ABSTRACT

BACHMANN, ADAM LEE. Unconventional Laser Fabrication of Electronic Devices. (Under
the direction of Dr. Michael Dickey).

This dissertation addresses the use of lasers to pattern and manipulate metals and
polymers. Specifically, the careful control of laser settings allows conventional materials, like
flexible printed circuit boards, to be cut and folded to produce 3D structures while the directed
energy of a focused laser also promotes the localized transformation of insulating polymers into
conductive carbon traces. Chapter 1 begins as a brief introduction to the history of lasers and
provides a high-level view of multiple technologies and techniques that have been enabled by the
development of lasers with select highlights from analytical techniques, medicine, and laser
manufacturing. The use of lasers in rapid prototyping is then explored further in chapter 2 with a
particular emphasis on laser forming, the folding of materials in response to localized stresses
generated by laser heating. Chapter 3 presents an application of laser forming in electronics
manufacturing by demonstrating the successful laser cutting and laser bending of a flexible
printed circuit board. Chapter 4 demonstrates the laser carbonization of SU-8 patterns and
progress toward functional micromolding and soft lithography. Chapter 5 then provides a brief

outlook for the future of lasers in rapid prototyping and manufacturing.
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CHAPTER 1 A Brief History of Lasers

1.1 Laser Theory

Lasers are devices that can emit highly-focused, monochromatic light which has led to
their rapid adoption in many areas of science and technology.® The term laser is an acronym that
stands for “light amplification by stimulated emission of radiation” which operate by the
principle of stimulated emission which was first proposed by Einstein and demonstrated to be
thermodynamically consistent in 1917.2 In this pioneering work, Einstein considered how light

can interact with matter in one of three ways (Figure 1.1).
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Figure 1.1. Three ways that light can interact with matter by being absorbed (a) where a photon
with energy equal to the difference between two level excites the system from state 1 to state 2.
State 2 is higher in energy and so the system can drop back to state one by spontaneously
emitting a photon (b) with the energy of this photon equal to the energy difference between the
two states. When the system is in state 2, an incoming photon can stimulate the system (c) to
drop back to state 1 and emit a photon that is in-phase with the incident photon. This stimulated
emission process is essential to the successful operation of a laser.

The first process is absorption (Figure 1.1a) in which the energy of an incoming photon
is used to promote the system from one energy state to another, higher energy state. This process
only happens if the energy of the incoming photon is equal to the energy difference between the
two states; otherwise, absorption does not occur. Once in the higher energy state (E>), two

processes are possible, and both involve the system returning to the lower energy state (E1). First,

the system can spontaneously emit a photon (Figure 1.1b), dropping from E> down to Ej,



releasing a photon with the same energy as the difference between the two states in a random
direction in a random phase. The other option is for an incident photon to interact with the
system in E, stimulating the system to emit a photon (Figure 1.1c) and drop back to E;.

Of central importance to stimulated emission is that the stimulated photon has the same
phase and direction as the incident photon. Since the photon energy is dictated by the difference
in energy levels, the wavelength of laser light is very narrow. Taken together, these properties of
stimulated emission allow lasers to be focused to a very narrow beam that does not diverge
greatly over long distances.

In order to sustain lasing action, a population inversion needs to be established, that is,
the number of species in the higher energy state, E2, needs to be larger than the population in the
lower energy state, E1. In a simple two energy-level system, such inversion is impossible under
thermal equilibrium because, at best, the population in each level can equalize, but only in the
extreme limit as the temperature goes to infinity. Thus, sustained laser action requires at least a 3

energy-level system, though many of the common laser systems are 4 level systems.
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Figure 1.2. The energy level diagram showing the transitions for the ruby laser, the Nd:YAG
laser, and the CO. laser. The ruby laser (a) is a three energy-level system and relies on electronic
transitions of the Cr3* dopant in the a-alumina matrix to provide sustained lasing action in the
visible region. The Nd:YAG laser (b) is similar to the ruby laser, relying on the electronic
transitions of a dopant, Nd®*, in a solid matrix of YAG, yttrium aluminum garnet. The Nd:YAG
laser, however, is a four energy-level system emitting in the near infrared. Another four energy-
level system laser is the CO- laser (c) which relies on vibrational, rather than electronic,
transitions between the asymmetric stretch (0 0 °1) and the symmetric stretch (1 0 °0) to sustain
lasing action. As vibrational transitions are much lower in energy than electronic transitions, the
CO2 laser emits in the mid infrared.



The first laser was built in 1960° and relied on a three energy-level system (Figure 1.2a)
using ruby, chromium-doped aluminum oxide, as the gain medium, the material that undergoes
stimulated emission leading to a gain in the number of photons leaving the laser cavity.
Sufficient energy is supplied to the ruby crystal to pump the system from the *A; electronic
ground state to the excited *F, state. The system then undergoes a non-radiative decay down to
the 2E state. Since the ground state can be continuously pumped to the “F excited state without
impacting the °E state, a population inversion between the °E excited state and the “A, ground
state. The energy of this transition is 694.3 nm, the wavelength of the ruby laser.

With this demonstration, the development of new lasers took off with two more lasers
being demonstrated in 1960, the uranium-doped calcium fluoride* and the samarium-doped
calcium fluoride,® but both required cryogenic cooling so they soon were abandoned as more
lasers were demonstrated. The first continuous-wave laser was reported in 19618 with multiple
laser lines being observed in the near-infrared region. Soon after, the first laser diode in was
reported in 1962.” Two years later, in 1964, saw the report of two of the most common lasers in
use today, the Nd:YAG? (neodymium-doped yttrium aluminum garnet) and the CO; laser.®

Like the ruby laser, the Nd:YAG laser relies on electronic transitions to generate a
population inversion, but is a four-level laser system (Figure 1.2b). An electron is excited from
the ground state, *lgr2, to the top excited state “Fs/. This top excited state then decays to the *Fsp
state, establishing a population inversion relative to the #l112. The fundamental laser transition of
the Nd:YAG laser is between the *Fa, state and the *l11/2, emitting at 1064 nm.

The other common four-level laser system is the CO: laser, but unlike the Nd:YAG laser,
the COz laser relies on vibrational transitions, causing the laser to emit in the mid-infrared region

at 10.6 um. Despite being called a CO2 laser, modern lasers use a gain medium consisting of a



gas mixture of CO2, N2, and He.1? The helium is used to dissipate heat in the system from non-
radiative transitions while the nitrogen is used to improve the efficiency of establishing a
population inversion (Figure 1.2c). The nitrogen is excited from its ground vibrational state v=0
to the excited v=1 state. This vibrational mode is close in energy to the asymmetric stretch of
CO2 so when the excited N2 molecule collides with a CO2 molecule, the energy can be
transferred to the CO2 molecule. The population inversion is then established between the
asymmetric stretch and the symmetric stretch which is the main transition for the CO; laser. The
CO2 molecules are then returned to the ground vibrational state by colliding with helium. The
CO2-N2-He system enabled high-power continuous-wave laser output which has made the CO>
laser exceedingly popular.

Efficient laser processing requires the laser light to overlap with absorption bands in the
materials being processed. This need for more laser wavelengths led to rapid development of
new laser systems in the 1960s with each emitting at their own wavelength. New laser systems,
however, were not the only way to produce new laser wavelengths. The large electric fields
generated by the lasers enabled scientists to study very-weak, non-linear optical effects. In 1961
scientists used a ruby laser to demonstrate second-harmonic generation.!* Second-harmonic
generation (SHG) is a special case of sum-frequency generation in which two incident photons
combine to form a single photon with a frequency that is the sum of the two incident photons. By
shining the intense light of a ruby laser (A =694 nm) through a quartz crystal, they were able to
produce a laser beam at half the wavelength of the incident beam, A = 347 nm.

As a second-order effect, SHG is not observed in every material as it requires some
anisotropy, usually a lack of an inversion center in the crystal structure.? Furthermore, to

produce a strong SHG signal, the frequency doubled light should be phase-matched to the



incident light to prevent destructive interference. This phase-matching criteria is essentially the
conservation of momentum applied to the optical process and provides further restrictions on the
SHG crystal. The refractive index of a material is generally dispersive, that is, a function of the
wavelength of the light. The phase-matching condition says that the refractive index of the SHG
crystal must be the same for the both the frequency-doubled laser and the fundamental laser.*®
Once satisfied, SHG enables new laser wavelengths using an existing gain medium, such as
green (A = 532 nm) laser pointers from frequency-doubled Nd:YAG lasers (A = 1064 nm). As
SHG does not occur with 100% efficiency, it is important to isolate the frequency-doubled beam
from the fundamental beam to avoid potential laser exposure, especially when frequency-
doubling invisible (IR) lasers.'*

The rapid development and proliferation of laser technology has led to numerous
fundamental discoveries culminating in Nobel Prizes.™® Lasers have also enabled advances in
analytical techniques, medicine, and manufacturing with the ability to focus the high-intensity
radiation of a laser critical to these advances.

1.2 Laser-Based Analytical Techniques

Numerous laser-based analytical techniques have been developed with many of them
being spectroscopic technigues. Raman spectroscopy, and its many variations, uses a laser to
probe molecular vibrations that are often not seen, or very weak in infrared spectroscopy.¢*8
Laser-induced breakdown spectroscopy (LIBS) uses a highly-focused, short-pulse laser to
generate a plasma near the surface of a material, providing elemental information of the sample
being studied.!® Depending on the wavelength, lasers can induce fluorescence?® which is useful
for quantifying pollutants®* and studying biological systems using confocal microscopy.?? Lasers

are also used in mass spectrometry in a technique called MALDI, matrix-assisted laser



desorption/ionization, which is used to generate ions in the gas-phase with minimal
fragmentation.?® The MALDI technique enables large molecules and proteins to be analyzed
using mass spectrometry, even from agqueous solutions.?
1.3 Laser Medicine

All these laser-based techniques require appropriate safety precautions because the laser
is also capable of interacting with the various tissues of the human body, causing severe damage.
This laser-tissue interaction is the basis for many useful applications of lasers in medicine,?® with
one of the most known applications being corrective eye surgery.?® While not as well-known in
the public, lasers have been used in surgery?’ and to treat tumors?® almost since the first
demonstration of the laser. Continued development has expanded the use of lasers in both these
areas.?®0 Lasers have seen use in cosmetic procedures such as laser tattoo removal®! and laser
hair removal.*
1.4 Lasers in Manufacturing

Of present interest is the use of lasers to synthesize, modify, and pattern hard and soft
materials to produce structural, optical, electrical, and opto-electrical devices. The unique

features of lasers enable many techniques to accomplish this goal, as summarized in Table 1.1.



Table 1.1 Summary of Laser Manufacturing Techniques

Technique

Photolithography

Laser Chemical
Vapor Deposition

(LCVD)

Laser-Induced
Forward Transfer

(LIFT)

Materials
Light-sensitive
polymers and

photomasks

Gaseous precursors
of metals and

ceramics

Metals and
semiconductors on

sacrificial layers

Process Summary
Short-wavelength
light changes
polymer solubility to
selectively expose the
substrate to further
processing.
Lasers locally heat a
substrate, enhancing
the deposition

reaction.

Laser ablation
propels the material
from the sacrificial

substrate to the

receiving one

Limitations
Small (nm) features
require expensive short
wavelength lasers and

cleanrooms.

Precursors tend to be
hazardous and require
high-vacuum
techniques. Not
compatible with soft
substrates.
Complex oxides and
materials show reduced
quality. Deposited films
tend to be porous.

Microscale resolution.




Table 1.1 (continued).

Selective Laser

Sintering (SLS)

Two-Photon
Polymerization

(2PP)

Laser

Cutting/Drilling

Powdered metals,
polymers and

ceramics

Photopolymerizable
resin transparent to
fundamental laser

wavelength

Metals, ceramics,

polymers, and glass

A laser is scanned

over the powder bed,
merging the particles.
A new powder layer

is then deposited, and

3D structures are
built layer-by-layer.
Two photons are
simultaneously
absorbed to
polymerize a small
volume (voxel).
Scanning the laser
builds 3D structures
High-power lasers
ablate (polymers) or
vaporize (metals,
glass, and ceramics)

material.

Control of

microstructure remains

challenging. Parts often

have reduced

mechanical properties

compared to bulk

materials.

Highly focused, ultra-

short (fs) pulse lasers

are needed since the

two-photon absorption

cross-section is

exceedingly small (~10

%0 cm* s photon™®)

Process gasses need to

remove melted
materials with high

boiling points.

Caution should be taken

when working with kW

lasers.




Table 1.1 (continued).

Laser Forming Metals, ceramics, Laser absorption Niche technique so
polymers, and glass  generates localized limited experimental

heating to produce  studies. Thin substrates

out-of-plane folding.  cut easily. Sensitive to
Bidirectional folding clamping conditions

IS possible. and edge effects.

Modern electronic devices rely on integrated circuits (ICs) that are commonly patterned
using photolithography.* Photolithography is the use of light to pattern thin films of photoresists
to selectively expose areas to further processing. Current industrial production of ICs relies on
exciplex, which stands for excited complex, lasers such as krypton fluoride or argon fluoride
which emit at 248 nm and 193 nm, respectively. The use of shorter wavelength lasers enables
smaller features to be patterned and has helped contribute to the near doubling of transistor
density every couple of years—a phenomenon known as Moore’s law. Continued progress relies
on switching to extreme ultraviolet (EUV) lithography which uses lasers to produce plasmas that
emit light at 13.5 nm.* The fine features in the photoresist are then used to control where the
metals or semiconductors are deposited in one step while another photolithography step can
selectively expose a different region to etching allowing complex circuits to be designed with
nearly nanometer feature sizes.

