progression of a film on non-wetting surfaces.'
Ysi + Vi 0S8 = Vs (1)
AF(h) = Spgh? — S + —— )
mh
S = Y¥s¢ — (Vsr *+ Vic) 3)

This paper presents a novel variation on induced dewetting allowing rapid, directed
patterning though the use of a high speed scanning laser. By taking a relatively low-
powered Yb doped fiber laser and scanning it across the surface of a metallic thin-film,
we demonstrate targeted melting and dewetting of the target film without damaging the

integrity of the underlying polymer substrate. There is some precedent for induced
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dewetting of metallic, thin film targets under a variety of non-scanning laser radiation
conditions. In 1996, Bischof et. al. studied the dewetting modes of thin films after
exposure from frequency doubled Nd:YAG radiation.”® The authors demonstrate that
deposited Au, Cu, and Ni thin films, which are metastable in nature, will dewet upon
induced melting and will do so by nucleation of holes or by a spontaneous, spinodal
fashion. Other researchers have built upon this dewetting phenomenon to create self-
assembled features on Co and Au nano-films by using defocused laser light and pulses
in the nanosecond regime."”'® It was shown that characteristic length scales developed
as functions of the number pulses used, which allowed some control over the final
dimensions of the pattern. Splitting a laser source into two or three beams to create
interference has enabled the creation of periodic patterns on a variety of thin-film
species, including Bi, Ge, Ni, Au, Cu, and Ta. Changing the arrangement and number of
beams allows even more control over pattern design; however, such techniques are
limited to lines, hexagonal patterns, and other geometry associated with intensity
interference.'?° Placing masks along the beam path, which are then focused down to a
smaller scale, offered additional freedom in shape patterning similar to photoresist
methods, but suffer from similar drawbacks.?' Pre-patterning of the thin film, followed by
laser exposure imposes constraints on the acting surface tension in the melt and allowed
a “directed assembly” of the dewetted material.?*?®> The techniques still requires the
creation of masks for electron lithography and the subsequent use of lift-off processes,
which hinders the speed of implementation, but offers much freedom for feature design.
Our processing technique presented here-in relies on a number of system features,
namely the high speed scanning system that affords the user a great deal of freedom in
rapid direct scribe dewetting programs, while eliminating the need for costly lithographic

masks and time-consuming pre-patterning steps. We will demonstrate the advantage of
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using a focused laser to initiate dewetting at artificial nucleation points and create
precise patterns on metallic films.

Choice of system materials is crucial to the exploration of this new technique as a
number of attributes can affect both the dewetting behavior of the metal as well as its
interaction with the laser radiation. Our first demonstration of this technique focuses
primarily on bismuth depositions as the metal has a relatively low melting-point with a
much higher vaporization-point, and a large liquid surface tension value. Additionally,
bismuth absorbs a relatively large percentage of incident near-infrared (NIR) radiation,
compared to metals such as copper, gold, or silver, which will reflect a much larger
percentage of incident radiation at the utilized wavelength. The combination of low
melting temperature and higher absorption makes it particularly applicable to polymer
substrates. Tin presents as another viable candidate, as it also has a low melting point,
high vaporization point, high surface tension, and exhibits relatively high absorption of
NIR light. Suitable substrates exhibit lower surface energy than a metal, are
electronically insulating, and have very low absorption of NIR light to avoid damage
during laser processing. Reduced absorption also allows “backside” dewetting by laser
transmission through the substrate. Both borosilicate glass and parylene, particularly
parylene-C (par-C) meet these criteria. Where glass is highly transparent to NIR light,
the surface energy is relatively high compared to most polymers. Par-C boasts a
surface energy comparable to PTFE polymers, making it relatively easy for deposited
metal to dewet from the surface. The polymer was deposited upon a borosilicate glass
slide, which provides the necessary rigidity during processing, but still allows subsequent
removal from the substrate. Thermal evaporation deposition of the target metal onto the
substrate enables extremely fast cooling rates that result in a kinetic stabilization of

metal films and a metastable, uniform wetting of the substrate.
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3.2 Experimental

3.2.1 Laser System

The laser system consisted of a single-mode, Yb-doped, 100 W Fiber Laser (SPI
redPOWER R4-HS) operating at 1070 nm. A computerized scan system (Scanlab
IntelliSCAN 20) fitted with copper mirrors that are mounted on galvanometer scan
motors. A camera system (uEye GigE) for in-situ monitoring of the scribing/dewetting
process is placed along the beam path. Optics for the scan system consisted of an f-
theta, telecentric lens with an effective focal length (EFL) of 115 mm, which provides a
marking field of approximately 60 mm by 60 mm. The construction of the lens allows for
a relatively flat focal plane and consistent laser intensity to all parts of the work piece.
The substrate holder consisted of a custom designed, manual 2-axis tilt stage with Z-

axis adjustment.

3.2.2 Substrate Preparation

Pre-cleaned borosilicate glass slides (25.4 mm x 76.2 mm x 1.0 mm, VWR) provided
the underlying substrate for all samples. Average surface roughness (Ra) was
measured at 7 nm + 5 nm with a waviness factor (Wa) of 20 nm + 5 nm. Parylene-C
(Specialty Deposition Systems, PDS 2010) was deposited on the slides at a nominal
thickness of 22 um + 1 um. Ra values of deposited par-C were measured at 15 nm + 5
nm with Wa values of 60 nm + 5 nm. Unmasked metal deposition upon both glass and
par-C substrates was carried out using high vacuum thermal evaporation. Samples

were kept under an inert Ar atmosphere until immediately prior to laser exposure and are
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stored in an inert atmosphere immediately following exposure until characterization is

performed.
3.2.3 General Laser Parameters

Laser power was held at its lowest operating limit of 10 W for all target metals and
substrates, to minimize thermal degradation. At the focal plane of the lens, the beam
spot’s diameter (D) is calculated using Equation 4, where f is the focal length of the
lens, A is the laser wavelength, Dg is the full-width, half-maximum (FWHM) beam
diameter measured as it enters the lens, and M? is the beam quality factor describing the

shape of the intensity distribution (where M=1 for perfect Gaussian distributions).
2
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Our laser system operates in a single-mode (TEMq,) fashion, with M? < 1.1 and
produces a 5 mm + 0.5 mm wide beam at its exit aperture. The beam has a divergence
< 0.4 mrad and enters the lens aperture with a diameter of approximately 5.07 mm.
Calculation of the spot diameter yields 33 um. Measurement of the width of the dewetted
area resultant from a single pass of the beam confirms the diameter calculation.
Exposures of larger areas were carried out by scanning the beam across the surface of
the target metal. The top-down edge profile of a single, dewetting pass depends on a
number of variables, including laser absorbance, thermal conductivity, solidification rate
and thickness of the target metal. Pulse overlap will also influence the edge profile of
the dewetted area as viewed from a top-down angle, where low overlap percentage will

produce a scalloped edge. The overlap parameter is calculated using Equation 5,
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where V is the scan speed, fis the pulse frequency, T is the pulse length, and S is the
spot size.?* On bismuth targets measuring 1.6 um in thickness, an overlap exceeding
75% was found to avoid a scalloped edge profile along the dewetted area. Pulse
frequency and length are kept constant at 50 kHz and 5 us respectively, while the beam

is scanned at 240 mm/s. Under the described conditions, the calculated overlap is 86%.
\%

Tin targets measuring 1.6 um in thickness require a greater degree of overlap to
avoid a scalloped top-down edge profile. Laser pulse frequency and length are held
constant at 50 kHz and 5 us respectively, while scan speed is conducted at 100 mm/s to
achieve a calculated overlap of 94%. To prevent significant amounts of oxidation within
the dewetted material, an argon gas blanket flowed at 80 standard cubic feet per hour
(SCFH) over the sample during dewetting cycles. Pulse shaping corrections were
enabled to prevent the spike in delivered power that is characteristic of the laser’s first
pulse. For dewetting geometries consisting of multiple passes or segments, the
scanner’s positioning speed was set equal to the marking speed designated for that

metallic target.
3.2.4 Basic Laser Directed Dewetting
Bismuth metal was deposited in a dot-array pattern using a masked, vapor

deposition technique. Deposited 130 um dots were centered 2.15 mm apartin a 9 x 13

dot array. Two such arrays were deposited upon each substrate. Substrates consisted
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of uncoated borosilicate glass microscope slides, as well as slides with a 22 um thick
deposited layer of par-C. Dots were deposited at three different thicknesses: 1000 nm,
2000 nm, and 4000 nm. As a result of shadowing effects from the masked deposition,
each dot exhibited excess deposited material outside of the 130 um diameter. This
excess material tapered down in thickness and extended out to a maximum diameter of
170 um + 20 um. Exposure of the deposited dots proceeded in an Archimedean spiral
pattern starting at a radius of 150 um and decreasing by 20 um with each turn. The
center of the spiral pattern and the center of the deposited dot were aligned to within 10

um. Laser settings were set at the standard laser parameters for bismuth.

