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Multiphoton absorption polymerization (MAP) is gaig importance as a means
for fabricating 3-D micro-devices. By focusing afirafast laser inside a prepolymer
resin, radical polymerization can be initiated bwoiphoton absorption of a
photoinitiator. The result is a highly cross-linksolid polymer point, or voxel, which is
extended to create complex shapes by scanningaieg beam in a 3-D pattern. The
geometric freedom combined with sub-micron resotutiprovided by MAP is
unparalleled by any other microfabrication techegu However, MAP suffers from
three issues; the novelty of the technique itsbié fact that it is inherently a serial
process, and the restriction of device materialcrss-linking polymers. To better
understand the technique, the MAP fabrication sesudescribed in detail. Specific
techniques of fabrication, such as how to desigd awash microstructures, are also

described. To address the second issue, micreftnamolding (TM) has been applied



to make high fidelity molds of complex master msgtractures, followed by a fast and
easy replication step to make duplicate structureghis technique has even been
extended to replicate structures with closed-logpsh as arches or coils, which should
be topologically impossible to mold and replicatéhe third issue has been addressed in
two ways, by laser-direct-writing of metal patteors3-D substrates and by changing the
surface chemistry of the polymer to contain primanyines. Laser-deposited metal can
be made conductive by further electroless growtdyng 3-D conducting patterns. The
amine surface modification can be used for any rermif chemistries, including
catalytic metal seeding, which could then be gramto a metal coating. This new
flexibility in surface chemistry, along with the leanced speed giTM, ensures that
MAP will be a practical technology to create mictevices. Numerous electrical,
mechanical, optical, and biological applicationsVAP are described as well as potential
future applications. To date this work has resbLite9 peer reviewed publications, and 2

more which have recently been submitted.
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Chapter 1: Microscopic Patterning

1.1 Introduction

Technological developments in microscopic pattgemeration have led to the
current information revolution. State-of-the-adngputer processors have been made
with >1 billion transistors per chip and with indiual features on the scale of tens of
nanometers. A comparable revolution is brewing for microteotogy of a different
sort. What if all the benefits of microelectrosicspeed, cost, and portability could be
extended to mechanical, chemical, or biologicatesys? This is the basic premise for
such ideas as ‘labs-on-a-chip’, microelectromedata@rsystems (MEMS), and micro-total
analysis systemuTAS). These concepts have been in the air for talvou decades and
are poised to make a leap in applicability in teamfuture.

Advances in microscopic pattern generation will bequired for these
technologies to come to full fruition. Thus fargpblithography, the technique developed
for making micro-circuitry, has been applied toateeMEMS. Photolithography uses a
mask to expose patterns in two dimensions. Aftaretbpment, these patterns can be
etched, doped, or coated to create structures asidhsulating layers, p- or n- doped
regions, or conducting wires. The combination ledse processes results in transistor
logic switches, memory gates, amplifiers, filteredamany other functional electronic

components. The primary benefits of photolithogsajare its resolution, currently 30

" The dual-core Intel® Itanium® processor, code-néfi\dontecito,” already uses 1.7 billion transistors
Seewww.intel.comfor more information.



nm. and its ability to create hundreds of chips, eaith millions of features, in parallel.
This batch fabrication enables highly complex desito be produced at a low cost.

While photolithography has been tremendously sisfakst suffers from several
issues that prevent it from being used to full adiage in MEMS. One drawback is, “it
poorly suited for introducing specific chemical @tionalities; it is directly applicable to
only a limited set of materials used as photoregfst Such control is essential for
chemical and biological applications. Another s$ithe cost and facility requirements
for photolithography, which are typically beyonatieach of most researchers. Finally,
photolithography is an inherently two-dimensionathnique. Patterns are duplicated
from a 2-D mask, and while they can be stackecel@ased to create to layers in three
dimensions, true 3-D fabrication simply cannot bealwith photolithography.

The ability to fabricate in three dimensions is imuaore important for MEMS
than it is for more conventional microelectronic€ircuits would stand to gain from
increased component density if extended into thlieeensions, but the performance of
these circuits would remain essentially the sarimnversely, many MEMS aquTAS
devices will require 3-D capability to function the same manner as their larger-scale
counterparts. Take, for instance, typical comptseri full scale electro-mechanical
systems or analytical equipment, such as electragtagmotors, combustion engines,
diffraction optics, mixing vessels, pumps, valvesseparation columns. Some of these
components can and have been made in two dimerisidna their functionality may be
compromised due to the limited dimensionality. Hweer, if they could be made in three
dimensions, but smaller than usual, they could tiancin a manner analogous to the

corresponding macro-scale devices. Creating 3-Dvicds is possible with



photolithography although it generally requireswsagial fabrication of many layers and
accurate registration between them. This thediisdigicuss and alternative fabrication

technique that can fabricate complex 3-D microstnas in a single fabrication step.