Another method to pattern these semiconductors is to directly deposit them where desired
in a series of techniques known as direct writing.3* The tight focusing of a laser beam enables a
variety of techniques such as laser chemical vapor deposition (LCVD),* laser-induced forward

transfer (LIFT),3%3" and even 3D printing®3%, among others. During normal CVD, a heated



substrate is exposed to a gaseous precursor which decomposes when it contacts the substrate.
LCVD uses a laser to induce localized heating, so the decomposition reaction only occurs
locally, and a thin film is deposited. As the laser is scanned over the substrate, a patterned film
can be deposited over a large area. This process works well for substrates that can withstand high
temperatures, such as silicon wafers or sapphire. As the desire for flexible electronics has grown,
the preferred substrates are more susceptible to thermal damage so new techniques need to be
used.

Laser-induced forward transfer (LIFT) separates the thin film formation from the laser
patterning step allowing high-quality materials and films to be prepared using standard
techniques on conventional substrates. The unpatterned film is then exposed to a pulsed laser
beam which generates enough force locally to propel the film onto a receiving substrate. LIFT
has generally been used for the submicron patterning of simple metal films, but modifications to
the procedure have expanded the films that have been patterned on the receiving substrate,*’
though improvements still need to be made to match the films produced by lithographic
processes. The LIFT process can be repeated to build up 3D features, though the thickness of a
given layer is small compared to other additive manufacturing techniques.

Lasers are receiving the spotlight in additive manufacturing as the directed energy is
capable of manufacturing 3D objects from both hard and soft materials. Metals and other hard
materials are 3D printed using a technique called selective laser sintering® that scans a laser over
a bed of powdered material. The laser-induced heating locally merges the particles to produce a
single layer. Fresh power is deposited over the sintered layer, at which point the process is
repeated to build up a 3D object, layer by layer. Selective laser sintering is principally used for

3D printing metals, but control of laser settings also allows 3D printing of more thermally

10



sensitive powders such as powdered medicines.*® The photothermal sintering of particles is not
the only use of lasers in additive manufacturing as short wavelength light is capable of directly
inducing photopolymerization.

Photopolymerization in 3D printing uses light, typically UV, to excite a photoinitiator
that causes the exposed area to rapidly polymerize, but the low penetration depth of UV photons
results in slow printing speeds.** Micrometer scale resolution is easily achievable using standard
light sources, but lasers enable a pronounced reduction in feature size by taking advantage of
two-photon polymerization. As the name implies, two-photon polymerization (2PP) requires two
photons, each at least half the energy required for the photoinitiation, to interact with the 3D
printing resin at the same time.*? Successful 2PP uses a highly-focused femtosecond laser to
generate sufficient photon density in the polymerizable resin.® When the two photons interact
with the resin, they rapidly polymerize a voxel (the 3D volumetric pixel) that is an order of
magnitude smaller than the fundamental laser wavelength, producing structures with sub-100 nm
resolution which are useful in optical devices.*

There remain many advanced laser-based patterning or processing techniques such as
optical tweezers* or holography,*¢ but lasers find much utility in more industrial settings as a
valuable tool in manufacturing. Lasers are often used as extremely precise tools capable of
drilling and cutting a wide variety of materials, like metals*”-® and polymers.>® The high-power
laser is absorbed by the material and rapidly heated. Soft materials like polymers tend to ablate
while hard materials like metals will melt and the molten material is removed via plasma
formation or a jet of compressed gas.*® At lower powers, laser ablation is minimized, so the same
laser systems can be used for cladding,>>%? laser welding,* and laser marking.>*% The ability to

induce surface coloration by laser-induced oxidation®®°” suggests that lasers can also be used as a
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post-processing tool in a manufacturing environment. All these processes rely on photothermal
conversion of the laser light to produce the desired effect, allowing the laser to be thought of as a
highly focused heat source. This observation led to people speculating that lasers could be used
to replace oxyacetylene torches.

One niche application of oxyacetylene torches is line heating which uses brief, localized
heating to produce bending in metal sheets and was embraced by the shipbuilding industry as a
flexible manufacturing technique for the production of ship hulls.%® Line heating normally
requires skilled craftsmen to carefully deliver the correct amount of heat in the correct location to
produce the desired bend. Replacing the oxyacetylene torch with a laser enables more precise
delivery of heat and automated control. This new technique, laser forming, has attracted recent
attention as a new rapid prototyping technology®*®° because the controlled bending produces 3D
structures from metal sheets. This technique will be discussed in more detail in chapter 2.

1.5 Motivation for Thesis

The goal of this this thesis is to expand the use of lasers, specifically for fabricating
electronic devices. This goal is accomplished in two ways: by using lasers to compliment
conventional fabrication techniques and extend them for prototyping 3D electronics and using
lasers to locally carbonize polymers for direct-writing circuits in insulators.

More specifically, flexible printed circuit boards were identified as a potential substrate
for laser forming. Printed circuit board technology is industrially mature but is limited to two
dimensions. Laser forming uses photothermal stresses from a scanned laser beam to fold
materials out-of-plane. By combining flexible printed circuit boards with laser forming, 3D
electronics could be rapidly prototyped, especially thin shell structures such as antennas which

would be difficult to produce with any other technology.
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Recent reports demonstrated that lasers can carbonize the surface layers of certain
polymers to produce a porous graphene film called laser-induced graphene (LI1G).5%? SU-8 was
identified as a new candidate for LIG owing to its high thermal stability and its extensive use in
microelectromechanical systems (MEMS)®® and micromolding.®* The LIG process on SU-8 was
studied and the carbonized films were successfully transferred to silicone elastomers
demonstrating functional micromolding—conductive elements and microchannels produced in

elastomers in a single step.
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Abstract

Lasers can be used to bend 2D metal sheets into complex 3D objects in a process called
‘laser forming.” Laser forming bends metal sheets by locally heating the sheets to generate
plastic strains and is an established metal bending technology in the shipbuilding industry.
Recent studies have investigated the laser forming of thin metal parts as a complementary rapid

prototyping technology to metal 3D printing. This review discusses the laser forming process,

beginning with the mechanisms before covering various design considerations. Laser forming for

the rapid manufacturing of metal parts is then reviewed, including the recent advances in process

planning before highlighting promising future research directions.
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2.1 Introduction

Fabricating complex 3D structures is a difficult task as many materials and processes are
inherently 2D. Flat structures need to be carefully assembled to produce the desired 3D shape,
whether a ship, an automobile, or a solar array. One of the oldest ways to produce 3D structures
from flat objects is origami, the Japanese art of paper folding.™? Origami principles can apply to
other sheets of material, often with the goal of assembling the final 3D structure far from the
point of production of the 2D pattern.>->

Researchers have developed algorithms to achieve complex 3D shapes from 2D fold
patterns.® These algorithms are not limited to paper, although the algorithms typically neglect the
effect of substrate thickness and thus work best on materials that are thin and inextensible, like
paper. Oftentimes, the desired structures need to be made of materials that have a non-negligible
thickness.”® Folding rigid materials is typically done by attaching rigid facets with compliant
hinges,® but this places restrictions on what can be produced, a term called rigid foldability.°
One of the most common rigid folding patterns is the Miura-ora pattern (Figure 2.1a & 2.1b) as
it allows large area structures to be compactly stored before deployment, which is valuable for
space applications.>"12 In many applications, actuation (folding) is done manually (Figure
2.1c & 2.1d);*® however, researchers are exploring ways to create hinges that fold in response to
external stimuli (e.g. light, electricity, heat, moisture), allowing for self-folding (Figure
2_16)_3,14717

Origami is not the only means available for manufacturing custom 3D parts and
prototypes. Prototyping is critical to the product design cycle, so a slew of technologies have
been developed to speed up this process. Rapid prototyping covers a wide range of technologies

that allow computer aided design (CAD) files to be translated into objects such as
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stereolithography, laminated object manufacturing, and 3D printing, with the latter being one of
the most popular.'® 3D printing is a popular technology that additively builds objects through the
layered deposition of material.1>2° 3D printing allows highly customized metal parts to be
fabricated with minimal waste (Figure 2.1f), making it an attractive technology for ‘mass
customization.” 2! Many metal 3D printing methods use a focused energy beam (laser or electron
beam) to fuse metal powders together, building the part layer by layer, but the process is long
and has a limited build volume?°?223 and metal 3D printers are also relatively expensive (on the
order of hundreds of thousands of dollars for a commercial printer).? The unfused powder acts a
support, allowing pieces to be built with moderate overhangs, but sharp bends remain
challenging?® as well as thin shells.?* Origami folding, which allows rapid and cheap creation of
3D shells of material, is therefore an important complementary technology well-suited for many
devices such as antennas, waveguides and other systems that rely on thin layers of metal. Thin
metal sheets are easy to bend, and overhangs can be generated with almost any degree of bend
angle, enabling the production of complex shapes with simple folds and cuts (Figure 2.19).
Successful metal origami requires precise control over the bending of the sheets of metal.
There are multiple ways to bend metal, the most common methods use expensive equipment
such as press brakes (Figure 2.2a), or roll formers (Figure 2.2b).2>2" Press brakes involves
placing the sheet metal over a shaped die and then applying intense mechanical pressure to force
the metal into the die. Roll forming involves the gradual bending of the sheet metal by passing
through successively narrower rollers. Both processes rely on mechanically deforming the sheet
which leads to a spring-back effect that causes the final bend angle to differ from the dies and
rollers, as a result of residual elastic strains after the mechanical pressure is removed.?®3! Proper

control for spring-break often involves extensive testing of how the brakes and substrates
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interact.?® A change of design shape or material means this testing would need to be repeated,

making this a poor choice for rapid prototyping.

(e) _ Crank Arm
* Pin

4 JeaRal) = =

Figure 2.1. Complex 3D origami requires fold patterns such as the Miura-ori which compresses
a (a) large sheet in the unfolded sheet into a (b) compact folded state.! Copyright SAGE
publications, 2016. Origami principles can be used to produce complex structures. A (c) folded
MEMS structure becomes a (d) scale replica of the Wright flyer once the unfolding is
complete.®* © 10P Publishing. Reproduced with permission. All rights reserved. Self-folding (e)
has been used to produce crawling robots from flat sheets.® Reprinted with permission from
AAAS. Rapid prototyping of metallic 3D structures can be done with (f) 3D printing®. Reprinted
with permission from Springer Nature, copyright 2017. Metal products can also be formed by the
() laser forming of sheet metal.3®. Reproduced with permission from Emerald Publishing,
copyright 1997.
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Another method of metal bending involves thermal stress-induced bending called line
heating.3* Line heating uses a gas torch to carefully heat a piece of metal followed by cooling the
part rapidly in water to generate plastic strains that bend the metal. This process, unlike press
break forming, is highly labor intensive. Line heating also depends on the craftsmanship of the
bender since the gas torch is a diffuse heat source, which can lead to large heat-affected zones
and degraded material properties.®® Aiming to automate this process, researchers suggested
replacing the skill of a bender and flame torches with the highly controllable heat of a laser.*®
The process is similar to line forming, but uses lasers to localize the heating. Thus, these early
researchers called this process ‘laser forming’.3:%/

Laser forming is defined as the use of a laser beam to locally heat and introduce thermal
stresses to plastically deform a work piece.® The interaction of a laser beam and a substrate
generates localized thermal gradients (Figure 2.2¢)%-%" that cause unequal material expansions.
The thermal expansions generate stresses large enough to cause the heated material to yield,
generating plastic response stresses.®*% As the piece cools, the scanned area returns to its normal
size and stops straining the surrounding material, but the compressive stresses remain leading to
a permanent deformation in the substrate without a spring-back effect.®” Laser forming consists
of several related mechanisms, and is most commonly used for bending but can also be used for
shortening/adjusting a work piece.*4?

While this review uses the term “laser forming” for thermal metal forming processes, as
accepted in the related research community, we want to address potential confusion in
terminology. Another technique also used for laser bending is laser peen forming (also known as
laser shock forming). In laser peen forming (Figure 2.2d), a short-pulsed laser is focused on a

sacrificial coating on top of the workpiece.** When the coating ablates, it generates a plasma
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plume that attempts to expand in all directions.*® The laser peen forming setup confines this
expanding plume, usually with a layer of water, and redirects this energy as a shockwave into the
workpiece leading to bending.*® This process is entirely mechanical and thus susceptible to the
similar drawbacks of more conventional fabrication. A recent review of the field can be found
elsewhere** and this approach will not be covered further here. The term ‘laser forming’ has also
been used by researchers in reference to other technologies based on producing (i.e. forming) a
material with a laser, including powder bed fusion,* or laser metal cladding (Figure 2.2¢e).4¢
Both techniques use a laser to selectively heat metal powders, causing them to coalesce, but

‘laser forming’ is not the preferred terminology in those fields.
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Figure 2.2. Common metal forming techniques include (a) press brake forming?’ over dies to
produce sharp bends. Brittle materials, such as titanium, require a preheating step to exceed the
ductile-brittle transition temperature so they can be bent without breaking. Reprinted with
permission of Elsevier, copyright 2000. Long sheets of metal can be (b) roll formed®! to generate
pieces with a constant cross-section. Reprinted with permission of Elsevier, copyright 2000.
Laser forming is term that is commonly used to describe many processes but is used in this
review to refer to (c) the process by which a laser-induced thermal gradient generates plastic
stresses in a workpiece that leads to a permanent deformation.*” Reprinted with permission of
Elsevier, copyright 2016 Some other process that are sometimes (erroneously) referred to as laser
forming include (d) laser peen (shock) forming** where a laser-induced shockwave mechanically
deforms a workpiece. Reprinted with permission of Elsevier, copyright 2018. Some author have
also used laser forming to describe (e) laser metal cladding.*®. Reprinted with permission of
Taylor & Francis, copyright 2000.

Laser forming was first developed in the 1980s,% and much of the early research was
focused on understanding the complex interaction between the laser and the material properties
with a goal of developing formulas that can accurately predict the final bend angle. 34849 A

number of studies now exist on modelling of laser forming, including a notable review, so we
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refrain from focusing on these research efforts here. Instead, we aim to survey laser forming as a
rapid prototyping strategy for developing 3D structures from flat substrates. The most recent
review focusing on the manufacturing applications of laser forming is almost two decades old,*
and there have been many advances in the field since then.