3.2.5 Line arrays

A number of various processing geometries were explored using both bismuth and
tin films on par-C coated borosilicate glass. Bismuth films measuring 1.6 um thick were
exposed to laser radiation in a set of line arrays. Exposure conditions mirrored the
general laser parameters for bismuth films under focused conditions (pulse frequency =
50 kHz; pulse length = 5 us; power = 10 W; scan speed = 240 mm/s; positioning speed =
240 mm/s; Ar gas flow = 80 SCFH). The substrate was oriented with the metallic film
facing the scan lens, which is characterized as a “front-side” dewetting condition. Each
array of lines encompassed the area of a 2 mm x 2 mm square. Within the array, single
lines of exposed substrate were formed via one pass of the laser each across the
surface of the metal film. The scan lines were set at pitches as large as 200 um and
were incrementally decreased down to a pitch of 55 um for bismuth films. Tin films,
which measured 1.6 um thick, were exposed to line array patterns of a similar fashion.
The pitch of the linear array features ranged from 200 um to 75 um. Exposure settings

mirrored the general laser parameters for tin films, which were identical to those for
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bismuth films, with the exception of the scan and positioning speeds. For tin films,
scanning and positioning speed were set at 100 mm/s. Line arrays with a pitch of 100
um were chosen for further processing under defocused laser conditions. A defocused
beam spot approximately 150 um in diameter — as measured by marks made on target
films — was created by lowering the target stage 10 mm below the focal plane of the
lens. The laser operated at 10 W, 10 kHz, with pulse durations of 40 us. The beam
scanned at 1400 mm/s, which resulted in a pulse overlap calculated at 34%. Overlap

was minimized to prevent over exposure and uncontrolled, random dewetting of the film.

3.2.6 Back-side Exposure

“Front-side” dewetting of thin films refers to the exposure of the bismuth layer
through the argon gas blanket. In studies assessing the waveguide properties of par-C,
transmission in the 1000 nm to 1500 nm range through a 15 um thick sample was cited
as 85%; the rest of the radiation is either absorbed or reflected.”® Literature values for
borosilicate glass compositions similar to that of the microscope slide substrates indicate
a transmittance of at least 88% in the near-IR range.?® Exposure of bismuth samples
proceeded in a “back-side” configuration, where laser light was directed through the
substrate before interacting with the metallic layer. Under this configuration, exposure of
the bismuth layer proceeded in a simple line-array pattern with a pitch of 200 um. The
target stage was adjusted to compensate for the thickness of the glass substrate and
ensure that the metal layer lied within the focal plane of the lens. Laser settings were
set to match the general laser parameters for bismuth samples. A shallow relief milled
into the target stage prevented unwanted transfer of the dewetted material onto the
underlying support. The relief also ensured that the exposed bismuth had sufficient

room to dewet and accumulate on the par-C/bismuth interface in an unhindered manner.
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3.2.7 Accumulated Structures

To explore the accumulation behavior of dewetting-metal when deposited on par-C,
multiple, closely-spaced scanner passes were used to successively melt an ever
growing amount of material in a chosen direction. The overall shape of the accumulated
structure was designed as a single, linear, thick bead of dewetted bismuth. The initial
film used was a 1.6 um thick film of Bi deposited upon a 22 um par-C/1mm borosilicate
glass substrate. The scan program proceeded as a linear array at a set pitch of 20 um.
At such a small pitch, the dewetting metal preferentially accumulated in the direction of
the advancing line front. In total, the accumulated line structure consisted of 36 scanner
passes — 18 passes on each side of the line with converging line fronts. With each pass,
laser energy “pushed” material towards the middle, where it combined to create one
structure. General laser parameters for bismuth samples were used for each scanner
pass. Alternate geometries of dewetted Bi were realized in the form of a spiral. The
laser spot was scanned in an Archimedean spiral pattern, which started at a 1 mm
radius and continued towards the center until the path reached a radius of 100 um. The
separation distance between turns was set at 20 um to ensure preferential dewetting
towards the center of the spiral. Profilometry was used for volumetric analysis of the
accumulated material at the center of the spiral. An identical accumulated structure was

created from a 1.6 um tin film using the general laser parameters for tin films.

3.2.8 Periodic Shapes

Periodic shapes were realized on 1.6 um thick bismuth targets deposited upon 22

um par-C/Tmm borosilicate substrates. Laser settings matched the general laser
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parameters for bismuth films. Within the confines of a 1 mm by 1 mm square, dewetting
scanner passes were conducted with a pitch of 100 um in both the X- and Y-directions.
The resulting square structures were then dewet along the diagonals to create triangular

structures.

3.2.9 Polygonal and Circular Accumulated Structures

Accumulation processing techniques were used to create non-functional polygonal
and circular structures. In total, three shapes were attempted: a triangle, a circle, and a
square. Each side of each shape was constructed from 18 adjacent scanner passes — 9
from each side — which pushed together the dewetted metal to form the intended
geometry. The successive passes were set at a pitch of 20 um. Additionally, an
application-oriented design was attempted. Inter-digit electrodes (IDEs) were dewet
from a 1.6 um Bi film using general laser parameters. Such IDEs can be constructed
with variable spacing, variable electrode width, variable height, and lends itself well to
defocused laser processing to normalize the height of the dewetted beads. The IDE
scan program consisted of a linear array set at a pitch of 110 um to create the individual
inter-digits. A single pass of the laser isolated the structure of the IDE from the
surrounding metal film whilst also forming the electrode pads. In total, each electrode
pad was designed with 45 inter-digits each. Small areas at the end of each inter-digit
were “pushed” clear to ensure isolation from the opposite electrode pad. Together, the

IDE filled an area 14 mm by 10 mm.
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3.2.10 Complex Structures

As example of the level of complexity possible with the scan system and dewetting
technique beyond simple polygonal or circular shapes, the letters “R” and “U” were
designed using the presented techniques. Both letters were constructed using general
laser settings. The attempted “R” was pushed together from 18 beam passes — 9
passes on each side — with a 20 um spacing. The attempted “U” was designed as an
IDE with two inter-digits per electrode pad. Each digit is 70 um wide and spaced 30 um
apart from each other. Each letter created was designed to fit within a 2.3 mm x 2.3 mm

square.

3.2.11 Physical and Electronic Characterization

Samples were characterized using an optical microscope (Leitz) and a field-emission
scanning electron microscope (FESEM) operating at 5kV. Samples were encased in a
silver-containing, conductive epoxy to limit charging effects during characterization. A
diamond band saw running at 250 rpm and an ion cross-polishing system (JEOL)
running at 5.5 kV, were used to cut and polish cross-sectional samples of the
constructed features. Contact angle images were created with a custom goniometer
apparatus constructed with a precision optics table from Newport Corporation and a Wild
Heerbrugg — MarkZoom lens mounted on its side. The analysis of the images was
conducted using ImageJ software combined with the DropSnake plug-in.?’ Singular
profilometry scans were conducted with a Dektak 150 profilometer with a lateral
resolution of 0.050 um per sample. An accounting of the displaced volume of a

dewetted line array was conducted using the profilometer and the accompanying Veeco
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“Vision” software. A 3.9 mm x 2.5 mm area encompassing a 100 um pitched line array
was scanned using the profilometer to create a 3D map. The line array itself measured
2 mm x 2 mm. Height sampling of the array was set such that individual readings were
spaced one micron apart in both the X and Y directions. Electronic characterization
proceeded with an Agilent 34410A Multimeter in a 2-wire configuration. Resistance
measurements for inter-digit electrodes were carried out to ensure electrical isolation
between the electrode pads as well as isolation of each pad from the rest of metallic
layer. Any reading above the instrument’s gigaohm limit is taken as an indication of

electronic isolation.