1.2 3-D Pattern Generation

A number of techniques have been developed to genemicroscale patterns in
three dimensions. These methods fall into twogmaies, based on the ability to create
either arbitrary or restricted 3-D features. Atmeged patterning technique may not be
able to create undercut or free-moving featuresiother example of a restricted 3-D
patterning technique is one that can only makeopearipatterns. Restricted patterning
techniques include X-ray lithography, soft lithoging, self-assembly, layer-by-layer
assembly, and holographic photopolymerization. &#mrite technologies, such as

stylus- or laser- based techniques, enable arpipaitern formation.

1.2.1 Restricted 3-D Techniques

One of the first attempts to extend fabricatioto ithe third dimension was a
process known as LIGA, which was invented in thdyeh980s. LIGA is a German
acronym for X-ray lithography (X-rayithographie), electroplatinggdlvanoformung),
and molding &bformung). As its name implies, LIGA uses X-ragscreate patterrs.
The synchrotron-generated X-rays have small divergeangles due to their extremely
short wavelength, which allows for micrometer-regioin patterning in photoresists with
depths exceeding 1 cm. The result is high-aspiti-patterns, such as channels and

gears, which can be used as molds to electrodepmsdls such as nickel. The metal



pattern can be used as is, or the shape can bead\again by using the metal pattern as
a mold for polymeric parts. Structures made byAl&ve good surface smoothness and
sharp vertical features, but are of limited 3-D ptewity because of the line-of-sight
nature of the X-ray exposure. Undercut structgassbe produced by stacking layers or
by exposing the resist and an angle. Complex tstre€ have been demonstrated, but
their application has not been widespread, despegematurity of the technique, likely
because of the availability of synchrotron radiatsources and X-ray masks.

Another technique capable of producing restrictedd Jeatures is soft
lithography, a class of techniques that includesroacontact printing {CP) and
micromolding? Soft lithography uses photolithography or elewtb@am lithography to
generate patterns that are then molded by an elastdypically polydimethylsiloxane
(PDMS), to create a stamp. For micromolding, gtemp can be used to duplicate 3-D
structures with tens of nanometer resolttiand with restrictions on geometry. Methods
will be discussed in chapter 3 that overcome mbshese topological limitations. For
MCP, the PDMS stamp is used to transfer the patteamy number of substrates using a
variety of ‘inks’. One typical example is tipCP of an alkanethiol ink placed in contact
with a gold surface. The alkanethiol forms a saembled monolayer on the gold,
making that region hydrophobic. Aqueous etchinfutsmns can then be applied to
pattern the gold with ~100 nm resolution. This teghe offers greater control of surface
chemistry than does conventional photolithogragmg is cheaper and easigiCP can
also be applied to non-planar surfaces; howevdngifirst step is photolithographyCP
cannot be used to create truly 3-D structures. t fbbgraphy is the most popular

‘unconventional’ lithography because of its low togreat convenience, and broad



chemical capability; however, it has severely ledit3-D freedom because the starting
point is usually photolithography.

Self-assembly has the capability of creating aabilyy complex 3-D patterns, as
demonstrated by biological systems; however, tlagree of 3-D complexity on the
micron- or submicron-scale is currently beyondrech of sciencé’® What is possible
is the fabrication of periodic structures from matls such as colloids or block
copolymers. Colloidal solutions can be dried aatefto yield close-packed crystals.
Block copolymers, consisting of polymeric units lsues ...AAABBBAAABBB... can
microphase separate, due to differences in hydapitpbetween the A and B subunits,
to yield 3-D patterns. Block copolymers thus ofitiractive ways to make useful devices
such as photonic crystdls. However, without arbitrary control, these techusis cannot
be used to create more complex systems.

Layer-by-layer assembly has been demonstratedetiteci3-D patterns from 2-D
substructures made using photolithography or stifodgraphy. This technique is also
useful for creating photonic crystals and otheriquBc structures, but geometric
constraints prevent the creation of arbitrary 3Hames:> Another problem is that each
layer has to be registered correctly to the exgssimape, which is not trivial.

Holographic fabrication generates periodic patein three dimensions using
the interference properties of coherent laser li@y intersecting multiple laser beams in
a photoresist, a 3-D light intensity distributiagenerated that consists of constructive
and destructive interference regions. This patteduces photochemistry that can be
used to develop the pattern into a 3-D latticecstme* Like the previously mentioned

techniques, this is only applicable for periodiogetries.



1.2.2 Arbitrary 3-D Patterns

Direct-write technologies are the second class-Dftachniques, and are the only
ones to offer true 3-D freedom. Direct-write refdo methods involving moving a
pattern-generating source, such as an ink-delimerzle or a laser focal point, in three
dimensions with respect to a substrate in a way thanalogous to writing in two
dimensions.

Ink-based writing can be performed by either drapdal or filament-based
techniques that are referred to as ink-jet prining robotic deposition, respectively. A
nozzle can deliver inks made of colloids, polymews, polyelectrolytes, whose
rheological properties can be tailored for the ipalar deposition technique. Structures
can span a range of sizes, from small structuréls mwdividual features having micron
scale resolution to larger structures made of ~1®Owide lines™> While 3-D control is
offered in principle, in practice the inks are migfid enough to create structures with
completely arbitrary geometrié&?® For example, lattice type scaffolds have been
demonstrated, but without compact structural suppuatividual lines will not remain
freestanding.