This review of laser forming begins with a discussion of the three dominant sub-
mechanisms of laser forming before discussing how to select appropriate process parameters to
achieve a desired bend shape. We then survey the application space of laser forming, from larger
scale fabrication to smaller scale rapid prototyping and adjustment before providing an outlook
on current challenges and unresolved problems in the field.

2.2 Laser Forming Mechanisms

Laser forming is a relatively broad term that refers to the plastic deformation of a
workpiece resulting from laser-induced thermal stresses. From experimental studies and finite
element modelling of laser forming, three main sub-mechanisms have been identified for
understanding laser forming: the temperature gradient mechanism (TGM), the buckling
mechanism (BM), and the upsetting (shortening) mechanism, (UM).36-3 All three mechanisms
arise from plastic strains generated in the work piece as a result of the absorbed laser energy, but
the dominance of one mechanism over the others depends on how that energy propagates in the
work piece.®* This energy propagation depends on the workpiece geometry and the lasing
parameters.

2.2.1 Temperature Gradient Mechanism (TGM)

The temperature gradient mechanism is dominant when a thermal gradient is generated

through the thickness of the work piece through laser heating.®” This vertical gradient is

achieved with a higher laser scan speed and a thicker substrate (or a thinner substrate with
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relatively poor thermal conductivity).>? The thickness of the material in the TGM case is
typically on the order of the laser beam diameter.53** For example, researcher laser formed
sheets between 0.5 mm and 4 mm thick using a laser with beam diameter of 5.2 mm travelling at
1.5 m/min.>? Once the laser energy is absorbed by the surface of the metal, the temperature rises
rapidly (Figure 2.3a). In most materials, the hotter areas expand, generating stresses on the
cooler sections.* As the top of the workpiece is much hotter than the bottom, the top of the
workpiece expands more than the bottom, leading to a small counter-bend (Figure 2.3b) away
from the laser.3°2 At these high temperatures, the mechanical properties, such as the Young’s
modulus, drop precipitously.>® At these elevated temperatures, the thermal expansion stresses
exceed the flow stress which means the thermal stresses are large enough to maintain plastic
deformation.¢3°4° The work piece surrounding the thermally expanded portion is stiff and
resists the expansion by exerting an equal compressive force.> Initially, the material bends
away from the laser (the counter-bend) and is a consequence of the thermal expansion combined
with the decreased yield stress of metals at higher temperatures.®® Once the piece has time to
cool, the material scanned by the laser returns to its normal volume, but the compressive stresses
remain in the piece. Consequently, the laser scanned volume is under compression causing the
work piece to develop a final bend angle, 0, toward the laser (Figure 2.3¢).3%0 At the cooler
temperatures, the mechanical properties return to their higher values which prevents the
formation of new plastic stresses and so this bend angle is permanent.3525% The TGM

mechanism, therefore, always results in a bend toward the laser source.
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Workpiece

Figure 2.3. Schematic of the temperature gradient mechanism during the immediate laser
exposure (a) showing the thermal gradient established through the thickness of the substrate
while (b) the thermal expansion causes a counter-bend that also generates plastic, compressive
strains. After the laser has passed and the area locally cools (c) the compressive forces remain,
causing the substrate the bend toward the laser and generating a bend angle, 6.

2.2.2 Buckling Mechanism (BM)

The buckling mechanism also relies on a thermal gradient, but in this mechanism, the
work piece is either thinner or has a high thermal conductivity relative to the laser scan speed.*
The first report of laser forming using the buckling mechanism used a laser beam with a diameter
of .12 mm traveling at 5 mm/s to laser form 0.1 mm thick steel foils. > In this case, there is
essentially no temperature gradient through the thickness of the substrate, but rather, the thermal
gradient spreads outward from the scan line (Figure 2.4a).>” This means the resulting
compressive forces are pushing against each other, generating a buckling instability (Figure
2.4b).%" Consequently, the work piece can bend either toward or away from the laser (Figure
2.4¢).>" As an instability, the bending direction should be random, but this assumes the sheet has
no residual stresses prior to laser forming.” Commercially available materials have a complex
internal stress state because of the hot and cold working that the sheet experiences during
manufacturing, and this stress state determines the buckling direction.%® Complete knowledge of
this stress state would allow the bending direction to be predicted®” 8, though this is usually
unknown. Beyond predicting the bending direction, researchers have also developed ways to

control the buckling direction. Such methods include pre-bending the metal sheet, °2°° or through

judicious choice of the lasing parameters.®®5! The ability to generate bidirectional bending
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expands the design space for laser forming,%22 without the need for human input, i.e. flipping
the work piece.5® As bending with the buckling mechanism can occur both toward and away
from the laser, there can be some ambiguity which mechanism is occurring. Downward bending
currently remains the best confirmation that buckling is occurring because the TGM only bends
the workpiece toward the laser. It has been reported that buckling can lead to larger bend angles

57,58

per pass,>”*® which suggests the bend angle can be another way to differentiate the mechanisms,

though visual downward bending is the easier method.

Buckled
Region

Thermal
expansion

Figure 2.4. When laser forming thinner materials, the thermal gradient is unable to be
established through the thickness of the material, so (a) the material expands outward. The
compressive forces (b) are pushing opposite of each other, causing the workpiece to buckle.
Once the buckling has formed, it (c) propagates and leads to bending in the direction opposite to
the buckle. As the buckle is an instability, it can buckle either direction.

2.2.3 Upsetting Mechanism (UM)

The third mechanism of laser forming is the upsetting mechanism.3%* The upsetting
mechanism begins in a similar manner to the buckling mechanism. The laser scan speed is kept
low to prevent a thermal gradient from developing through the thickness of the substrate,
generating similar stresses to the buckling mechanism (Figure 2.5a).%* In the upsetting
mechanism, however, the substrate is much stiffer along the scan path, preventing an out-of-
plane bend.®5%* This stiffness can be the result of using a thicker workpiece or one where the
material has a higher Young’s modulus.> Since the flow stress has been reached, but the

substrate is unable to bend, the laser scan path becomes locally thicker and the substrate

becomes, consequently, shorter (Figure 2.5b).*> One of the more comprehensive studies on the
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upsetting mechanisms reliably shortened 2 mm thick steel plates using 12 mm laser beams
scanning at speeds around 1 mm/s.* The upsetting mechanism allows for in-plane substrate
adjustments which expands what shapes are laser formable by producing a change in Gaussian

curvature, %38

(b)

%

Figure 2.5. A slow laser scan speed (a) is used to minimize the thermal gradient through the
thickness of the workpiece. Instead, the thermal gradient is established horizontally. The plastic
compressive forces that resist the thermal expansion are insufficient to cause buckling as the
bending moment is too large. This results in the (b) scanned area locally thickening. Since
volume is conserved, the workpiece shortens and changes its Gaussian curvature.
2.2.4 Coupling Mechanism

Some recent reports have suggested that the three mechanisms described above are not
sufficient to capture the full range of experimental results and so they have proposed a coupling
mechanism that combines both TGM and the upsetting mechanism. 6466 This combination of
forming mechanisms was already discussed®®>’ in early reports but was not considered a separate
mechanism. The proposed coupling mechanism is a consequence of the mechanisms above being
idealized, limiting cases. As the laser forming parameters are adjusted, it is reasonable that the
other mechanisms might start to play an increasingly important role, especially near the
transition region between TGM and buckling.® For this reason, the proposed coupling
mechanism will not be treated as a distinct mechanism of laser forming here, but it is still

important to consider when designing a laser forming process and is even useful for laser

forming certain structures.®
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2.3 Design Considerations for Laser Forming
2.3.1 Laser and Substrate Selection

Since its first reports, laser forming has been used to bend sheets of common metals, such
as stainless steel®-% and aluminum’®"? out of plane without mechanical inputs.®®3"¢" As the
understanding of the process developed, more varied substrates were explored such as
titanium,2”"® and copper alloys,’*" hoping to develop new ways to form 3D structures for
aerospace and electrical applications. Researchers have also explored laser forming on non-
metallic substrates and have bent typically brittle materials such as silicon,”®"® ceramics,**"® and
glass.”®8 More recently, there have also been demonstrations of the laser forming of more
complex structures such as metal foams®-¢? and laminates.®® Despite the success of laser
forming non-metals, metal bending has remained the primary application of laser forming due to
the use of metals as engineering materials in applications such as ship hulls.3>484 There have
also been some reports of laser forming of a limited number of polymers, 852 although polymer
laser forming remains relatively rare. Laser forming, therefore, is a general process reliant on
controlled heating to generate plastic stresses and appears possible for most materials. Large
bending angles are more readily realized in metals as their ductility helps avoid crack formation
at the bend line, 28282 though experimental results suggest that the maximum bend angle is a
strong function of material thickness with thinner samples being able to demonstrate larger bend
angles.”®®28" Studies of many of the more well-studied substrates have been able to demonstrate
deformation by all three mechanisms. Laser forming of the more exotic materials tends to be
realized using the TGM, 68982 though BM has been demonstrated in glass’® and UM in silicon.

Critical to the success of the laser forming process is appropriate coupling of the laser

energy to the material being formed. This coupling can be achieved by selecting the appropriate
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laser wavelength that corresponds to the absorption maximum of the substrate’®8, by using a
much higher power laser so sufficient energy is absorbed by the substrate even with low
absorptivity, or by using an absorbing coating layer that is matched with the laser wavelength
being used (Figure 2.6).858° Metals thicker than 100 nm are optically opaque® and do not
transmit light so the metal substrates that have been used in laser forming can either reflect or
absorb the laser energy. The percentage of the incoming laser energy that is reflected is called
the reflectance and these values have been measured as a function of wavelength.®* The most
common lasers?’ used for laser forming are Nd:YAG lasers that operate at 1.064
pm®7:58.76.78858692.93 ang CO, lasers that emit at 10.6 pum,39-°0.54.68.89.94-96 C O, |asers are common
in industrial setting as they were one of the first gas lasers developed®” and exhibit a high energy
efficiency while operating as a continuous-wave mode at high average powers (>1 kW);
however, their absorption into metals is low and an absorbing coating is often required. Nd:YAG
lasers are popular in industry as the 1.064 um output wavelength is better absorbed by metals for

cutting and welding and so absorbing coatings are not needed.
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Figure 2.6. The spectral reflectance of metals, plotted from the data in %, with the wavelength of
some common lasers also identified. Almost all metals are entirely reflective to the 10.6 um light
of CO2 lasers while metals tend to be less reflective to the 1.064 um light of the Nd:YAG laser,
though copper, aluminum, and silver are still fairly reflective. Copper has a much higher
absorbance to the 514 nm beam from an Ar-ion laser.

The early reports focused on using high power (>1 kW) lasers?0:6061.70.71.98-103 ag the
intent was to bend large sheets as part of the ship building process.® Laser forming of thinner
substrates enables the use of lower power (<100 W) lasers such as those found in commercial
metal marking laser systems.57:63.67:76.8588,93,104

Studies on the laser forming of plastics took advantage of the high transmissivity of high-
density polyethylene (HDPE) to the wavelength of the Nd:YAG laser®2, The laser energy was
absorbed by a resinous black coating applied to the surface of the plastic. The laser power was
kept low and the scan speed high to ensure that the bending occurred through the temperature

gradient mechanism, which reliably generates bending toward the laser. As expected, this was

observed when the resin was on the side of the plastic exposed to the laser. With the same
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process parameters, but the coating placed on the opposite side, the plastic was reliably bent
away from the laser. This downward bending should not be possible if using the TGM, but the
optical transparency of HDPE to the laser made the system behave as if it was exposed to a laser
on the underside and the TGM was causing the plastic to bend that direction. This same
technique could be adopted for laser systems with multiple wavelengths as glass absorbs the
radiation from a CO; laser but is transparent to the light from a Nd:YAG laser. Thus, sealed
metal structures could still be bent if there is a glass window for the laser to pass through.*® As
seen in Figure 2.6, some metals, such as copper, are highly reflective to the fundamental
wavelength of the Nd:YAG laser (1.064 um). Consequently, laser forming copper with a
Nd:YAG laser requires a substantially higher power or the use of a different wavelength.
Recently, laser forming was demonstrated with other laser systems that might be commonly
found in research environments such as fiber lasers'®, exciplex lasers’* and even Ar-ion lasers®’
which expands the substrate choice for laser forming.

Once the appropriate laser/substrate matching has been done, judicious selection of
process parameters is essential to the laser forming process as the laser power and scan speed
control which mechanism is dominant.®” Typically, laser power is kept low and speeds high to
ensure that the substrate is being bent by the TGM, generating reliable bending toward the laser.
As the TGM only generates a bend of one or two degrees per pass or less,"41% many passes are
needed to create structures with large bend angles, sometimes taking as many as 150 passes to
produce a full 90 degree bend.®
2.3.2 Cooling Effects in Laser Forming

To ensure that the same thermal gradient is established with each laser pass, an

appropriate cooling time must also be built into the laser forming process. Consistent laser
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forming requires that the workpiece be cooled to the same thermal state in between each laser
pass. The majority of laser forming setups use free convection with the surrounding air to cool
the workpiece, which is relatively slow and leads to a pronounced increase in processing time
(Figure 2.7a). In fact, cooling can be the longest part of a laser forming process.>2%%8.107 Tq
reduce the processing time, researchers have proposed multiple methods for forced cooling such
as forced convection with compressed gas streams aimed at either side (Figure 2.7b),%>1%8
passive water cooling with the bottom of the workpiece being placed in a water bath (Figure
2.7¢),1%%111 and forced liquid cooling, such as a circulated cooling fluid placed in contact with
the bottom of the substrate (Figure 2.7d),'%1%> All these methods showed a pronounced
reduction in the total processing time as the workpieces cooled to room temperature in a matter
of seconds, with active water cooling showing the largest reduction in processing time.