3.3 Results

3.3.1 Basic Laser Directed Dewetting

To explore the basic, laser-induced dewetting properties of a metal deposited upon a
polymeric surface, arrays of 150 ym diameter bismuth dots were deposited on uncoated
glass slides and parylene-C coated glass slides. Starting at a distance of 150 ym from
the center of the dot, the laser beam was scanned in an Archimedean spiral pattern
along the surface of the deposited metal. Each complete turn along the spiral path
brought the beam 20 um closer to the center of the dot until the center of the beam
reached a radius of 35 ym. With a beam diameter of 33 ym, laser energy reached as far
in as 18.5 uym from the center of the spiral. As the laser spot progressed along the
preprogrammed path, the metal melted and retracted into a single dewetted mass
located at the center of the spiral (Figure 3.1b, 3.1c). Attempts to end the spiral path of

the beam at smaller radiuses were unsuccessful and resulted in complete detachment of
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the dewetted mass. A side-view of the dewetted masses revealed an almost-spherical
geometry, with contact angles between 117 to 130 degrees. The contact angle results
from the difference in surface energies between the metal and the substrate, where the
laser energy acts to accelerate the kinetics of the dewetting. Further work into the
fundamentals and theory behind the basic directed-dewetting phenomena is currently

under way and will be presented in future publications.
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Figure 3.1: Under equilibrium conditions, the surface forces of each of each interface
are balanced according to a) Young’s Equation. A side view comparison of b) an as-
deposited, 4000 nm thick Bi dot and c) a laser exposed Bi dot on a parylene-C coated
borosilicate glass slide. d) Before and after laser exposure of dots deposited on
borosilicate glass and e) par-C.

Profilometry measurements of the dewetted features revealed the extent of
dewetting via the difference in height between the “as deposited” and the “laser
exposed” conditions of the dots. For dots deposited upon uncoated borosilicate glass,

the resulting heights in the dewetted feature increased significantly. Dots deposited at
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1000 nm, 2000 nm, and 4000 nm dewetted to heights of 19500 nm (representing a
1850% increase), 17500 nm (775%), and 29250 nm (631%), respectively (Figure 3.1d).
When deposited on par-C coated slides, the measured heights held a systematic,
positive correlation with volume increase. Dots deposited at 1000 nm, 2000 nm, and
4000 nm dewetted on par-C to heights of 8750 nm (775%), 11500 nm (475%), and

22000 nm (450%), respectively (Figure 3.1e).

3.3.2 Simple Dewetting Geometry

3.3.2.1 Line Arrays

Features organized into parallel lines represent a fundamental geometry in modern
electrode and electronics design. Viable patterning techniques must be able to
accurately and reproducibly create such structures out of the target material. To this
end, an array of isolated, parallel lines were dewetted from a single 1.6 uym Bi thin film.
Substrates consisted of a borosilicate glass slide coated with 27 ym + 3 ym of par-C.
Each pass of the laser created an area of exposed substrate. Dewetted metal gathered
along the edges of the exposed area, to create a dewetted bead. Height measurements
of the dewetted bead show a marked increase in the metal thickness compared to the
original layer thickness. Profilometry measurements place the height of the dewetted
bead at 3.4 ym as measured from the substrate, which represents a 113% increase in
the local thickness of the film. Both bismuth and tin were used to create line arrays but
most of the work focused upon the behavior of the Bi films. The arrays were designed at
various pitches, leading to changing widths of features, yet the areas of exposed

substrate remained the same widths due to a consistent beam spot diameter. For a
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single laser pass, we assumed an equal distribution of dewetted material to both sides.
Thus, each bead was comprised of half the material dewetted from an individual laser
pass. Dimensions of the dewetted beads remained relatively constant until line pitch
decreased down to 75 ym. Profilometry data and optical analysis (Figure 3.2a, 3.2b)
showed that when line pitch is set at 75 um on a bismuth film, the dewetted beads made
from adjacent laser passes combined into a single 3.85 um thick, 35 ym wide bead.
Further reduction in pitch down to 55 ym resulted in a single 6.67 pym thick, 17 ym wide
bead (Figure 3.2d-3.2f). Aspect ratios of the 75 ym and the 55 uym spaced line arrays
were 0.11:1 and 0.40:1 respectively. Further characterizations of the line arrays by
FESEM confirmed these measurements and are highlighted in Figure 3.2c and 3.2f.
Within these two images, one can see the difference in aspect ratio between the two

different pitch settings.
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Figure 3.2: Line arrays dewetted from 1.6 pm thick bismuth under focused conditions.
Lines are set at a pitch of 75 pm and 55 ym, measured center to center. For lines set at
a pitch of 75 ym, features measured an average 3.85 pym in thickness. Characterization
was conducted using a) profilometry, b) optical microscopy, and c) cross-sectional
FESEM. Platelet structures are Ag from the conductive epoxy used for FESEM
preparation. Dewetted Bi is demarked by the white arrows. Lines that are set at a pitch
of 55 um apart, center to center, showed an average height of 6.67 pm.
Characterization of these lines was conducted using d) profilometry, e) optical
microscopy, and f) cross-sectional FESEM. Again, dewetted Bi is demarked by the white
arrows.
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When the lines were set to pitches greater than 75 um, the dewetted material of
adjacent passes did not meld together as seen in arrays with pitches lower than 75 pm.
Instead, these long-pitched arrays (Figure 3.3), presented as areas of exposed
substrate bordered on both sides by two dewetted beads of greater thickness than that
of the original film. Areas of unexposed, as-deposited film exist between the raised,
dewetted material and remain unaltered by the heat generated by the laser. Figure 3.3b
showcases a cross-section of such an array, where the dewetted material exists on the
borders of the exposed substrate and is clearly thicker than the original film. In the
image, white dash-lines are used to emphasize equivalent structures as seen from both
a top-down perspective taken using an optical microscope and a cross-sectional
perspective as seen by FESEM microscopy. In this respect, the raised, dewetted beads
and the as-deposited film form pathways, which could be useful in microfluidics

applications as they in effect, form micro-channels of conductive material.
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Figure 3.3: a) Optical images and b) FESEM cross-sections show the dewetted edges
of a line array created with a 100 um pitch distance. Dotted lines highlight the raised,
dewetted beads and the connecting film in between. Platelet structures are Ag from the
conductive epoxy used in sample preparation. c¢) Defocused exposure re-processing of
the 100 pm pitch features, line arrays results in a uniform height profile as shown by d)
FESEM. Dotted lines mark where dewetted beads previously existed.

If, however, a smooth cross-section is desired, it is possible to re-melt and flow the
upper most layer of the unexposed area. Defocused reprocessing conditions led to an
annealing effect on the dewetted beads. Initially, beads measured 3.4 um in thickness.
As the beads melted, they recombined with each other by flowing over and combining
with the as-deposited section of film that connected them. In direct comparison to the
cross-sections in Figure 3.3b, the re-melted features in Figure 3.3d exhibit a uniform
cross-sectional height. White dash-lines demark the former locations of the raised,

dewetted features. Inspection of the re-processed features will show a decreased
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thickness in the former locations of the dewetted beads with a corresponding increase in
thickness in the former as-deposited area. Profilometry scans reveal that the 3.4 um
thick beads were melted and reflowed over the 1.6 ym connecting film-section to form

wide, relatively uniform lines that measured 2.6 um thick.