Active cooling systems are not typically desirable when designing manufacturing
processes as they require pumps that increase both capital and operating costs of the process, but
they are acceptable if the active cooling offers a substantial decrease in processing time or
improvement in the reliability of a process. Fortunately, passive water cooling has also been
demonstrated to provide sufficient reductions in processing time (Figure 2.7d) that active
cooling may not be needed.® Some researchers have reported that forced cooling can lead to an
increased bend angle per pass (Figure 2.7¢e) under the same lasing conditions but reports differ
on how pronounced this effect is, with some arguing there is no measurable effect, 35108.109.112.113
Overall, integrated cooling systems offer a way to increase the throughput of laser forming by
greatly reducing the time needed to establish thermal equilibrium in between laser passes for

multi-pass forming.
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Figure 2.7. Most of the processing time (a) while laser forming is cooling the workpiece back to
its initial state after each laser pass which is usually done by free convection.!'* Reprinted with
permission from Springer Nature, copyright 2015. This time can be reduced by building in other
cooling mechanisms such as (b) forced air cooling® (c) passive water cooling, adapted from*%°
on the unexposed side or (d) forced liquid cooling.*® (b) Reprinted with permission from
Elsevier, copyright 2013. (d) Reprinted with permission from Cambridge University Press,
copyright 2017. Passive water cooling leads to a (e) dramatic reduction in cooling time for most
processing conditions.'® Reprinted with permission from Springer Nature, copyright 2012.
Sometimes, cooling offers a small increase (f) in the bending angle achieved per pass.!!2,
Reprinted with permission from Springer Nature, copyright 2017.

The processing time can be further decreased by using the buckling mechanism as
buckling is capable of generating larger bending angles per pass than the TGM because more
energy is put into the workpiece.5> Typically, laser forming using the buckling mechanism is
avoided as the mechanism is fundamentally an instability and so the workpiece can bend either
toward the laser or away from it.5” This instability is theoretically random but can be controlled
by multiple factors such as external loads,>:1%4 or the relaxation of internal stresses that exist
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because of the cold-working of common metal sheets.>” The main reason to use the buckling
mechanism is the downward bending which greatly broadens the number of structures that can
be laser formed.%%6!
2.3.3 Macro-scale Laser Forming

Early research efforts were focused on macro-scale laser forming of sheet metals that are
millimeters thick.®>°%1% Among the macro-scale design targets were ship hulls,®8* fuselage
panels,’® and car doors (Figure 2.19).3 These structures highlight different uses for laser
forming in a manufacturing environment as ship hulls and fuselage panels are low-volume parts
whereas car doors are high-volume components. Laser forming is considered less desirable for
manufacturing high-volume metal parts as it cannot compete with the speed of conventional
methods because the laser forming process is dominated by the cooling time needed between
laser passes.33:°0:52:114

Both high-volume and low-volume products need to be joined to other parts which is the
second use for laser forming in manufacturing of macro-scale objects. Metal parts are often
joined via welding which can introduce distortions and lead to misalignment.>!¢ These
distortions arise from two main contributions. First, the high heat of welding introduces thermal
stresses similar to laser forming.''® Second, the heat of welding releases stored plastic strains that
result from mechanical forming.® While the distortions from welding are often small, they still
need to be corrected and laser forming offers a way to address these problems in a process
known as hybrid laser forming.5%54117118 Accurate manipulation of metals near weld lines is,
however, challenging because the local weld distortion is not uniform due to the complex stress

state generated during welding.'*°
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The ability to shape large 3D objects using only a laser offers promising opportunities
such as remote deployment, the production of replacement parts where they are needed rather
than at a centralized facility and shipped. In the 1980s, it was proposed that laser forming would
be a valuable technology in space.'% A laser system is more compact than a hydraulic press and
the high energy efficiency of CO> and diode lasers lowers the energy consumption required for
metal bending. Laser systems also offer the potential for cutting the workpiece®® and joining?° it
with others pieces that traditional press brakes do not, making laser systems valuable for areas
with minimal electricity generation or limited space.

2.3.4 Laser Forming Curved Surfaces

Ship hulls are an example of a doubly curved structure and so researchers needed to
design methods of introducing curvature into laser formed parts.>® Currently, there are two main
methods for developing curvature in laser formed parts. The first way is to make multiple bend
lines close to each other,3*%8121 approximating a smooth curve as the limit of many bend lines
close together (Figure 2.8d). By adjusting the distance between the laser passes, bends of
varying curvature are able to be produced as the heat affected zone is not limited to the laser pass
line.%8 As this curvature is produced by simple bends, the resulting structures are considered
developable surfaces.%® Developable surfaces are the family of surfaces that can be produced by
transforming a plane as long as the Gaussian curvature remains unchanged (Figure 2.8a).%° This
means bending, rolling, and cutting are permitted, but stretching or compressing a region are
forbidden.®® As developable surfaces are produced from bending and folding, much of the
knowledge gained in origami engineering is applicable to producing structures with laser

formi ng. 1,14,26,122,123
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The second method to produce curved structures relies on the upsetting mechanism which
produces in-plane strains.>® These planar strains cause local distance to be distorted, changing the
Gaussian curvature of the workpiece®>*?* which simple bending does not. Since the strain
changes the Gaussian curvature, the final workpiece is considered a non-developable surface as
developable surfaces have zero Gaussian curvature.®® Non-developable surfaces include
hyperbolic paraboloids (Figure 2.8b) and hyperboloids which are often called saddles (Figure
2.8e)°3# and pillows,* respectively, in the laser forming literature. The ability to generate these

surfaces from flat sheets using laser forming greatly expands the design space of 3D structures

that can be rapidly prototyped.

Figure 2.8. Some (a) developable surfaces® which are surfaces with zero Gaussian curvature
which means they can be produced from flat sheets while non-developable surfaces such as the
(b) hyperbolic paraboloid® or “saddle shape” cannot be formed by bending and cutting inelastic
sheets as they have a non-zero Gaussian curvature. (a,b) Published under a CC BY License.
Laser forming with the TGM or buckling mechanisms can produce developable surfaces such as
(c) a coil®® or (d) a cubic spline curve®® which only require simple bends to produce from a metal
sheet. (d) Reproduced with permission from Elsevier, copyright 2003. The upsetting mechanism
causes a shortening of the workpiece, which changes the Gaussian curvature, so (e) a doubly
curved saddle shape can be successfully laser formed.34. Reproduced with permission from
Elsevier, copyright 2013.
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While the majority of laser forming research has been done on planar substrates, some
researchers have investigated laser forming as a means to bend metal tubes for heat exchangers
and engines.*%125-127 |_aser formed tubes bend toward the laser though researchers disagree about

126 \while

what mechanism is causing the bending. Some suggest the TGM is causing the bending
others suggest that the stiff nature of metal pipes means that the upsetting mechanism is
dominant, leading to a local shortening which causes the tube to bend toward the laser without a
spring-back effect.*%12 Like laser forming of sheets, laser tube bending is a highly flexible
method that does not require specially designed dies. This makes laser tube bending valuable for
rapid prototyping as well as low volume, customized production.*?® When bending tubes, it is
important to consider the distortion of the tube cross-section, or ovalization.*> Multiple reports
have confirmed that laser tube bending tends to produce less ovalization than mechanical
bending as the laser induced stresses are less than the mechanical forces used when cold bending
the tubes. #0126

Matching the optical absorbance of the substrate with the laser output allows the energy
to couple more effectively, lowering the laser power required for successful laser forming. As
lower powered (<100 W) laser cutting systems proliferated, researchers hoped to use these
systems for laser forming as well as laser cutting. Laser cutting requires high laser fluences, so
the beam size needs to be small to achieve clean cuts. Since the output power is lower, the
fluence is kept high by decreasing the spot size. For successful laser forming, the laser spot size

is typically the same order of magnitude as the substrate being bent which has lead researchers to

experiment with laser forming of smaller and thinner substrates.®”:7212°
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2.3.5 Micro-laser Forming

Complex, 3D silicon microstructures are difficult to produce because silicon is a brittle
material that requires high temperatures and specialized tools to produce the desired shape.'*
Laser forming has been applied to adjusting silicon microstructures.’® The precise control of
heating enables silicon microstructures to be bent out of plane even with more thermally
sensitive components, as long as the thermally sensitive components are not located near the
laser scan path. Laser forming is not heavily used for the rapid prototyping of MEMS structures,
but has been found tremendously successful as a quality control technique called laser micro-
adjustment.5#13! Laser micro-adjustment is a valuable application of laser forming as evidenced
by industrial adoption of the technique. %3132

Laser micro-adjustment uses a laser to make submicron final adjustments to
microstructures.?®133 Any of the mechanisms can be used for this adjustment but the smaller
bending angle per pass makes the TGM preferable to the buckling mechanism for out-of-plane
bends.3354 The upsetting mechanism is useful for shortening the workpiece locally which has
been used for aligning actuators.*>!3 The laser forming mechanism can be easily determined by
adjusting the lasing parameters,® but the size of the sheets being micro-adjusted makes edge
effects more common®®* and increases the coupling between the TGM and the upsetting
mechanism.64101:106.135 Thjs coupling leads to both in-plane shortening and out-of-plane bending
that is especially common in actuators. Bridge actuators are micromechanical structures that
holds functional components and allows fine adjustments to the final positioning to be made.
Bridge actuators are produced by removing most of the structural material in a small area so that
they are connected by thin strips called bridges. When laser forming a two-bridge actuator, the

scan path effectively creates two hot and two cold sides, the usual irradiated and unirradiated
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sides of the work piece as well as a hot bridge and a cold bridge. The usual irradiated sides
produce the out of plane bending while the hot bridge causes an in-plane bend.*>** While
actuators are one of the most common pieces laser micro-adjusted, the process is general and has
been applied to multiple devices!3® and companies have filed for patents on using laser
adjustments based on these reports. 713

One application of laser micro-adjustment is the precise alignment of optical fibers to
ensure optimal coupling with a photonic integrated circuit (PIC).*° While glass has been
successfully laser formed, 82 |aser forming the optical fiber would only produce bends into the
fiber rather than aligning it. To align the optical fiber, the researchers sheathed the fiber into a
thin metal tube and the tube was then laser formed.**°4! The optical fiber is flexible so the bend
in the metal tube will cause a deflection in the fiber tip. In effect, the metal tube is being used as
an alignment actuator with sub-micron precision owing to the controllability of laser
forming.l“o'l“l
2.3.6 Laser Forming for Rapid Prototyping

The flexibility of laser forming makes it a promising technology for rapid prototyping
and researchers have identified rapid prototyping as one of the areas where laser forming is most
likely to make meaningful contributions in the industrial product lifecycle.® This promise
remains largely unfulfilled compared to more conventional 3D printing for various reasons.
Despite the many different methods for 3D printing, such as fused filament fabrication*#?43 and
stereolithography,'#414° 3D printing follows the same general workflow to produce a printed
object from a computer aided design (CAD) file (Figure 2.9a). Once the engineer has designed
the object they want to be 3D printed using a CAD software, they need to export it to a format

that can be 3D printed.!® The default file format for the additive manufacturing community is the
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STL file format which approximates the surface of the CAD object as a collection of tessellated
triangles.'#® Since 3D printers build structures in a layer by layer fashion, the STL file needs to
be passed to a slicer which converts the 3D object to the build layers. From this file, the scan
path is developed, and support structures are calculated if the object needs them. For modern 3D
printing, the conversion of the CAD file to printed object is entirely automated.*®4® Critical to
the broad adoption of laser forming for rapid prototyping is developing a similar software
structure which can convert a CAD file into a path planning program that also calculates the
appropriate lasing setting to produce the desired 3D object without human intervention.

Extensive research efforts have been undertaken to achieve this goal with recent results
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Figure 2.9. Comparison of workflows for (a) conventional 3D printing*® showing the slicer and
path planner compared to (b) proposed workflow for the automated laser forming of arbitrary
convex polyhedra. (a) Image originally published under a CC BY license. Unlike 3D printing,
path planning for laser forming is strongly dependent on the material being formed which
requires a database to determine laser power and speed settings. For more advanced structures,
laser forming algorithms need to consider the optical path of the laser beam as this couples the
unfolding algorithm and the path planning.
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One of the first complex objects successfully prototyped using laser forming was a car
door (Figure 2.1g).23 This demonstration is notable for many reasons, chiefly the entire
production was done in the laser system. The researchers started from a blank sheet of metal that
was laser formed to produce the desired bends and the final structure was cut from the sheet
using the same laser. As the buckling mechanism was only recently reported and control
strategies were limited, the researchers were laser forming only using TGM. The complex shape
of the car door required both concave and convex bending, so the workpiece needed to be
manually flipped to produce the bi-directional bending needed for the car panel. While these
experiments involved no prediction of laser settings, the researchers introduced a novel feedback
system where the scanning speed was adjusted to produce the desired bend angle. Additionally, a
car panel might be considered far from an arbitrary design and so the scan pattern was relatively
easy to design.

To produce more complex objects via laser forming, it is necessary to know which bend
lines are needed to produce a given shape, a classic origami problem.* To this end, the inverse
design of scan strategies to generate a desired laser formed structure has been a productive
research topic.5386:8499.147-150 The design of irradiation paths involves more than planning where
the beam needs to be applied to generate a desired shape, but also the laser power and travel
speed to produce the desired degree of bending using the appropriate forming mechanism. These
requirements remain a challenge and have required researchers to design algorithms that plan a
scan path and guesses appropriate lasing settings by consulting a database from experiments®® or
finite element simulations (Figure 2.9b).5312114° Despite the known disagreement between
experimental results and simulations, these scan strategies are able to produce the final desired

structures with a high degree of accuracy.>**?! One limitation of these design systems is the
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limited degree of bending required in the validation structures. As the bend angles required per
point are small to moderate, the relationships between bend angle and line energy (laser power
divided by scan speed) is approximately linear.%%° As the laser spot size gets smaller and the
required bending angle approaches 90 degrees, this linear relation fails to hold®°! and none of
these design strategies account for this deviation. These limitations are more prominent as
engineers have started using laser forming to produce highly complex structures.

Realizing that laser forming was not limited to moderate bending but could be used for
larger folds (up to ninety degrees or higher), our group began envisioning what origami
structures can be produced with laser forming. Laser forming with TGM is limited to ninety-
degree bends as further bending results in the workpiece blocking the laser path, but this
limitation does not exist if using the buckling mechanism to bend away from the laser. Using
both mechanisms, we were able to produce complex objects, such as cubes (Figure 2.10a) and
airplanes, (Figure 2.10b) without the need for human intervention.>® Similar to the car door
forming,* the outline of the shape was manufactured from metal sheets by using the laser to also
cut the final structure, releasing it from the sheet. By using a Nd:YAG laser instead of a CO>
laser, an absorbing coating was not needed, allowing for marking of the metal at low powers.
Rapidly producing these structures from a blank metal sheet using multiple bending modes and
laser cutting demonstrated the potential for laser forming to be a viable rapid prototyping
strategy.

Soon after, we showed that laser forming could be used to produce electronic devices
such as antennas® and inductors.®8 When producing the antennas, a blank metal sheet was
clamped on all sides before laser cutting the slots for the array antenna and the perimeter of the

waveguide was laser cut from the metal sheet before the entire structure was bent to produce the
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final structure, a rectangular prism (Figure 2.10c).*? It was worth noting that the laser cutting
made more precise cuts than electro-discharge machining, the usual technology used to produce
the slots in the waveguide. In fact, the entire laser process of cutting and bending was faster than
conventional machining that only produces the slots. Efficient waveguides require smooth

surfaces to minimize losses'®?

so new manufacturing techniques need to show that they do not
greatly alter the metal surface. The impact of laser forming is limited to the laser scan paths and
even after 100 passes only showed a modest increase of the surface roughness of 0.5 um.**
Similarly, the coils for the inductor were cut from a blank piece of copper before being bent out
of plane to generate a toroidal inductor (Figure 2.10d).88 Laser forming can also be used to
produce an inductor with an overpass or bending the inductor out of plane. Bending inductors out
of plane offers a way to improve the Q-factor as eddy currents and skin effects are minimized,**
which is especially important for integrating these elements on semiconductor integrated circuits.
Both reports demonstrated that laser forming could be used to rapidly prototype functional
devices as the designs can easily be iterated as it only requires changing the location or size of
lines in a 2D CAD drawing. This process, however, still requires human input to exchange the

metal sheets between design iterations which would limit the industrial adoption of laser forming

for rapid prototyping or producing custom parts.
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10 mm

10 mm

Figure 2.10. Laser forming can be used to produce complex and functional structures without
the need for mechanical input. 3D structures that were cut and laser formed from nickel foil
using a 20W Nd:YAG laser include (a) cubes and (b) airplanes.>® (a,b) Reprinted with
permission from John Wiley and Sons, copyright 2013. Laser forming can be used to produce
functional structures as well such as (c) slotted waveguide for antennas from stainless steel*®2
and even (d) toroidal inductors from copper.8® (c) Reprinted with permission from IEEE,
copyright 2018. (d) Reprinted with permission from IEEE, copyright 2018. New metal sheets
are required between samples, but (e) continuous laser forming can be realized by combining it
with roll-to-roll processing.®3. Reprinted with permission from Springer Nature, copyright 2018.
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Working to automate the entire laser forming process, our group developed a roll-to-roll
laser forming system with the metal feedstock passing through the focal plane of the laser.®® This
set up allowed features to be readily cut and folded from the sheet metal using the TGM.
Additionally, the metal sheet had a pre-strain from being wound onto a roll that was used to
reliably generate downward bending using the buckling mechanism, producing the same
complex shapes from our previous work in an automated process (Figure 2.10e). Once the piece
was formed, it was released from the sheet and fell down a chute before the rolls were spun to
introduce a new working area. This was the first demonstration of a fully automated laser
forming process to produce complex 3D structures. While impressive, producing these structures
relied on our previously designed scan paths and laser settings. For many of the structures, we
relied on the self-limiting nature of ninety-degree bends so that precise control over the laser
settings was not needed. Accurately determining the laser power, speed, and number of passes
would be required if the desired structures included intermediate bends.

Figuring out what scan path and what lasing setting are needed to produce a desired
structure is known as the inverse design problem and has been intensively studied.5366:99.147-149
Part of the difficulty of designing laser scan strategies is the highly-coupled and nonlinear
thermo-mechanical nature of laser forming so many of the previously proposed strategies are
limited in the number of scan lines®%%1%° or are computationally intensive, relying on full finite-
element models.**” 18 Recently, researchers introduced an algorithm that takes a desired 3D
structure as an input and simultaneously unfolds the structure into a planar net and plans the
cutting and bending paths for this net.®? For normal origami, the planar net and the bending path

can be solved for separately because the craftsmen is able to access all needed fold lines at any
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given time.® As current laser forming setups rely on an unobstructed optical path between the
laser and the fold line, this visibility constraint effectively couples the two problems.

Over the years, laser forming has emerged as a viable rapid prototyping strategy that is
complementary to metal 3D printing. Understanding of the sub-mechanisms has allowed
researchers to develop scan strategies for many 3D shapes, but the complex thermomechanical
process makes it near mandatory to automate this process. This need becomes most pronounced
when more complex 3D structures and devices are being laser formed, especially ones that
require multiple forming mechanisms. Solutions to this inverse design problem are rapidly
developing and will hopefully make laser forming as accessible as 3D printing.

2.4 Conclusion and Outlook

Laser forming has developed dramatically over the past forty years, from a mechanistic
understanding of the process to the successful laser origami of complex 3D shapes and the
algorithms to design their laser scan patterns. As the field matures and laser forming is adopted
as a viable rapid prototyping strategy, new research opportunities abound. Like any other
prototyping technology, laser forming is valuable for certain structures, while not being
preferable for others. Deciding if laser forming is the preferred fabrication methods requires
design heuristics that have yet to be clarified. Continued research efforts should be focused on
clarifying these heuristics while expanding the capabilities of the laser forming by developing it
as a robust technology that is able to reliably produce functional, near-arbitrary 3D structures
from flat substrates in an automated manufacturing environment. To this end, researchers will
need to address current gaps in the understanding of the laser forming process, which will inform

the design and control algorithms.
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Laser forming involves rapid heating and cooling cycles that can cause changes in the
microstructure of the metal during the process. Microstructural control is very important for
titanium pieces in the aerospace industry as the mechanical properties and fatigue resistance of
titanium and its alloys is highly dependent on having precise control over the grains. Preliminary
reports suggest that laser forming leads to unfavorable grain structures in titanium.?”%>%6 Qther
industries and applications might not have as stringent requirements on the grain structure, but
these reports suggest there may be some degradation in the mechanical properties of laser formed
parts compared to mechanically bent structures, an area that needs further investigation.

The microstructure of a material influences more than mechanical properties and so these
other properties need to be considered when deciding to laser form an object. Of particular
concern to the shipbuilding industry might be corrosion resistance to the salty ocean water. The
corrosion resistance of some laser formed metals has been briefly investigated®®-1151571%8 with
many metals demonstrating a reduced corrosion resistance resulting from the disturbed
microstructure. Interestingly, some alloys showed an increased corrosion resistance after being
laser formed*®® though the role of the lasing parameters on this phenomenon was underexplored.
There is a need to study systematically the suitability of a laser formed material for use in a
corrosive environment as a function of the material’s properties, the nature of the corrosive
species, and the laser forming parameters. Applications could include ship hulls in salt water, or
a laser bent tube in a chemical processing plant.

For laser forming to move from academic research to an industrial process, stronger
control schemes and predictive modelling need to be developed. The state-of-the-art algorithms
either develop the optimal laser settings for relatively simple shapes based on finite element

modelling, or they use experimental data to develop a laser scan path to produce near-arbitrary
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3D shapes. The next step would be to develop an algorithm that combines these methods to
develop a scan path for near-arbitrary shapes and the optimal laser settings to produce this shape
as some regions might only need bending while others require shortening. Combining these
algorithms would enable additional constraints to be designed around as the laser-substrate
interaction does more than just bend the workpiece.

Most laser forming setups are run in a batch process with one sheet being bent at a time.
A recent report demonstrated a way to transform lase forming into a continuous roll-to-roll
process by combining laser cutting and bending. % Lasers are used to do much more, such as
welding, 2% marking,'6%1®! laser-induced chemistry,'%2-64 and are even used in analytical
techniques.'®>1% Taken together, one could imagine a fully automated process wherein blank
sheet metal is fed, then different lasers will cut, mark, chemically pattern, and then fold it into a
desired 3D structure with inline quality control. Developing such a system will require
developing further control schemes to know when and where to bend the structure in this
complex process to yield the desired result.

Laser forming is a valuable technology that is poised to address two notable
shortcomings of metal 3D printing—Iarge structures and thin structures. Fully realizing this
potential will require developing a detailed understanding of how the laser forming process
impacts material properties to produce advanced planning and control schemes. With a
completely automated process, laser forming will be available to make the rapid prototyping of
metallic structures even lighter.
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Abstract

This paper demonstrates laser forming, localized heating with a laser to induce plastic
deformation, can self-fold 2D printed circuit boards (PCBs) into 3D structures with electronic
function. There are many methods for self-folding, but few are compatible with electronic
materials. We use a low-cost commercial laser writer to both cut and fold a commercial flexible
PCB. Laser settings are tuned to select between cutting and folding, with higher power resulting
in cutting and lower power resulting in localized heating for folding into 3D shapes. Since the
thin copper traces used in commercial PCBs are highly reflective and difficult to directly fold,
two approaches are explored for enabling folding: plating with a nickel/gold coating or using a
single, high-power laser exposure to oxidize the surface and improve laser absorption. We
characterized the physical effect of the exposure on the sample as well as the fold angle as a
function of laser passes and demonstrate the ability to lift weights comparable with circuit
packages and passive components. This technique can form complex, multi-fold structures with
integrated electronics; as a demonstrator, we fold a commercial board with a common timing
circuit. Laser forming to add a third dimension to printed circuit boards is an important

technology to enable the rapid prototyping of complex 3D electronics.

67



3.1 Introduction

Origami, the Japanese art of paper folding, and Kirigami, origami that allows cutting,*
have led to the development of powerful principles? that have been used in robotics,>* and
deployable structures,®>’ to produce complex 3D systems from 2D materials. Many objects in
daily life are 3D, yet a variety of high-throughput processes — including those used in the
microfabrication of electronics — are inherently 2D. Folding can convert such planar
electronics® ! into 3D objects to enable the production of reconfigurable devices?, miniaturized
components,® and multi-axis sensors.*® In addition, devices with a third dimension can have
unique or improved mechanical properties; for example, thin sheets are flexible but can be
rendered stiff or extensible using corrugations.** Manual folding has been used to make 3D
electronic devices,®1%% put this approach presents challenges for automated manufacturing® and
is also impossible for environments like space,*® so there has been significant interest in shifting
to self-folding techniques.3!"-%1

Many self-folding systems rely on stimuli-responsive polymers that fold in response to
heat, light, or solvents.*®2%24 To date, most self-folding processes use materials that are either
poor electrical conductors or incompatible with conventional electronic processing.?® By
carefully incorporating conductive materials, self-folding electronic devices have been
demonstrated,*”?627 but integrating these methods with complex circuits and packaged
electronics remains challenging.

Integration of packaged electronics with 3D structures has been attempted using other
methods, most notably 3D printing.?®2%2° The use of conductive inks or filaments offers the
freedom to pattern arbitrary conductive patterns, but these traces tend to be much more resistive

than metals. Near-metallic conductivity of 3D printed structures has been approached by
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plating®—22 conductive traces, but the harsh plating chemicals are often incompatible with the
printed parts.>® Furthermore, the use of 3D printing does not harness the high-resolution
patterning or sophisticated processes developed over many decades to create complex electronics
on planar substrates. Thus, it is appealing to start with conventional substrates, like printed
circuit boards (PCBs), and fold them into desired shapes.

It is possible to manually fold flexible PCBs that consist of copper traces on thin
polyimide substrates.® Stressed elastomer layers have been used to bend PCBs, but sharp folds
are not possible.3* While the terms bending and folding are often used interchangeably, folding®®
is a highly localized shape transformation unlike bending which is more distributed, generally
over length scales larger than the material thickness. We thus sought a self-folding technique for
flex PCBs based on recent advances in laser forming of micron-scale metal origami.®®*’

Laser forming uses a scanned laser to generate thermal stresses that plastically deform a
substrate, causing it to fold out of plane.® This technique, unlike alternatives such as ion-
implantation,® can be done in ambient conditions and, unlike surface tension-driven folding,*°
works at multiple length scales.3¢4* Additionally, laser forming is nearly material agnostic with
complex shapes formed out of steel plates,*~ nickel foils,*® and copper,®” in addition to simpler
folding being demonstrated in more varied substrates like titanium,*#” metal foams,* and even
non-metals such as silicon,*® borosilicate glass,> and certain polymers.>*

Laser forming is a viable rapid prototyping strategy®?>* because laser writers enable fast
patterning®°® and are compatible with roll-to-roll setups.®’ Recently, researchers have
investigated laser forming as a means to cut and fold electronic devices such as antenna
waveguides® and toroidal inductors®’ from flat metal sheets (~200 um), paving the way for laser

forming of complex electronic devices. Despite these advances, laser forming has not been used
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to produce complex, 3D circuits as there remain no reports of laser forming metal/polymer
bilayers which are essential to 3D electronics.