3.3.2.2 Analysis of Material Retention

Profilometry was used to establish an accounting of the material volume before and
after analysis and thus establish whether significant metal ablation occurred. Baseline is
taken as the film surface, with measurements above and below baseline accounted as
positive and negative respectively. Ideally, a process that conserves the material
completely would result in positive and negative volume measurements cancelling out
(Figure 3.4d). An isolated array of lines was scanned into a 1.6 um thick Bi film
deposited upon a par-C coated borosilicate glass slide. The par-C layer measured 25
pum thick. General lasing parameters for Bi were used. The entire array measured 2 mm
x 2 mm and had a line pitch of 100 ym. Using successive, adjacent profilometer scans,
a 3D model of the area was formed and analyzed. It was determined that a total of 4.52
X 10° um?® of material was displaced from the baseline. Of this volume, only 2.45 X 10*
um® or 0.5% of the displaced volume remains unaccounted for. This amount of
unaccounted material falls within the measurement error of the profilometer and
indicates minimal loss of the material into the vapor stream. Of note, the entire line array
featured in Figure 3.4 took only 0.316 seconds to complete, though much of this time is

spent on timing delays between marking and mirror-positioning steps.
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Figure 3.4: a) Optical and b) FESEM images of a self-contained line array measuring 2
mm x 2 mm. c) Profilometer scans were used to create a 3D height map of a dewetted
line array. d) Volumetric analysis performed on the data reveals a 0.7 % discrepancy
between the displaced positive and negative volumes, suggesting minimal material loss.

3.3.2.3 Back-Side Exposure

Choosing substrates with minimal absorption of NIR laser radiation allows for “back-
side” processing of the target by transmission of the laser through the substrate.
Minimal differences appear in the exposed areas of substrate created by front-side
dewetting when compared to back-side dewetted samples. Profilometry on each set of
samples reveals no significant difference in resulting cross-sectional thickness of the
dewetted materials. Measurements made under optical microscopy reveal a consistent
width of 30 um for the dewetted areas regardless of exposure side. There was no

considerable difference between the samples with respect to beam damage of the
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substrates, nor was there any need to adjust laser exposure settings. The role of gravity
in bismuth dewetting appears negligible at these length scales, as there was no
significant increase to the average height under back-side dewetting. Conversely,
gravity should play a much more significant role in the formation and shape of larger

accumulations.

3.3.2.4 Accumulated Structures

Because the target material, in this case bismuth, melts and dewets from the
substrate rather than ablating away, it can be directed and “pushed” into larger and
larger out of plane structures. Figure 3.5 presents a single line that was formed by
scanning the laser across the surface of a 1.6 ym Bi film deposited upon a par-C
covered surface. Pitch was set at 20 um. At such a small pitch, the dewetting metal
preferentially accumulated on the same side as the direction of advancing laser passes.
For this example an initial set of 18 lines were dewetted with the lines advancing left to
right. A second set of 18 lines were dewetted with the lines advancing from right to left.
The second set of lines was placed in such a position so that the end of the final line
would be positioned parallel to the end of the first set of lines. This caused the
accumulated metal to combine and form one thick structure. The formed structure was
itself a linear feature and measured 29.9 um high — nearly 1900% as thick as the original
1.6 um thick Bi film. With a width measurement of 56 um, the feature had an aspect

ratio of 0.53:1.
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Figure 3.5: Profilometry of a built structure using successive laser passes. The dotted
line provides a reference for the original height of the deposited film’s surface relative to
the substrate and is not a part of the measured profile.

Spiral dewetting of a 1.6 ym thick Bi film produced a single, large, near-spherical
accumulation in the center of the spiral. The spiral pattern began at a radius of 1 mm,
where every 360 degrees along the spiral path brought the laser spot 20 um closer to
the center. Marking along the spiral path stopped once the laser reached a radius of
150 ym. The resulting feature measured 79 um tall — a total 4900% thicker than the
original 1.6 um thick film. The diameter of the accumulation was measured at 160 um,
which gave an aspect ratio of 0.49:1. Total time for formation was 0.669 seconds. In
total, the spiral pattern had 42.5 full rotations of dewetting passes combined into one
large accumulation. Volumetric analysis was performed on this spiral dewet pattern.
Figure 3.6 shows the computed displaced volume as 9.6 X 10° um® with a total of 2.6 X
10° um?® of unaccounted negative volume. With only a 2.8% discrepancy, this indicates
that multiple laser exposure passes during the material “push” did not introduce
significant amounts of ablation. Tin was also found to dewet easily under a spiral
exposure. After laser exposure, the agglomerate at the center of the spiral measured

131 pm thick with a diameter of 200 um, which translates to an aspect ratio of 0.66:1and



85

a 8088% increase in thickness from the original 1.6 um thick film. Aspect ratios as high
as 1.00:1 have been achieved via spiral geometry, however, such features were

inconsistent in their adhesion and were prone to detachment from the substrate.
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Figure 3.6: Profilometry data on a built mound of dewetted material. Successive
passes constituted a spiral path. Scan data allowed for a) 2D and b) 3D height
measurement. c) Volumetric analysis reveals a 2.8% discrepancy between positive and

negative displaced material. d) FESEM tilted view of the dewetted mass confirming its
three dimensional shape.



86

3.3.3 Complex Dewetting Geometry

3.3.3.1 Periodic Shapes

The galvanometer scanner system allows for much more detailed and complex
patterning of the film. Measurements of the features formed from a 1.6 pm thick Bi film
revealed triangular dimensions of 70 ym x 70 ym by 100 ym. At the designed
dimensions, the features agglomerated together to make a continuous structure without
any residual as-deposited film visible (Figure 3.7a, 3.7b). The thickness of the features
was measured as 3.2 um from a 1.6 ym film. Each feature remains disconnected from
one another and exhibits very little variation in dimensions. Decreasing the feature size
may be achieved by lower intensity beams or smaller diameter beams, where the area of
high intensity laser energy is smaller than the current experimental setup. Additionally,
lasers that operate at shorter wavelengths could be used to achieve smaller spot

diameters than what is capable with the current laser.

3.3.3.2 Polygonal and Circular Accumulated Structures

Angles and corners could present a particular challenge for dewetting especially
when building structures in height. Three basic geometrical shapes, triangle, circle, and
square were fabricated and characterized. From a 1.6 uym bismuth film, features as high
as 17 ym and as low as 10 ym were dewetted (Figure 3.7c, 3.7d). All shapes were
formed with clean lines and excellent uniformity of width. An artifact from the geometry of
the multiple passes causes a variation in the accumulated height along the length of the

shapes parallel to the substrate. The highest areas of accumulation occur near vertices,
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as the laser passes needed to create them converge and gather a greater amount of
material than at the edges of the shape. In contrast, the circle remained consistent in
height throughout the length. In theory, these height irregularities could be resolved by
the aforementioned reflow technique where the material is exposed to low-intensity,

defocused laser radiation.
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Figure 3.7: a) Periodic triangular structures dewetted from bismuth deposited onto a
par-C covered glass slide. b) Triangular structures measured 70 ym x 70 ym x 100 pm.
Each pass of the beam left a spacing of 30 um of exposed par-C. c) Top-down view of
polygonal and circular built structures. d) Tilted FESEM scans illustrate the height
contrast between the deposited target film and the constructed features. e) An example
of a possible inter-digit electrode system. f) Only one pass of the beam was necessary
between each pair of electrode digits.
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3.3.3.3 Electrically Isolated IDE

A large IDE array with a set pitch of 110 ym was dewetted from a 1.6 ym Bi film on a
par-C coated borosilicate slide. The IDE had two electrode pads, each with 45 inter-
digits. At the set pitch, the inter-digits measured 80 um wide and had a space of 30 um
in between adjacent inter-digits and were used to explore the completeness of the
dewetting process by electrical isolation tests (Figure 3.7e, 3.7f). A two point resistance
test between the two electrode pads produces a resistance values exceeding the
gigaohm capacity of the ohmmeter. Such isolation despite the relatively large interface
length of each electrode pad indicates that each pass of the laser reliably initiates
dewetting of the Bi film and that the dewetting action occurs to completion with no
residual conductive material in the exposed space. Additionally, each electrode pad
exhibited electronic isolation from the surrounding as-deposited film.  For this example,
each inter-digit is constructed with only one pass of the beam, indicating that complete
dewetting occurs under the described general laser parameters. Alternative design
geometries may allow further increase of the spacing in between each inter-digit by

introducing additional laser passes between digits.