Herein, we successfully use a low-cost laser to both cut and fold a conventional flex PCB
(copper-polyimide film stack). At high powers, the laser can locally ablate the PCB, thereby
enabling cutting of a rectangular PCB into arbitrary 2D shapes. Folding the flex PCB required
new methods to overcome the high reflectivity of copper with minimal cutting and without the
use of a graphite coating which could cause electrical problems. Under certain conditions, the
laser can drive surface oxidation of copper to drastically improve absorbance of the laser light.
This increased absorbance allows lower powers to be used for folding, minimizing cutting during
the folding process. To demonstrate that this technique is a viable method for the rapid
prototyping of 3D electronics, we fabricate multi-fold structures with fully functional integrated
electronics as well as the facile folding of complex, commercially fabricated flex-PCB circuits.
The ability to use a low-cost laser system to fold commercial PCBs into 3D structures
demonstrates a promising new way for rapid prototyping of 3D electronics.

3.2 Experimental
3.2.1 Sample Preparation

For this study, a 20W, pulsed (f = 20 kHz) fiber laser (A = 1064 nm) with an 80 pm spot
size (Full Spectrum Lasers MC Series) is used to successfully cut and fold a copper/polyimide
bilayer which is commonly used for making flexible PCBs. Laser power is controlled using
pulse-width modulation. The bilayer used in the folding characterizations was
Pyralux® AC354500EV (DuPont) which is a single-sided laminate of 35 um electrodeposited
copper on 45 pum polyimide and was used as received. The flex PCB was clamped on all sides

and 30 mm by 10 mm strips were cut out at P = 20 W at a scan speed of 100 mm/s. These strips
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were then clamped on one side with 15 mm of the strip being in the clamp and the laser fold line
5 mm from the edge of the clamp. The laser power and scan speed were then adjusted to
successfully laser form the samples while minimizing cutting.

Samples of patterned copper on polyimide were produced by placing Kapton tape on top
of the copper and cutting out the desired pattern, with P =6 W at 100 mm/s scan speed with 10
total laser passes. The cut Kapton tape is then removed manually. The sample is then placed in a
ferric chloride copper etchant solution (MG Chemicals) for 15 minutes at 50 °C and then doubly
rinsed in DI water. These samples are then used for laser forming after soldering surface mount
LEDs across the gap.

Weighted samples were prepared by attaching different sized (M2.5, M3, M3.5, and M4)
hex nuts to the polyimide side of the bilayer using double sided polyimide tape.

The astable 555 oscillator was designed in KiCAD and was fabricated by OSH Park. A
standard trace width of 0.4 mm was used for the circuit paths, but a trace width of 2.5 mm was
used for the folding region to make manual alignment easier. The 555-timer circuit was
designed to have a frequency of 2 Hz (Appendix A.1) with all surface mount components
bought from Digi-Key. The circuits were cut out from the board using the laser writer before
soldering all surface mount components. Electrical connectivity was tested by connecting a 9V
battery to the circuit and confirming the LED was blinking properly before, during, and after
laser forming.

3.2.2 Characterization

After clamping, a single pass of the high-power mark (HPM) at P = 16 W scanned at 100

mm/s was followed by a 10 second cooling period. Folding was accomplished with P =6 W

laser passes at 100 mm/s. Laser folding was done with five laser passes followed by a 10 second

71



cooling period. Fold angles were measured by taking pictures during these cooling periods. The

photos were then imported to ImageJ (https://imagej.nih.gov/ij/) to measure the fold angles.

Laser-induced surface roughening was characterized using confocal microscopy (LEXT
OLS4000). Laser induced oxidation was characterized using x-ray diffraction (Panalytical
X’Pert3) in Bragg-Brentano geometry. Due to the large beam size, 2 cm by 2 cm squares were
prepared by scanning multiple lines at P = 16 W and 100 mm/s with a 100 um spacing between
the lines to avoid multiple laser exposure.
3.3 Results and Discussion

We used a pulsed fiber laser to both cut and fold flexible PCBs that have been patterned
and populated with surface mount components as depicted in Figure 3.1a. This technique was
used to produce complex 3D structures with electronically functional circuits. At higher powers,
the laser ablates the copper and the polyimide, but at lower powers, the substrate is simply
heated, allowing the same laser system to be used for both cutting and laser forming of the flex

PC BS.36’37’45
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Figure 3.1. Schematic of the process (a) of cutting and laser forming (folding) a flexible printed
circuit board (PCB) into a 3D shape using the same laser. Surface mount components are
soldered to the board before the laser cuts out the fold region before laser forming to produce the
3D structure. The laser light is poorly absorbed (b) by copper, so nothing happens initially with
low laser powers. A single pass at higher power causes mild ablation and some surface oxidation
which enables folding with sustained low-power lasing. Repeated lasing with higher powers
leads to cutting through the entire substrate. The temperature gradient mechanism (c) begins with
a scanning laser heating the surface layers of the substrate. The thermal gradient leads to a
thermal expansion gradient through the thickness of the material, causing the piece to initially
bend away from the laser as the upper layers expands more. The thermal expansion is resisted by
the cooler portions and is encoded as plastic compressive stresses that causes the piece to fold
toward the laser after the laser has passed and the scan line cools, resulting in a permanent fold.
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There are three main mechanisms for laser forming: the temperature gradient mechanism
(TGM), the buckling mechanism (BM), and the upsetting mechanism (UM). Only the TGM and
BM can produce out-of-plane bending or folding. The dominant mechanism depends on how the
thermal gradients are established. Since the TGM was the mechanism used in this paper, we
explain it briefly, but the reader is referred to reviews that cover all these mechanisms in more
detail 548

The TGM relies on a steep thermal gradient through the thickness of the material and
results in folding toward the laser.3°8 The steep thermal gradient between the lased and unlased
side (Figure 3.1c) is realized with moderate laser powers and a high scan speed. This thermal
gradient causes the top layers to expand more than the bottom layers resulting in an initial bend
away from the laser called the counter bend. This expansion, however, is resisted by the
surrounding, cooler metal. At the elevated temperatures during the laser pulse, the mechanical
properties change dramatically, most notably the yield stress and the flow stress decrease. The
stresses generated by the thermal expansion are sufficient to overcome the reduced yield stress
and enter the plastic regime. Once in the plastic regime, the thermal stresses continue to generate
plastic deformation when the flow stress is exceeded in the heated region. Once the laser has
passed, the substrate begins to cool and the heated sections return to their original sizes, but the
compressive stresses remain from the plastically deformed region. These stresses act on the
scanned region, compressing it and cause the workpiece to fold toward the laser by an
incremental folding angle, 0. Single passes lead to small fold angles, but larger angles are
possible through repeated laser passes.*%°

Laser forming is nearly material agnostic, but laser forming of copper, the typical metal

used in PCBs, is quite rare®’” as copper’s high thermal conductivity makes it difficult to establish
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the needed thermal gradients. This difficulty is compounded by copper being highly reflective to
all wavelengths above its absorption edge that occurs near 600 nm wavelengths (Figure 3.2a).%°
Conventional laser forming uses CO> lasers but metals are highly reflective to the 10.6 um
wavelength laser so a graphite coating is often used to improve absorbance of the laser.516%62
Such a coating is unnecessary when laser forming metals with shorter wavelength
lasers®6:45:46.6364 55 metals tend to be less reflective to shorter wavelengths.®® Consequently,
visible® (532 nm) and UV®® (355 nm) lasers are desirable when patterning copper as they do not
need graphite coatings that can cause short circuits. Due to the non-linear optical elements
needed, these frequency-doubled (532 nm) and frequency-tripled (355 nm) lasers are expensive
compared to fiber lasers of a comparable power. Owing to their lower cost and that laser forming
of bulk copper has been demonstrated,®” a pulsed fiber laser (1064 nm) was chosen. As reported,
surface cutting ~100 wm was observed which limits their approach to substrates ~200 pum or
thicker and is incompatible with flex PCBs as their copper layers are typically 35 um or thinner.
Careful control, however, of the laser settings should allow enough heat to enter the copper

without cutting it, enabling laser forming of thin metal traces despite the high reflectivity.
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Figure 3.2. The reflectivity of bare copper (a) is extremely high at the fiber laser wavelength, but
the high-power mark (HPM) allows bare copper to be successfully laser formed with minimal
cutting by oxidizing the surface. The copper oxides are much less reflective at the laser
wavelength. Copper reflectivity adopted from ®° and copper oxide reflectivity from.®” A single
pass of the HPM (b) greatly roughens the surface compared to a single pass of the laser folding
settings (c) which has almost no noticeable effect on the surface. The HPM also oxidizes the
copper surface (d) which leads to enhanced laser absorption. Folding (e) can be realized at lower
power settings that avoid cutting. The forces generated during laser forming are large enough to
fold the sample with weights attached to it (f). The HPM is essential for laser forming copper ()
as two samples were laser formed using the same settings but only one received the HPM and
this one folds (h) despite the laser passing over both samples.
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Based on previous work,” we held the scan speed constant at 100 mm/s and varied the
power to find the minimum power setting needed to still observe folding. Based on prior work of
laser carbonization of polyimide,% we sought to carbonize the polyimide to generate an
absorbing coating. Unfortunately, even the lowest power settings ablated the polyimide
thoroughly and we observed no bending, so we turned our attention to conventional laser
forming by having the metal exposed to the laser. The first pass at higher powers left a black
mark on the copper we call the high-power mark (HPM) in the remainder of the paper. We
reasoned this black mark should improve the laser absorption like graphite coatings.®* The
improved absorbance allows lower powers for laser forming, thus minimizing cutting. Further
testing found the most consistent folding using an HPM of P = 16 W. Two main mechanisms
explain the enhanced laser absorption: surface roughening and oxidation. Confocal micrographs
show significant roughness on a single pass of the HPM (Figure 3.2b) relative to a single pass of
the laser settings used for folding, P = 6 W and 100 mm/s (Figure 3.2c).

The low-power folding passes cause no noticeable changes to the copper surface unlike
the HPM which cuts a micro-sized valley into the surface. This cutting is minimal, about 15%, so
the sample still folds while maintaining electrical connectivity. This 15% reduction in the cross-
sectional area minimally contributes to the resistance of the entire trace because the trench is
narrow. Based on theoretical calculations, an ablation width of 70 um increases the total
resistance of a 2 cm trace by 0.6%. The surface roughening from the HPM, however, is
insufficient to explain the drastic increase in laser absorption, as the shallow, wide features are
expected to show only a modest increase® and is inconsistent with experiments on oven heated
metals which show increased optical absorption with minimal change in surface roughness.’®

Taken in sum, the enhanced absorption from the HPM is best explained by surface oxidation.
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Surface oxidation from the HPM was confirmed with x-ray diffraction (Figure 3.2d).
The control sample shows that the as-received samples have minimal surface oxides. In contrast,
CuOx peaks are observed in the diffraction spectrum of the HPM sample. Both copper oxides,
Cu20 and CuO, have similar diffraction patterns but are hard to distinguish via XRD as these
surface oxides are only a small percentage of the interaction volume with the x-ray beam. Either
oxide could be responsible for the increased absorption as Cu2O has a reflectivity ~23% while
CuO has a reflectivity ~21% at the laser wavelength®’ compared to the 98% reflectivity of bare
copper.®° Previous work suggests that both copper oxides would be formed for laser heating of
copper in air.”

The improved laser absorbance from surface oxidation allowed reliable folding without
cutting by using a lower power. The samples were able to self-fold almost vertically (90 degrees,
Figure 3.2e). Near 90 degrees, the substrate begins to interfere with the focusing path of the
laser beam and folding stops. This self-limiting behavior of the TGM has been reported
previously,®® and serves as a natural control mechanism for preparing samples with right angle
folds.

With the ability to fold flex PCBs near vertically, we began envisioning laser forming as
a viable rapid prototyping strategy for 3D electronic devices with packaged electronics like
resistors, capacitors, and diodes. Despite the thin bilayer substrate (~80 um), the samples were
able to be laser formed to nearly 90 degrees even with an attached weight ~0.7g, (Figure 3.2f)
which is much greater than the average weight of common surface mount components, about 77
mg for SOIC-8 packages. Flex PCBs can come in a variety of copper and polyimide thicknesses

and the laser formability of these different bilayers is impacted by the thickness of each layer as
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well as the ratio of their thicknesses. Materials resist bending and folding from their flexural
rigidity which is

Ebh?
12

Flexural stif fness =

Where E is the Young’s Modulus, b and h are the width and thickness of the layer,
respectively. Copper is a much stiffer material (E = 130 GPa) compared to polyimide (E ~ 3
GPa) so for comparable thickness ratios, the forces generated during laser forming that can fold
the copper are more than sufficient for folding the polyimide layer. Since the stiffness scales as
h3, polyimide layers substantially thicker than the copper layer could inhibit laser forming
entirely.

The HPM is required for low-power laser forming of bare copper as the high reflectivity
of copper prevents enough heat from entering the substrate, even over hundreds of laser passes.
To demonstrate this, a control experiment was done in which two samples were exposed to the
same laser settings for folding, but only one substrate received the HPM before exposure (Figure
3.29). As expected, the copper that does not receive the HPM remained flat while the one that
was marked bent toward the laser (Figure 3.2h). Even the repeated lasing at the folding settings
is insufficient to oxidize the surface and introduce folding so only the HPM allows the bilayer to
reach a 90-degree fold. Despite the high temperatures generated during laser forming, the copper
efficiently spreads and dissipates the heat. After folding, we tried to measure the conductivity
through the thickness of the bilayer, but were unable to measure anything, suggesting that any
carbonization is highly localized and does not extend through the thickness of the polyimide
layer.