3.3.3.4 Complex Structures

To further evaluate the capabilities of the direct-write dewetting process two letters
were chosen for further exploration and to combine elements of the individual techniques
explored above. For the first letter — a capital “R” —a “push” approach was utilized. To
this end, nine successive passes of the laser with a pitch of 20 um were used to push

material from the 1.6 ym Bi film outside of the “R” to create the general shape of the
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letter. Nine passes from within the closed section of the “R” pushed material outward to
finish the shape of the letter. The second letter chosen was a “U” and was designed as
a small IDE. Each electrode pad boasted only two inter-digits — each curved to make
the body of the letter. Cross-sectional views of the constructed features highlight the
magnitude of the features in light of the deposited film. Despite the complex shape,
electronic isolation is maintained. The resistance values measured across the
electrodes exceeded the capacity of the gigaohm range of the ohmmeter, which
indicates that neither the shape of “pushed” structures nor the shape of IDEs have an
effect on the completeness of dewetting. Height values for the accumulated “R”
structure measured at 10 ym in most locations, but rose to 17 um in certain areas of the
letter, most notably in the serifs of the “R.” The “U” IDE exhibited typical heights for
beads created form a single laser pass and measured 3.2 uym high from the par-C

substrate (Figure 3.8).
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Figure 3.8: The complex shapes a) “R” and b) “U” are formed out of the target material.
The dotted line demarks the approximate location of the cross-sectional cut; (1) and (3)
identify the areas of accumulation; and (2) highlights an area of as-deposited bismuth.
c) Within the cross-sectional image, (1) and (3) exhibit the thick accumulation that was
created out of the thin film (2). d) Angled FESEM image of the dewetted features.

For reference, after preparing the target and drawing the scanner program, dewetting
the bismuth into the “R” and the “U” feature only took 0.66 and 0.23 seconds to
complete, respectively. While the general laser parameters for bismuth targets were
adequate for demonstration purposes, scan timings and laser operation may be further
optimized for faster through put of any particular geometry. This process easily lends

itself to integration into existing industrial processes as only a simple gas blanket is

needed to prevent oxidation and ensure proper dewetting of the target material.
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3.4 Discussion

This manuscript presents evidence that a new technique based on directed-
dewetting can result in rapid (ms) fabrication of complex metal features in and out of
plane with no residual material. The technique shows equal viability when laser energy
is transmitted through the substrate thus enabling scenarios where encapsulation can be
performed before structures are formed. Limitations to this technique depend on the
choice of substrate, laser, and target material. Inorganic substrates of appropriate
surface energies and absorption behavior will enable the application of this technique to
higher melting temperature metals such as Pt without substrate damage. More efficient
coupling of the laser energy to metallic films can be induced by the use of shorter
wavelength lasers; however, the higher energies of these lasers present additional
challenges to prevent selective ablation of material due to difference in intrinsic
absorption. The range of processing parameters conducive to directed-dewetting of
metallic films is narrow and is affected not only by the fundamental properties of the
target material, but also by the quality and size of the film itself. Alternative
methodologies such as surface modification are well known processes that can increase
laser absorption considerably and can also lead to significant modification of the
apparent surface energies. Feature size can be reduced considerably with the use of
finer spot sizes enabled by the use of shorter wavelength laser radiation. The use of
thinner films may allow smaller-scale features; however theoretical limits do exist and
will be discussed in a forthcoming manuscript.

While the technology introduced here is by no means perfected, such methods may
represent an alternative fabrication pathway for complex metal structures on flexible

substrates. In addition, the technique offers a unique additive pathway to form structures
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of considerable height from thin films without the waste of material and complex mask

formation.
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4 Direct-Write Dewetting of High Melting Temperature Metals on Flexible

Substrates

4.1 Introduction

Unlike traditional integrated circuit devices, MEMS and microfluidic devices
encompass a greater variety of physical designs and purposes. To enable the wide
range of designs, the patterning processes used in MEMS construction must be equally
as varied and versatile. A great deal of research has been conducted regarding the
dewetting of micro-, meso-, and nano-scale thin films because of technique’s potential to
create periodic and free-form film structures without the need for complicated deposition,
masking, and etching protocols. Along with the basic, randomized dewetting regimes
that exhibit thickness-dependent periodicities'™, a number of researchers have
conducted studies on methods to impose user-defined length scales and spatial ordering
to the dewetting events. Such imposed spatial ordering can be achieved via probe-
assisted perturbations®, stamp generated dewetting®®, pre-patterned surfaces®', and a
number of other methods.

Dewetting of a liquid film occurs when the spreading pressure of a film (as
determined by the surface tensions in the system) is overcome by the long range
intermolecular forces. The point at which a thin liquid film is may spontaneously dewet is
designated the critical height as shown in Equation 1, where A is the capillary length and
6. is the equilibrium contact angle of the liquid on the solid. In this regime, films may be
metastable or unstable."”” Dewetting proceeds via two mechanisms: nucleation and
growth of holes, or spinodal dewetting. The former case may be triggered by defects in

the substrate while the latter case is characterized by the increased amplitude of
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capillary waves within the film. Solid metallic thin films are metastable as well, especially
when deposited upon low surface energy substrates, but will often require additional
energetic input before dewetting is observed.  This can involve raising the system
temperature past the melting point of the metal; however, dewetting may be observed in
films while in the solid phase.'®'* Past studies have shown that dewetting of metallic

films can be induced by use of laser input from both defocused and focused sources.”"’

h, = 2sin 93/2 (1)

Singer, et al., recently demonstrated that focused 532 nm laser radiation can be
used in conjunction with an X-Y movement stage to create dewetted structures of
polystyrene films deposited upon silicon substrate.”®  Direct-write patterning and
structure formation of low melting temperature metal films on polymer substrates through
the use of a high speed scanning laser has been recently demonstrated by our group.
More specifically, bismuth and tin films deposited upon parylene-C (Par-C) coated glass
slides were patterned using a focused 1070 nm laser and high-speed galvanometer
scan system. During the irradiation process, the films experienced a localized dewetting
event that was initiated by melting and thermocapillary flow in the heated area. As the
laser heats the target area, a thermal gradient is formed beginning at the center of the
focal point and radiating outward. A concurrent and parallel surface tension gradient
forms in this area due to the variation of surface tension with temperature, which results
in an overall Marangoni flow away from the center and outward. Equation 2 details the
tangential thermocapillary force balance when a temperature gradient is present. The
process is diagramed by Figure 4.1, where the dewetting event is separated into three

main regions: heating, thermocapillary flow, and hole growth. Choice of laser
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wavelength, target material, and substrate material all play a large role in the viability of
this technique to effectively create dewetted structures without damaging the underlying
substrate. This is of particular importance when using polymer substrates with metal

targets since the melting point of the metal film is so high.

dy . 2 .a
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Figure 4.1: Mechanism for direct-write dewetting using focused NIR laser radiation

In the previous examples of thermocapillary dewetting of metals, the film targets
were characterized by relatively high absorptivity in the near-infrared range and melting
points comparable to the softening/degradation points of polymers such as
polytetrafluoroethylene (PTFE), polyimide (Pl), and parylene-C (Par-C). Many of these
polymers are used in the micro-electronics and MEMS industries for their mechanical

flexibility, high temperature thresholds, and their barrier properties®*#

. Bismuth, tin, and
their alloys are used in thin film configurations in similar applications such as sensors,
electrochemical cells, and micro-soldering. For applications that require a greater

degree of thermal conductivity, electrical conductivity, or heat resistance, it is more

practical to use thin film compositions involving transition metals such as nickel, gold,
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silver, or chromium. Therefore, it is advantageous to explore and develop alternative
processing techniques for patterning high melting point metals — especially for use on
polymer substrates. With a melting point of 1455°C, nickel's thermal, electrical, and
optical properties (Table 4.1) are typical of the Group VIIIB elements. Nickel thin films
have been used in sensors® and electrochemical cells?*, and have the property of being
relatively absorptive in the NIR range. Conversely, Group IB elements, such as silver,
are characterized by high reflectivity in the NIR range, while boasting the highest thermal
and electrical conductivities of the transition metals. To expand the capabilities of the
directed scan dewetting technique past bismuth and tin, both nickel and silver thin films
were created as the most challenging examples and subsequently patterned on polymer
Par-C substrates. The effects of the higher melting temperatures were investigated with
respect to any possible damage to the underlying substrate. Additionally, layered films
were studied as a means to enhance the effects of NIR laser radiation and bypass the

high reflectivity of the silver thin films.
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Table 4.1: List of relevant materials properties