Having demonstrated folding of a metal/polymer bilayer with added weight, we tried

laser forming flexible PCBs with surface mount components. Flex PCBs are easily patterned by
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lithography and integrated with pick-and-place machinery,®? so their successful laser forming
would enable rapid prototyping of three-dimensional electronics from existing processes and
equipment. As an initial demonstration, a flex PCB was pattered by etching a 2 mm wide trace in
the middle of the flex PCB, electrically isolating the two halves. A surface mount LED was
soldered to the plates and connected to a circuit containing a resistor and a 9 V battery (Figure
3.3). The fiber laser cut through the bilayer to form a Z-shape net as it is laser formable unlike
the T-shape nets.”® A narrow (500 pm) metal bridge between each half of the cube maintained
mechanical and electrical connectivity with the flex PCB during the forming process. The
exposed polyimide does not contribute to the folding as even the low-power folding passes are

able to cut through.

A —

Figure 3.3. A step-by-step folding of a cube with a functioning electronic circuit. An etching
process (not shown) removed the copper from a strip in the middle of the sample. The first frame
(top left) shows an LED that bridges across this etched region to make electrical connections
with copper on each side. The LED maintains electrical connectivity throughout the cutting and
folding process and can be folded out-of-plane. Scale bar is 1 cm.
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Based on the successful folding with a single integrated electronic component, we sought
to laser form a more complex circuit: an astable 555 timer, (Appendix A.1) which comprises
multiple surface mount components including an integrated circuit. The blinking pattern of the
LED allows easy verification of electrical connection during folding of the commercial PCB.

Commercial flex PCBs typically cover all exposed copper with ENIG (electroless nickel
immersion gold) to prevent copper oxidation. The gold surface presents a challenge for laser
forming because gold is highly reflective to the fiber laser wavelength and does not oxidize.
Despite these challenges, the immersion gold layer is thin enough (~100 nm) to not interfere with
the laser forming process. Straightforward application of the HPM followed by the folding
passes leads to more substantial cutting compared to the samples with exposed copper, breaking
the electrical connection. The HPM cuts deeply into the ENIG coated samples (Appendix A.2)

and breaks the electrical circuit. Fortunately, the low-power folding settings can fold the ENIG

coated samples without the HPM.

Figure 3.4. The commercially fabricated flex PCB (a) is populated with surface mount
components before being mounted into the laser system. The flex PCB is cut and folded (b)
while the circuit still functions. The permanently folded circuit continues to blink (c and d) after
removal from the laser system. All scale bars are 1 cm.
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The populated board (Figure 3.4a) is then clamped at the focal plane of the laser before
high power laser passes were used to cut a tab around the LED to be bent. The standard folding
pass settings are then used to fold the LED out of plane (Figure 3.4b) while maintaining
electrical connectivity. After laser forming, the sample can be removed from the clamp and
retains its fold while the LED still blinks (Figure 3.4c and 3.4d). The trace width for the folding
region is much larger than in conventional PCBs to make manual alignment easier. Previous
reports of laser forming of silicon microsctructures’ suggest that this linewidth is not an inherent
limitation of the process and with automatic alignment systems, conventional trace widths can be
used. While this technique was developed for flexible PCBs, it should also be applicable to
printed copper electronics™ provided the printed traces are sufficiently thick.

3.4 Conclusions

In this work, we demonstrated the laser forming of metal/polymer bilayers using a fiber
laser writer. The same laser writer can be used to drive surface oxidation on the copper and
improve the absorption properties, allowing laser forming without cutting the thin copper layers.
Having demonstrated simple bilayer folding of copper on polyimide, we further showed that this
technique can laser form complex structures with patterned electrodes and integrated surface
mount components. The easy integration of laser forming with conventional PCB fabrication
makes it a promising method for rapid prototyping of 3D electronics.
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Abstract

Micromolding silicone elastomers has many uses in microfluidics, soft lithography and
microfabrication but usually require further processing to integrate functional materials like
electrodes. Herein, we report a simple method to pattern and integrate electrodes into
micromolded elastomers in a single step by using laser-induced graphene (LIG) on SU-8, which
is a popular photoresist. We characterized the role of laser power on the resulting graphitized
SU-8, resulting in an unprecedented sheet resistance of 4 Q sq*, an order of magnitude lower
than anything reported to date. Raman spectroscopy confirms the porous carbon film is
composed of large graphene domains, thereby demonstrating that SU-8 is an excellent LIG
precursor. SU-8 is frequently used for molding silicones and laser graphitized SU-8 embeds
conductive traces during the molding step. This process is used to produce a soft heater that can

generate temperatures in excess of 40 °C with just 15 volts applied.
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4.1 Introduction

Graphene is a 2D sheet of carbon that has many uses owing to its unique optical,
mechanical, and electrical properties.>? These properties make graphene useful in sensors,?
thermal energy devices,* and in biomedical devices.® The first report of graphene involved
mechanical exfoliation from bulk graphite,® but the flakes were small. Encouraged by this first
report of graphene, researchers developed techniques to manufacture large area sheets using
chemical vapor deposition.” Chemical vapor deposition produces high-quality graphene but is an
expensive technology so cheaper alternatives were investigated. Improved exfoliation techniques
were reported®® that produced large flakes of few- and single-layer graphene. Graphene is
hydrophobic which makes solution processing the flakes difficult, but graphene oxide is not
owing to its many functional groups. This easy processing has lead others to produce graphene-
based devices by reducing graphene oxide.1%!

Effective integration of graphene into electronic devices requires more than just high-
quality, large area flakes; these flakes must be patterned. Numerous patterning techniques have
been developed such as inkjet printing,*? transfer methods,*® and even screen printing.'* A recent
patterning technique is laser-induced graphene (LIG) in which a scanning laser locally converts a
polymer substrate into a porous graphene foam, effectively writing circuity on the insulating
layer.t®

From the original report of laser-induced graphene using polyimide, researchers
demonstrated that careful control of laser settings enables LIG to be generated from sulfonated
polymers,'®t" wood,? biomass-derived polymers,'® and doped polymer films.2° This wide
substrate choice has led to LIG being used in catalysis,?* flexible electronics,?? and in sensors.?3

CO:2 lasers are often used for LIG owing to the strong absorption of organic materials at the 10.6
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um laser wavelength. This large wavelength limits the spot size of the focused laser beam so
high-resolution patterns remain challenging. Based on older reports of laser-induced
carbonization,?*2® LIG has also been prepared using visible wavelength?”? and ultraviolet
lasers?® that would potentially enable higher resolutions.

Another method to limit the spot size is by scanning the CO> laser over a patterned
polymer substrate with feature sizes smaller than the focused beam diameter. For example,
51818,% a positive photoresist (PR), is a viable substrate for LIG using a CO; laser. Another
potential resist is SU-8, a negative PR that finds broad applications in microelectromechanical
systems®! and as molds for soft lithography®? and soft microfluidics.3*3* Prior studies report laser
carbonization of SU-8 by adding an absorber to improve sensitivity to an 806 nm laser.*® The
addition of an absorbing modifier, however, limits the use of SU-8 in photolithography. The
researchers also mention that a CO> laser can carbonize both modified and unmodified SU-8, but
the conductivities were much lower than previous reported LIG, suggesting LIG was not formed.
Owing to the broad use of SU-8, we investigated the LIG process on SU-8 using a CO> laser.
LIG can be transferred to elastomers,® 3 so successful conversion of SU-8 to LIG would enable
single-step production of molded silicone with integrated electrodes.

Herein, we report the successful production of laser-induced graphene using SU-8 as a
carbon source. These LIG films from SU-8 are, to our knowledge, more conductive than any
previously reported LIG owing to the high thermal stability and high crosslink density of the SU-
8 photoresist. Furthermore, the laser carbonized SU-8 patterns can be used to mold silicone
elastomers. The LIG layer transfers to the elastomer during molding, thereby providing an easy
method to fabricate compliant electrodes in molded silicone. We demonstrate an example in

which the electrodes serve as heaters in silicone microfluidic channels.
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4.2 Results and Discussion

We used a low-cost CO; (A = 10.6 um) to carbonize photolithographically patterned SU-8
that is then used as a template for PDMS soft lithography. The carbonized layer is loosely bound
to the supporting SU-8 so when the PDMS peels off from the SU-8 mold, the carbonized layer
transfers to the PDMS microchannel. This process is shown in Figure 4.1a. Care must be taken
when designing asymmetric photomasks as the image of the carbonized SU-8 becomes inverted

after the transfer process (Figure 4.1b).

(a) Photolithography Laser Graphitization Cast and Cure Peel and Transfer
PDMS

- PDMS (inverted)
L

| | LR L
\ A Below Range In Range Above Range
- 4 w) (8 W) (12 W)
— I

Figure 4.1. Schematic of the process (a) showing photolithographically patterned SU-8
carbonized by a CO2 laser. PDMS is cast and cured against the structures to mold the PDMS.
Peeling the PDMS from the surface results in a molded silicone with embedded, conductive
carbon features. (b) Photograph of photopatterned and carbonized SU-8 on a Si wafer. The
carbon transfers to the PDMS, as shown on the image on the right, inverting the image. (c) LIG
formed on SU-8 between 5 and 10 W of average power. At lower power, the laser caused
incomplete carbonization and yellowing. At higher power, extensive ablation occurs. (d)
Schematic of a soft heater. The carbonized film transfers to PDMS and can be used as a heating
element by supplying a voltage difference. All scale bars are 1 cm.

To study the role of laser process parameters on SU-8 2050, we first exposed a 60 pm
thick film of SU-8 to UV light and applied the post-exposure bake (following the directions from
the manufacturer). We then laser carbonized these films under various laser power settings while
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holding constant the laser scan speed and the pulses per inch (PP1). Below an average power of 5
W, we observed a slight discoloration in the PR film (Figure 4.1c), and it was not conductive. At
P =5 W, a black film was observed on the surface, which was conductive, indicating successful
laser carbonization. Higher powers continued to produce dark films until P = 10 W, at which
point ablation became dominant and a conductive layer was no longer observed. SU-8 is a
common photoresist for micromolding so SU-8 LIG could enable functional micromolding to
produce soft devices, such as a heater (Figure 4.1d). With this processing range established, we

characterized the sheet resistance of the laser carbonized SU-8 films as a function of the average

laser power.
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Figure 4.2. Sheet resistance (a) of the laser carbonized SU-8 as a function of average laser power
measured using a linear four-point probe. Parallel refers to measuring the sheet resistance when
the probes are parallel to the laser scan direction. Error bars are the standard deviation of
measurements from 3 samples. Optical profilometry (b) of cross-sectioned samples of carbonized
SU-8 films showing an average thickness ~40 um. The bottom of the sample is SU-8 that was
not carbonized by the laser. The film thickness was measured as a function of the average laser
power (c). Cross-sectional electron micrograph (d) of a SU-8 film carbonized at 7W showing the
porous graphene structure.

95



A previous report of laser-induced graphene on photoresist®® measured sheet resistances
of ~10 kQ sq* using a focused laser and an optimized sheet resistance of ~120 Q sq* by
defocusing the laser by 2 mm. When lasing SU-8, we measured sheet resistances ~20 Q sq™* with
an optimized sheet resistance of ~4 Q sq%, all at the focal plane (Figure 4.2a). The LIG process
involves the laser scanning across the surface one “row” at a time. We reasoned this could
produce some anisotropy in the resulting film, so we measured the sheet resistance in the
direction parallel to the laser scan direction and perpendicular to this direction and found
minimal anisotropy in the films. Sheet resistance is not an intrinsic property of materials, so we
cross-sectioned the sample and performed optical profilometry (Figure 4.2b) to evaluate the
carbonized film thickness as a function of the average laser power (Figure 4.2c). We reasoned
that the low sheet resistance of SU-8 derived LIG can be explained by the extensive crosslinking
of the negative-tone photoresist that allows it to form a more ordered carbon when the laser
converts it to a porous film (Figure 4.2d).

The previous report on LIG derived from a PR used a positive-tone resist, S1818,30
which is derived from novolak resins like SU-8. During photolithography, the positive resist,
S1818, becomes more soluble while the negative resist, SU-8 becomes densely crosslinked and
less soluble. Crosslinking has been shown to enable the formation of LIG16 in which
polystyrene ablated and did not carbonize, but a highly crosslinked polystyrene, Rexolite®, did
form LIG. We thus attribute the improved electrical properties of LIG derived from SU-8 to the
extensive crosslinking during the photopatterning process. Having measured the electrical
properties of LIG from SU-8, we sought to characterize the structure of the carbonized film.

Raman spectroscopy is a non-destructive method to probe the vibrational modes of molecules
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that works exceedingly well on carbonaceous materials as there are only three main peaks, but

the peak intensities and shape provide extensive information on the structure.38-40
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Figure 4.3. Normalized Raman spectra (a) of laser-carbonized SU-8 as a function of the average
laser power used. The intensity of the D peak decreases as laser power increases, indicating
formation of a more ordered graphene as the D peak results from a defect-activated process. The
G peak is always present in graphitic carbons, so the ratio of the integrated intensities 1G/ID (b)
is used to characterize the quality of graphene. (c) From the intensity ratio, the crystallite size
(La) of the graphene can be estimated.