Surface Inherent
M.P. Energy/Tension i Thermal Electrical
. 2 Absorptivity L e
Material [mJ/m“] at 1064 nm Conductivity Resistivity
°C]  Solid Liquid [%] [WAm*K)l [*m]
o [33]
Borosilicate 821 253.0 137 ) <3 138] 105 8x10°
Glass (soften)
Parylene-C 290 P4 19,684 - <15 B 0.082 1x10"
Polyimide 400 ) [35] 15
(Kapton) (soften) 53 <10 0.15 1.5x10
PTFE 327 20 ; <10 B 0.26 29! 1x10%%
(Teflon)
Bismuth 2118 guera g7g0 322 7.87 9 107 x10° 29
Tin 23[35‘]9 3 g1l 5012 542 66.6 2% 11.5 x10°8 [#°]
Nickel 1495 20808 1763%2 282 90.7 9! 6.93 x10°® 29
-8
Silver 962 %1 1086 P4 92012 <52 429 19 1'58[35]"10

a) Calculated from optical constants

4.2 Experimental

Pre-cleaned borosilicate glass microscope slides were coated with a 22 um thick
layer of par-C via CVD methods. These coated slides served as substrates for a
number of single and multi-layered metal films. Nickel fiims were sputtered at
thicknesses of 320 nm and 640 nm. Silver films were evaporated onto the described

substrates at a thickness of 405 nm. Multi-layered films were created by evaporating 45
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nm of bismuth onto 405 nm of silver. Additional multi-layered films were created by
sputtering 45 nm of nickel onto 405 nm of silver.

All film processing was conducted with an integrated laser processing system
consisting of a near-infrared (NIR) laser (SPI redPOWER R4-HS), an in-line camera
system (uEye GigE), a galvanometer-driven scanner (Scanlab IntelliSCAN 20) with an f-
theta telecentric lens (115 mm effective focal length) and a custom-made sample stage.
The sample stage allowed for manual adjustment of the z-axis as well as tilt-leveling
about the x- and y-axis. The telecentric optics ensured consistent laser intensity via a
flat focal plane. Laser exposure was conducted in both pulsed-mode and in continuous-
wave exposure, depending on the chemistry of the target film and substrate. While in
pulsed-mode, the laser ran at 10 W with pulse lengths of 2.5 us and an exposure
frequency of 100 kHz. The beam waist measured ~34 um in diameter under these
conditions as determined by Equation 3, where M? is the beam quality factor (< 1.1), & is
the wavelength (1070 nm), fis the effective focal length (115 mm), r; is beam radius as it

enters the lens (2.535 mm), and r; is the radius of the beam at the focal point.

22
ro = 2 3)

nri

With this beam spot, the processing parameters resulted in a pulse fluence of 2.75
Jicm?. At speeds of 0.2 m/s, the normalized scan energy was calculated to be 12.5 J
per meter scanned. Under continuous wave (CW) operation, scan speeds were
increased an order of magnitude to 2.0 m/s to compensate for the lack of cooling
between pulses. With an output power of 25 W, the normalized scan energy remained
12.5 J per meter scanned for CW operation, but retained higher laser intensities to

overcome high reflectivity barriers, such as the case for silver films. Layered films were
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dewetted with a laser power of 10 W and speeds of 1 m/s and 3 m/s, which resulted in

scan energies of 10 and 3.33 J per meter scanned respectively.

4.3 Results

4.3.1 Directed-Dewetting

A typical set of metallic lines fabricated from 640 nm nickel thin films on Par-C
substrates are pictured in Figure 4.2. 40 and 100 um pitch lengths were scanned into
the films revealing dewetted trenches and bordering ridges as a result of the movement
of the molten metal along the polymer surface. Associated profilometry scans of the two
sets of lines reveal the characteristic film-ridge-trench-ridge-film profile similar to that
observed in earlier studies focused on low melting temperature bismuth and tin films'®.
The low trenches represent the surface of Par-C exposed after laser induced dewetting
of the molten Ni. Morphology on the border of the trenches created by the displaced
material is, in large part, uniform; however, there are signs of decomposition of the ridge

into a series of beads.
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Figure 4.2: Arrays of dewetted ridges and profilometry data for pitch lengths of a) 100
um and b) 40 um. Optical micrographs have been aligned with the profiles for
comparison.

Three-dimensional maps (Figure 4.3) give evidence that the nickel melts and dewets
from the surface rather than experiencing an ablation event. Any “positive” volume
displaced above the baseline surface of the nickel film is compared to the “negative”
volume displaced below it. For the 100 um pitched array, only 6.1% of the negative
volume remained unaccounted for, suggesting that the vast majority of the nickel film is

conserved.

Volume Calculations

Negative Volume 1530008.00 um3 -
Positive Volume 1729035.88 um3 : .
Net Missing Volume -199027.88 um3
Total Displaced Volume 3259044.00 um3

Figure 4.3: 3D mapping of nickel linear array with a spacing of 100 um. Of the
accounted volume, 6.1% negative space remains unaccounted for.
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Cross-sectional samples of the lines are analyzed using field emission scanning
electron microscopy (FESEM) in Figure 4.4. The 100 um array reveals the true shape
of the nickel films after the dewetting action. Each FESEM image displays an area of
exposed substrate surrounded by an accumulation of material. The polymer substrate
takes on a dark contrast below the film features. The reader is directed back to Figure
4.1¢ for a general schematic of the created structure. Nickel films appear to undergo a
delamination event before melting. Thus, as the nickel melts and dewets away from the
center of the beam spot, the metal will solidify underneath a section of delaminated film,
rather than sitting on top. This is in sharp contrast to the morphology of other dewetting

thin film examples.'®?%

As the pitch is lowered to 40 um in Figure 4.4b, the
accumulation becomes symmetrical around the non-melted film to form a “dumbbell”
cross-section created out of two adjacent laser scans. Both cross-sections exhibit
porosity in the dewetted ridges. Such porosity is seen for both sets of linear arrays and
most likely arises from slight degradation or outgassing of the polymer at the interface.
An additional source may be present in impurities found at the surface of the parylene
that are vaporized during the dewetting. Indeed, the parylene may be preserved from the
intense heat of melting Ni by the presence of a thermally insulating gas, similar in
consequence as the Leidenfrost effect.”’ Indeed such an effect may be responsible for
the prior mentioned “delamination” of the film from the surface prior to melting.

Furthermore, the observed delamination of the dewetting Ni ensures that conduction

down into the polymer from the hottest processed areas is limited.
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Figure 4.4: Red color-enhanced, cross-sectional images of nickel dewetted arrays for
a) 100 um and b) 40 um pitched arrays. The conductive epoxy used to pot the samples
contained flakes of silver, which appear above and around the film structures.

Preservation of the underlying polymer substrate emerges as one of the major
hurdles in achieving well defined dewetted structures on metals deposited on polymer
substrates. This is especially true of metal films of high melting point since Par-C has a
relatively low degradation temperature of 290 °C compared to the 1455 °C melting point
of nickel; therefore, there is a large risk of substrate degradation during the dewetting
process. While optical micrographs do not show any apparent charring or degradation
within the exposed polymer, some deformation of the substrate surface may be
expected due to the polymer's thermoplastic behavior, and evidence of some
vaporization has been noted above. Profilometry scans on the 40 um pitched array

(Figure 4.2b) demonstrate deformation of the polymer surface as evidenced by a
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noticeable dip in the trench areas between the dewetted nickel ridges. The same sharp
dip in the parylene is observed in the cross-section of the same array (Figure 4.4b).
Similar deformations are not observed in the profiles of the 100 um pitched array (Figure
4.2a); however the small amounts of delamination near the dewetted ridge contribute to
the positive/negative volume discrepancy cited earlier. As the laser spot is scanned
across the surface of the nickel, a portion of the generated heat is transferred down to
the polymer substrate locally, but is dissipated by conduction into the bulk of the Par-C
and neighboring Ni film. In cases where the laser is scanned in tighter pitches, higher
concentrations of heat accumulate, which ultimately exposes the Par-C to higher peak
temperatures. Increasing the wait time between laser passes, or alternating scans may
provide a greater amount of cooling; however, a more effective solution would be to use
a power setting lower than the minimum allowed by the present laser system. These

effects of thermal transport could easily be modeled to optimize processes.
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Figure 4.5: Optical microscopy of Ag film on the Par-C polymer substrate. The laser
scan of the dewetted Par-C surface appears along the dark center with ridges of
dewetted metal along the edge. The beam was scanned in the direction of the arrow.
Dewetted silver ridges exhibit instability and degrade into discrete beads.

Exposing silver films in similar fashion lead to an equivalent melt and dewet event.
While silver has a relatively high melting point in relation to the Par-C substrate, these
films also exhibit higher inherent reflectivity (> 95%) at the incident laser wavelength
versus nickel (< 75 %). In addition Ag exhibits the highest thermal conductivity of all the
metals. To compensate, the laser operates in continuous wave mode at a power of 25
W, which delivers higher incident intensity on the target film. The intensity overcomes
the reflectivity and allows melting and dewetting to take place. High speed scanning
prevents destruction of the polymer substrate after the dewetting event, the result of
which is displayed in Figure 4.5. The beading seen along the trench’s bordering ridge is

indicative of instability within the ridge that grows before solidification of the film. Similar
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instabilities have been observed in the rims of dewetting polymer films and are
analogous to the Plateau-Rayleigh instability describing the break-up of columns of liquid
into individual drops.?**° In this scenario, the dewetted ridges may be modeled as half
of a column of liquid that experiences capillary fluctuations in the surface of the liquid.
As Choi and Newby pointed out in their investigations, the growth rate of the rim

instability can be described using Equation 4.

Ym
6Ro U]

(4)

Where yn, is the surface tension of the liquid, R, is the radius of the hole formed, and
4 is the viscosity of the liquid. From this, they were able to deduce a positive correlation
between the dynamic contact angle of the receding film and the growth rate of the
perturbations. Contact angles of the dewetted silver ridges range between 130° and
155°. This agrees with the high surface tension of silver as described in Table 4.1. A
similar Rayleigh analysis would suggest that the growth rate of perturbations within the
silver ridges is larger than the rate exhibited by bismuth or tin films deposited upon Par-
C." The large thermal conductivity of the silver may provide a secondary explanation.
As the beam travels, there exists a thermal gradient both perpendicular and parallel to
the direction of scanning. This trailing gradient is most pronounced in the silver, as the
heat quickly conducts throughout the unaffected film and solidifies behind the beam.
Such gradients have been observed and studied in macro scale, high-speed welding of

metal plates using laser with beam qualities on par with the current system.*'
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Volume Calculations o '\,"* \ Q\t\‘h':‘
Negative Volume 647103.94 um3 L ¢ ) & \
Positive Volume 702428.88 um3 \ y \ :
Net Missing Volume -55324.94 um3
Total Displaced Volume 1349532.75 um3

Figure 4.6: Accumulation of silver film ridges around laser exposed trenches.
Accounting of the displaced volume reveals 4.1% of the negative space remains
unaccounted.

Figure 4.7: Red color-enhanced, cross-sectional images of dewetted ridges of Ag for a)
100 um and b) 40 um pitched arrays.

Accounting of the volume displacement (Figure 4.6) reveals that only 4.1% of the
negatively displaced volume is left unaccounted but can be explained by small
shadowing effects created by the spherical accumulations that are observed along the
dewetted silver ridges as well as measurement variation of the profilometer. Cross
sections of the silver are presented in Figure 4.7. Unlike the previous film, the dewetted
ridges show no signs of porosity or underlying delamination. The absence of the pores

may be a result of the lowered melting point and higher thermal conductivity of the silver,
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thus reducing the heat load on the underlying substrate and eliminating any vaporization
at the metal-polymer interface. Furthermore, the increased thermal conductivity quickly
dissipates the high heat concentration at the exposure point, leading to less substrate
degradation. In similar fashion to the pure nickel films, there is no visible destruction of

the Par-C substrate — even in the face of much higher laser intensity.

Silver Epoxy
111« Ridge Metal Ridge " ey

C Parylene-C

Figure 4.8: Color enhanced, dewetted ridge profiles of 100 um pitched line arrays in a)
Bi-Ag and b) Ni-Ag layered target films. A diagram of the c) film structure has been
provided for clarity.
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Figure 4.9: Elemental maps created from multi-layered a) bismuth and b) silver films
compared to elemental maps created from multi-layered c) nickel and d) silver films.

To avoid the need for high intensity operation required by the poor absorption of the
Ag films to the laser energy, some silver films were coated with a 45 nm absorption layer
of bismuth or nickel to lower their reflectivity. Adsorption layers were kept to 10% of the
thickness of the base silver film. Line arrays with a pitch of 100 um were dewetted into
both types of layered films. Cross-sectional FESEM images can be seen in Figure 4.8.
Similarities can be seen between the two types of layered films. Ridge formations
appear to flatten and widen to a greater degree, but still exhibit larger cross-sectional
heights compared to the original film height. Using energy dispersive x-ray spectroscopy
(EDS), elemental maps of the metal films are conducted. Figure 4.9 displays top-down

views of both varieties of multi-layered films. For the Bi-Ag films, there is a clear bismuth
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deficiency alongside the trenches, within the ridges. Conversely, the Ni-Ag films show
no nickel deficiency near the exposed areas. This is explained via the difference in
melting temperature of the two absorption layers. Bismuth would tend to melt and
undergo thermocapillary action before the underlying silver melts. Additionally, some of
the bismuth may be vaporized, however, this is unlikely since a good deal of the heat
generated in the bismuth and conducted down into the underlying silver film. For the
nickel absorption layer, the underlying silver will tend to melt prior to any thermocapillary
action of the nickel. Thus, we expect movement of the silver film without mixing of the

nickel film.
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Figure 4.10: EDS maps of a,b,c) Bi-Ag layered films and d,e,f) Ni-Ag layered films.

EDS of the ridge cross-sections confirm our expectations where we see a general
mixing of Bi and Ag in Figure 4.10c, but significant phase segregation in Figure 4.10f,
where Ni is seen nearly encapsulating the delaminated Ag ridge structure. In both
cases, the absorption film was successful in lowering the 12.5 J/m scan line energy
required to dewet the highly reflective Ag films. Addition of the bismuth NIR absorption

film enables a decrease to 10 J/m while addition of a nickel NIR absorption film enables
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a decrease to 3.33 J/m. NIR absorption layers could enable 1070 nm processing of
other highly reflective metals such as gold, aluminum, or copper with minimal change in
base composition. Alternatively, the results suggest a coating of a high absorption film
with a near matching T, of the high reflectance film would be the most optimal.

The ridge profiles of the layered films exhibit low height to width aspect ratios on the
order of 0.2:1. Furthermore, the receding dynamic contact angles for the bismuth-silver
ridges vary between 66° and 120° depending on the level of delamination near the edge.
These ridges are highly irregular in height and are indicative of unequal melting and
solidification rates throughout the film. This may be a result of heterogeneous
absorption at the film surface from the existence of impurities or local defects in the
surface roughness. Such defects could also manifest as irregular heat conduction within
the bulk of the film during laser processing. To explore in more detail, a homogenizing
anneal step was carried out on a set of Bi-Ag films. Films were annealed at 250 °C for
two hours under a flowing Ar-gas environment, after which a line array with a 100 um
pitch was scanned into the film. The ridge morphology observed in the processed films
appeared much more uniform with lower instability growth rates (Figure 4.11a).
Variation in the receding contact angle reduced significantly to a narrow range between
40° and 45°. EDS mapping of the elements show a large amount of phase segregation
in the dewetted ridge, which indicates a change in the rate and direction of the cooling.
The reduction in the receding contact angle also reduces the growth rate of instabilities
in the ridge.”® Thus, such instabilities do not appear with the same frequency or
amplitude as observed in the un-annealed films. In summary, internal stresses and
defects that are present in the as-deposited film contribute in a significant manner to the
irregularities observed in the dewetted films. A short anneal improves the uniformity of

the film and the dewetted ridge significantly.
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Silver Bismuth

Figure 4.11: Pre-annealed Bi-Ag film under a) optical microscopy. Lines scans were
set at a 100 um pitch length. Cross-sections under b) FESEM imaging allowed for EDS
maps of c¢) silver and d) bismuth distribution.