Ideal graphene is a repeating lattice of sp?-hybridized carbons which means the only
vibrational mode permitted is the Eq vibration mode that appears around 1580 cm™ and is often
called the G band and is found is almost any carbon material with sp? carbons.*® Defect-free
graphene also shows a band at ~2700 cm™ that is often called the 2D band as it is the second
order Raman scattering of the D band that appears ~1350 cm™. As a two-phonon process,*! the
2D band is permitted even in defect-free graphene and is used to determine the number of layers
in AB-stacked graphene.*! The presence of defects permit another first-order Raman band to

appear ~1350 cm™ called the D band. Since this band requires defects to be observed, this band

is highly correlated with the amount of disorder in the graphene sample.®
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The normalized Raman spectra (Figure 4.3a) of LIG derived from SU-8 shows that all
three of these bands are present suggesting that graphene with defects have been formed. As the
average laser power increased, the D band intensity drops suggesting the LI1G is more highly
ordered from the increased energy entering the SU-8. A common metric is to compare the
integrated intensity of the G band and the D band (Figure 4.3b) to determine the size of the
graphene domains by assuming that most of the disorder is due to grain boundaries, so a large
G/D band intensity would correspond to a large crystallite size,*? but this logic ignores two key
factors: the relationship between the band-intensity ratio and crystallite size is not a one-to-one
function®® and that the D band results from a resonant processes so it is dispersive—its position
and intensity depends on the laser wavelength used to excite the Raman scattering.**44

The problem of the D band being dispersive has been resolved by extending the
conventional formula as a function of the excitation wavelength® which allows the average

crystallite size to be estimated from the ratio of the band intensities (Equation 1):
Lo(nm) = (24 x 10710)2¢ (1€)
D

(Equation 1)

where 4, is the excitation laser wavelength in nm (4; =632.8 nm). Using this formula, the
calculated average crystallite sizes are plotted in Figure 4.3c¢ as a function of laser power.
Despite this formula accounting for the dispersive nature of the D band, it does not address the
problem that the relationship between band intensity ratio and crystallite size is not a one-to-one
function, but this can be solved by considering the 2D band. The relationship is one-to-one until
the defect density is so high that the average crystallite size is only a couple of nanometers.*®
Nanocrystalline graphene, however, lacks a sharp 2D band ~2700 cm™.** The 2D bands in the
Raman spectra confirm that the LIG produced from SU-8 is not nanocrystalline and the
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crystallite size can be assigned unambiguously. The large crystallite size obtained from the

Raman spectra is in good agreement with the low sheet resistance of LIG formed from SU-8.

Having characterized the electrical and structural properties of LIG produced from SU-8,
we sought to fabricate a device that used the photopatternability of SU-8. SU-8 is a popular
photoresist for soft lithography and microfluidics as the thick films produce robust molds that are
used to shape soft elastomers.32,34,47 After patterning the SU-8, we selectively laser carbonized
certain regions with 9 W average power and then cast PDMS (Sylgard-184, Dow) on top of these
structures. After curing, the PDMS was peeled from the silicon wafer. The LIG transferred to the

PDMS, as expected based on the ability of LIG to transfer from other polymers.36

a) PDMS

Figure 4.4. A photograph (a) showing the LIG transferred to the PDMS as well as the
microchannels formed indicating the one-step production of microfluidic channel with an
embedded electrode. The sample is at a uniform temperature (b) before voltage is applied to the
LIG. When the power supply is turned on, the sample heats up (c) along the LIG pathway. Scale
bars are 1 cm.

The transferred LI1G was then connected to a power supply using copper wires and
droplets of liquid metal (eutectic gallium-indium) to make good electrical contact (Figure 4.4a).
When applying 15 V, the sample begins to heat up only in the carbonized areas, up to 40 °C at
steady state. In principle, the transferred LI1G could also be used for radio frequency heating® or

as a surface to which proteins could attach.?

99



4.3 Conclusion

We have successfully demonstrated the use of SU-8 as a valuable substrate for producing
laser-induced graphene (LIG). The graphene produced is substantially more conductive than any
previous report of LIG. The conductivity is consistent with the unusually large graphitic
crystallites as calculated from the integrated intensity ratio between the G and D peak measured
via Raman spectroscopy. The laser-carbonized SU-8 can be used as a mold for imparting
topography into silicone elastomers. When the elastomer is peeled from the SU-8 mold, the LIG
also transfers to the elastomer, resulting in conductive features. We show that these features can
be used for Joule heating, but in principle conductive molded silicone could have a wide range of
applications.
4.4 Experimental Methods
4.4.1 Materials

SU-8 2050 (Kayuka), propylene glycol monomethyl ether acetate (PGMEA) developer
(Sigma-Aldrich) and isopropyl alcohol (VWR) were used as received. Silicon wafers (76.2 mm)
were purchased from University Wafer. Eutectic gallium-indium (EGaln) was purchased from
Indium Corporation.
4.4.2 Sample Preparation

Silicon wafers were Oz-plasma (Diener Electronic) cleaned (100 W, 30 s, 40 kHz) to
remove any adsorbed species and to promote adhesion with the SU-8 2050. SU-8 was spin
coated onto the wafers to an expected thickness of about 60 pm.

After spin coating, the wafers were soft baked to remove residual solvent before being

patterned using contact lithography and illuminated by an IntelliRay 400 UV flood lamp
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(Uvitron). The exposed samples were then baked again to allow full cross-linking to occur, after
which the samples were allowed to cool to room temperature.

Once cooled, the samples were developed by submerging them in PGMEA to dissolve
any uncrosslinked SU-8. After development, the samples were rinsed with isopropyl alcohol
before being blown dry with air and stored in a cabinet.

Dry films were then laser carbonized with a ULS 3.50 laser writer equipped with a 40 W
CO:- laser tube. All laser scribing was done at the focal plane with an image density of 1000 DPI
(dots per inch) and 1000 LPI (lines per inch) at a scan speed of 15 cm s in raster mode. Power
was controlled by adjusting the laser duty cycle from 5% up to 50%. Duty cycle refers to the
fraction of time that a pulsed laser is “on.”

The carbonized PR was transferred to polydimethylsiloxane (PDMS) by mixing Sylgard-
184 (Dow) in a 10:1 ratio of prepolymer to crosslinker in a planetary centrifugal mixer (Thinky
Mixer AR250). The mixture was then poured over the laser carbonized PR in a petri dish
(Fischer) and placed under vacuum for 5 minutes. The sample was the removed from the vacuum
and crosslinked at 80 °C for 2 hours at ambient pressure. The PDMS film was peeled from the
silicon wafer and the carbonized layer transfers to the PDMS while producing molded features in
the elastomer.

Soft heaters were fabricated by placing drops of eutectic gallium-indium (EGaln) to make
reliable electrical connection with the transferred graphene film. Copper wires were then used to
connect the EGaln droplets to the power supply (Keithly 2450 source meter).

4.4.3 Sample Characterization
Raman spectroscopy was conducted with a Horiba LabRAM HR equipped with a He-Ne

laser (A = 632.8 nm) to excite the Raman vibrations. Spectra were recorded with a 100x objective
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lens, and five spectra were averaged for each sample. Sheet resistance was measured using a
Jandel Model RM3-AR 4-point probe station with 1 mm pin spacing. Carbonized film thickness
was characterized by optical profilometry (Filmetrics profilm3D) and cross-sectional SEM (FEI
Verios 460L).
4.4.4 Device Characterization

Soft heaters were characterized by observing Joule heating using an IR camera (FLIR)
and was processed with the accompanying software (ExaminIR).
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Chapter 5: A Brief Future of Lasers: Outlook and Prospective Work
5.1 Introduction

This dissertation explored the role of lasers in manufacturing and rapid prototyping of
electronic devices. Lasers are monochromatic beams of light that can be focused to small spot
sizes allowing their effects to be highly localized. In these studies, the focused laser energy was
converted to heat to locally drive physical and chemical transformations in numerous substrates.

Chapter 1 provided a brief historical overview of the development of laser technology,
from the first reported laser in 1960* to modern analytical,?> medical,® and manufacturing*®
methods that rely on the unique properties of lasers. Most, but not all, rely on the conversion of
the laser energy to heat meaning lasers can be used as directed heat sources.

Chapter 2 reviewed the technique called laser forming and its applications in rapid
prototyping. Laser forming is the use of laser to generate thermal stresses in materials causing
them to fold. In sufficiently thick materials, the bending moment is large enough that the
substrate shortens instead of folding. This shortening means laser forming can be used to
produce non-developable surfaces’ such as saddle shapes.? Laser forming is conventionally done
on thick (> 1 mm) metal plates, but the use of light to make mechanical adjustments has been
embraced as a quality-control technique for electronics.®>**

Chapter 3 reported the use of laser forming as a manufacturing technique for 3D
electronic devices. Photolithography produces high-quality patterns but is limited to use on 2D
substrates such as printed circuit boards. A two-step lasing process was developed that
transforms flexible printed circuit boards (PCBs), a copper/polymer bilayer, into 3D structures
while retaining electrical functionality. A single pass of a high-power (16 W) laser (A = 1064

nm) drives surface oxidation of the copper. The copper oxides produced are strong absorbers at
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the laser wavelength which enables folding to be done with lower laser powers (6 W),
minimizing cutting in the thin bilayers. This laser forming technique was found to be compatible
with conventional flexible PCB manufacturing with a commercial nickel/gold coating as an
absorbing layer instead of laser-induced oxidation.

Chapter 4 explored the use of SU-8, a popular photoresist,*2*3 as a substrate for laser-
induced graphene (LIG). LIG is a porous graphene film produced by localized pyrolysis from a
laser beam.**1> SU-8 was investigated as a LIG precursor because it had similar thermal
characteristics to previously reported LIG precursors'®!’ and its use as a mold for elastomers.8°
LIG produced from SU-8 had the lowest reported sheet resistance of any LIG previously
reported which was attributed to the high crosslink density that enabled the formation of a highly
ordered carbon during the laser pyrolysis. The enhanced ordering was confirmed by calculating
the average crystallite size from Raman spectroscopy. Photopatterned SU-8 was then laser
carbonized and used to mold a silicone elastomer. When the elastomer was peeled from the SU-8
mold, the LIG layer transferred to the elastomer, producing microchannels with an embedded
electrode.

5.2 Further Research

Many laser technologies have seen industrial adoption,?® but new techniques are
constantly being developed, but often lack strong predictive models for the processing windows
for new materials. The modelling of laser forming is a striking example of this problem. Despite
using advanced finite-element models, computational predictions of the fold angle routinely
deviates from the experimental values of multi-scan laser forming by more than 30%.2

Many factors contribute to the discrepancy between numerical and experimental results.

The first source of error is the lack of thermophysical data for most systems. During laser
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forming, the substrate is rapidly heated to just below melting. The thermal expansion coefficient,
Young’s modulus, and absorptivity are all functions of temperature so a lack of data means these
important parameters need to be regressed from conditions far from the process conditions.
Supposing careful experimental data was gathered, there remain assumptions on boundary
conditions that could generate systematic errors. First, the samples are usually modeled as well
defined, atomically smooth sheets of metal while most metals are rough and have surface oxides.
These oxides can drastically modify the coupling of the laser to the substrate. Second, the laser is
usually modelled as a moving gaussian heat flux, which is accurate in the limit of continuous-
wave lasers, but many lasers are pulsed systems. The importance of laser pulse duration has been
demonstrated in other laser processing technologies.???* More accurate modelling would thus
benefit from careful characterization of the lasers used, even for commercial systems.

During the investigation of low-power laser forming of flexible PCBs, laser-induced
oxidation was observed. Laser-induced oxidation is well known,?% but has been used to
introduce various colors on metals when laser marking.?®2° Recently, laser-induced oxidation
was used to locally convert molybdenum sulfide into various oxide and sulfide phases to directly
write conductors, insulators, and semiconductors from a single precursor.®° Similarly, low-power
lasers were used to enhance the photoluminescence of molybdenum sulfide by passivating sulfur
vacancies with ambient water.3! Taken together, lasers could be used to tune the electronic and
opto-electronics properties of numerous materials. Laser-oxidation/passivation may find use in
manufacturing perovskite solar cells, or quantum dots3® where surface defects in these
materials can lead to pronounced losses from inhibited charge transfer.

While not as mature at photolithography, 3D printing is a rapid prototyping technology

that has become very popular in recent years.3* 3D printing encompasses numerous process with
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fused filament fabrication (FFF) being the most popular. The FFF process builds up a 3D object
layer by layer, but the poor interaction between layers often leads to diminished mechanical
properties. Lasers could be used for microannealing between the printed layers® to strengthen
these 3D printed parts by promoting sintering® or polymer interpenetration.>” Many of the
polymers used in FFF have a low glass-transition temperature which makes them poor
candidates for laser-induced graphene (LIG).%® There exist thermally robust filaments that can be
used for LIG®® but these filaments tend to be expensive. Based on previous reports*® and the
study of LIG using SU-8, extensive crosslinking can minimize ablation and promote
graphitization. Thus, highly crosslinked structures from vat polymerization or two-photon
lithography are promising candidates for 3D electronic structures using LIG.

Last, laser forming and LIG are not mutually exclusive processes. Flexible printed circuit
boards use a polymer layer for support and as a dielectric. One of the most common polymers is
polyimide which was the first reported substrate to form LIG.!* A resistive element can be laser
scribed into the polymer as LIG that can then connect with a lithographically patterned circuit.
The entire structure could then be laser formed to produce 3D electronics. For certain
applications, the polymer might be sufficient for both LIG and bending as laser forming is nearly
material agnostic and has been demonstrated in polymer films.3%4

Lasers have rapidly transitioned from physical curiosity*! to valuable tools in the
manufacturing,* modification,*® and measurement?** of materials. Modern lasers span all the
way from low-powered continuous-wave laser pointers*® to petawatt pulsed lasers delivering
hundreds of joules of energy in femtosecond pulses.*® With a wide range of powers and pulse

durations, the future of laser manufacturing looks bright.
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Appendix A — Supplementary Information for Chapter 3
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Figure A.1. The schematic for the astable 555 timer circuit. The following values were chosen to
generate a blinking frequency of 2 Hz.
C1: 680 nF

R2: 91 kQ
R3: 160 kQ

Figure A.2. Commercial boards cover exposed copper with ENIG, electroless nickel immersion
gold, which is 3-6 um nickel covered by a layer ~100 nm gold. The nickel layer absorbs the
laser strongly causing deep cutting (a) in the sample when exposed to the HPM. This causes
problems when trying to laser form the sample as usual. The normal bending settings (b) do
results in some cutting but is like that observed by the HPM for bare copper.
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