4.3.2 Complex/Push Dewetting

Ultimately, the advantages of using the scan-system manifest in the ability to quickly
make complicated and free-form shapes. Inter-digit electrode pairs were patterned into
both single-layer sets of films. By measuring the resistivity between the two electrodes,
we are able to characterize the extent to which dewetting occurs as well as
demonstrating a moderately complex pattern design. Figure 4.12 presents an example
of such an IDE created in silver films. Two-wire resistance measurements on both sets

of IDEs generate values beyond the giga-ohm capabilities of the multi-meter. Therefore
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it is concluded that the dewetting action proceeds completely and does not leave any
percolated conductive metal or by-products in either type of IDE. The EDS maps
presented in Figure 4.9 also confirm the lack of any significant amount of residual metal
within the trench area. Lift-off of the Par-C from the glass slide backbone is carried out,
thus producing an IDE patterned onto a flexible, free-standing polymer as seen in Figure

4.12b.

Figure 4.12: An inter-digit electrode dewetted from a silver film deposited upon
parylene-C, imaged using a) FESEM. The IDE can be removed from the glass slide as
b,c) a flexible and free-standing film.
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Use of the scanner allowed successive, overlapping passes of the laser beam within
a single pattern. This type of scanning induces a build up along dewetting front edge.
Previous work on bismuth and tin thin films demonstrated that this build up can be
manipulated via different scanning geometries to produce structures many times thicker
than the original deposited film'®. Attempts to perform such “push” dewetting on nickel
films were realized but within certain limitations. Height measurements (Figure 4.13a)
demonstrate a preferential dewetting to one side of the exposure trenches, which
confirms that the dewetting material is indeed favoring the side of advancing exposure
scans. Figure 4.13b diagrams the scanning procedure, where three scans are carried
out with partial overlap in numerical order. A side effect of the pushing procedure
manifests as a smoothing of the slightly scalloped edge profile of the trench/ridge
interface. This is most pronounced in Figure 4.13b where the non-pushed edge
appears ragged, while the built up edge at the end of the dewetting front presents as

relatively smooth.
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Figure 4.13: Example of a push structure using nickel films on Par-C substrates as
seen via a) profilometry and b) FESEM. Successive, overlapping laser scans induce a
progressive and directional dewetting front in the nickel film that produces thicker,
smoother ridges without the need for additional depositions.
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4.4. Discussion

The results have shown that it is possible to extend the thermocapillary directed
dewetting technique beyond the previously demonstrated low melting point metals to
metals exhibit very high melting points and laser energy reflection. Despite the high
melting temperature of nickel and high reflectivity of silver, dewetted features are
possible under scanned, near-infrared laser heating. Use of a powerful laser with high-
beam quality remains essential for successful patterning as the Gaussian spatial
distribution of intensity drives the flow.

Herein, absorption layers are shown to decrease the need for such high average
power output for highly reflective films such as Ag; however, use of visible or ultraviolet
laser radiation may offer another avenue for approach. Silver experiences an increase
in theoretical absorptivity for wavelengths at the near-UV range to nearly 24% - a stark
difference from the < 5% observed in the near-IR range. Wavelengths in the mid-UV
range, such as those from a frequency quadrupled Nd:YAG laser (266 nm), are
absorbed at a theoretical 75% and therefore would not require the high average power
exerted by the current laser system. Shorter wavelength lasers would also allow for
smaller ultimate spot sizes and thus higher resolution features with more effective
dewetting on thinner films. One drawback to using a UV laser source may manifest in
the absorption properties of the polymer substrate. Parylene-C sees an increase in
absorption in the UV range and may experience destruction during laser exposure.
There are alternatives, however, such as polydimethylsiloxane (PDMS) or certain
polyvinylidene fluoride (PVDF) variations that will pass UV radiation to a higher degree,
but still have the benefit of exhibiting a low surface energy.

The use of a large surface energy differences between the target metal film and

polymer substrate allows the thermodynamically favorable dewetting to occur quickly
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once heated, but as observed in the plain Ni films, problems with adhesion may develop.
These adhesion problems were not observed in the other tested films to the same
extent, so it may be inferred that there exists a certain range of target/substrate surface
energy disparity beyond which dewetting becomes impractical. Modification of the
polymer surface to increase the surface energy prior to metal deposition may prove
useful in avoiding delamination while still allowing laser-directed dewetting. This
becomes especially important for flexible electronics that must withstand certain
amounts of strain and deformation without delamination of the constituent layers.

In summary, it has been demonstrated that high melting point, high reflectivity metals
may be dewetted into patterns via a scanning laser beam. High average powers are
used to quickly heat the target films to their melting point, after which the spatial variation
of the laser beam will induce a thermocapillary flow away from the center point of
exposure. Substrate destruction is avoided by using a polymer with high transmittance
at the laser operating wavelength. Metals with elevated reflectivity rates can be
patterned using high laser intensities or by depositing thin absorption layers. Annealing
procedures ensure that dewetted features are uniform with minimal instability growth.
Use of the scan system allows for complex shapes to be dewetted into the metallic
target layer which may be cut out to form stand-alone films on flexible substrates.
Resistance measurements ensure that a single pass of the laser leaves no connecting
conductive material in the exposed area, thus ensuring electrically isolated features.
Finally, by making partially overlapping passes, the dewetting high temperature metal is
able to be “pushed” in a directional manner, which gives rise to thicker features without

the need for additional deposition steps.
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5 Summary

We have shown that the meta-stability of thin metallic films can be exploited to great
effect, especially when using polymer substrates. This direct-write dewetting can be
used to accumulate material from a relatively large surface area of pre-deposited film to
build out-of-plane structures of different heights without having to deposit or remove
material. Geometries such as lines and hemispheres were built from surrounding
material and exhibited increases of up to 4900% in thickness when compared to the
original film. A number of contrasting and more complex pattern designs were created,
including an inter-digit electrode design exhibiting complete electronic isolation, shapes
and letters.

After the initial demonstration using Bi and Sn films, the explored technique was
expanded. Successful dewetting of high temperature films such as nickel and silver was
demonstrated. The limiting factor for dewetting these films seems to rest solely in the
metal/polymer interface. The consequences of this interaction are two-fold. In cases
where features are spaced apart and the spatial distribution of heat during processing is
less concentrated, the films may display a delamination event. While it is unclear
whether this event occurs prior or concurrent with the melting and dewetting, it is evident
that the delamination partially shields the underlying polymer from the greatest amounts
of conducting heat. For those processing regimes that have closely spaced features or
for films that exhibit good initial adhesion, heat build-up in the underlying polymer
substrate can lead to degradation and deformation of the polymer itself.

For processing films that require high intensity, heat build-up may be mitigated
through use of the scan system. Higher speed processing enables high power
dewetting of reflective films without the destruction of the sensitive polymer underneath.

Additives to the surface of the such films reduces the need for such high intensity,
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however, in-homogeneity of the films absorption and thermal conduction properties can
lead to the growth of instabilities during the liquid phase of processing. For silver films,
this can be mitigated by annealing steps that have the effect both of homogenizing the
thermal properties of the film and by lowering the film’s surface energy. Structures
created out of built up nickel seem feasible, but are limited by the thermal stability of the
substrates. Results suggest that small increases in feature height are possible through
the use of overlapping laser scans, but are limited in size and volume. The success of
this patterning technique is highly dependent on the manipulation of heat distributions

within the target and underlying supporting films.
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6 Future Work

This work represents the initial findings for a technique that has the potential

for significant impact in the development of flexible electrode devices. The next

steps in the development will most certainly deal in the optimization of processing

regimes as well as the expansion of the technique for use with different target

films, different substrate chemistries, and smaller length scales. A few areas of

development are listed here:

1.

Since the temperature distribution of the film stack remains the critical
processing variable in this technique it is imperative that proper modelling
and prediction is developed. A complete understanding in how processing
parameters, target chemistry, and processing environment interact with
regard to the thermal conduction of the films will allow future
demonstrations of this technique to create even more complex designs
with more rigid control over height.

Expansion of the possible film compositions may be carried out through
investigations of different laser sources and surface treatments. It has
been shown that most metals will absorb radiation with shorter
wavelengths more efficiently, which suggests that such lasers would

greatly expand the possible compositions used with this technique.

This work remains an initial demonstration of feasibility and looks to explore the

potential of this processing method for use in MEMS systems. In this respect,

pathways for improvement upon these methods may be as numerous as there

are types of micro systems.