The other adaptation of direct-writing, using aelafocal point, does allow for
true 3-D control. This method has been used in exhrtique called
microstereolithographypSL);*® larger-scale versions also go by the name ofdrapi
prototyping or 3-D printing. The basic idea is ple a laser is focused onto the surface
of a liquid prepolymer resin, photochemically inthgccross-linking.  After scanning the
desired 2-D pattern, additional resin is added reate a new surface layer, and the

process is repeated. The liquid resin is removieer dabrication, yielding a 3-D



microstructure. The feature size is determinethieythickness of the added layer and the
size of the laser focal spot. Features that d@sengtron in all three dimensions have been
demonstrated® One issue with this technique is the speed wittickv layers can be
added. Generally, the resin has a low viscosityitmay still take nearly one minute to
reflow an additional laye?

An alternative technique, recently developed, iglates the need to reflow the
resin by focusing directly inside the sample antymerizing only at the focal poifit: %
This local polymerization is made possible throughltiphoton absorption, and the

process has been named multiphoton absorption poization (MAP)! MAP has a

A B C

Figure 1.1 A) In step 1 of MAP, a laser is focugeside a prepolymer resin. B) In step 2,
the focal point is scanned in a 3-D pattern creathe desired part. C) In step 3, the
unpolymerized resin is washed away in solvent, ifepthe freestanding part. D) An

example of a MAP microstructure of the word ‘HAIR'eated on a human hdfr. E) A

coil within a coil (unpublished). F) Side view aftower with dimensions 20m x 20um
x 1.5 mm*®

" This process has also been called 3-dimensiahabjiaphy (3DLM), two-photon induced polymerization
(TPIP), and two-photon polymerization (TPP or 2PRhe literature.



higher resolution thapSL and employs a simpler experimental setup. Ehapswill be

described in detail in the next chapter, but byidIAP is performed in 3 steps: 1) focus
an ultrafast laser into a drop of resin; 2) mowe fibcus relative to the resin in X, Y, and
Z to fabricate the desired pattern; and 3) rinsa solvent to remove the unpolymerized

resin. Some examples of MAP microstructures aogvaehn Figure 1.1.

1.3 Multiphoton Absorption

At the heart of MAP is the nonlinear optical pregef multiphoton absorption
(MPA). First predicted in 1931 by the Nobel laueephysicist Marie Goeppert-Mayer in
her doctoral dissertatidii* the process was not verified experimentally uth@ advent
of the lasef®> An intuitive explanation of MPA is that the tratisn from the ground
electronic state to an excited electronic stateithasually achieved by the absorption of
one high-energy photon is instead reached by simetius absorption of multiple low-
energy photons. The most common implementatiothisf is degenerate two-photon
absorption (TPA), where both photons have the sameegy.

A more accurate physical picture is obtained usingjuantum mechanical
treatment of MPA that can be derived with pertiidsatheory?®?’ Using the time-
dependent Schrédinger equation and a Hamiltoniainctimtains the vector light fiel&,,
and the position vector, solutions can be obtained for single- or multiptdoton
interactions. The first-order solution correspomndshe one photon case, the second-
order to the two-photon case, etc. The transpiabability for TPA between a final |f>

and initial |i> state is given by:

* While Prof. Goeppert-Mayer is well known for herlg work on the multiple quanta events, her 1963
Nobel prize was earned for explaining the stabditymagic number’ nuclei.
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whereg, is the energy of the light field, andey, is the difference in energy between the
ground state and the virtual state A virtual state is unique to quantum mechaniud a
can be thought of as a transient state betweetesttdies. The lifetime of a virtual state
is extremely short, ~1 femtosecond, and defines lsovwwltaneous’ photons need to be
in order to interact. Equation 1.1 reveals why TiBApatially localized: its probability is
proportional to the light intensity squarét],or more generallyf* for n photons.

This localization was first utilized by Dendt al. in two-photon fluorescence
microscopy?® In two-photon fluorescence microscopy an exdtativavelength is used
that is approximately double the peak absorptiowelemgth of a given fluorophore.
TPA occurs at the focal point, resulting in fluaresce that is then imaged. What is
fundamental for two-photon fluorescence microscapyl for MAP is that excitation
occurs only within the focal volume. This is shownFigure 1.2, where the total one-
photon and two-photon absorption per transvers@oseof a focused laser beam are
plotted as a function of axial position. Becauke transition rate of two-photon
absorption is proportional to the light intensityjuared, a maximum occurs at the focal
point?®

Since the seminal work of Derg al; hundreds of groups worldwide have used
multiphoton absorption for fluorescence imagingD 3data storage, photodynamic
therapy, and microfabrication. In almost all apations MPA uses pulsed laser light and
strongly focusing lenses, e.g. high numerical apert{NA) objectives, to create the

necessary photon density for nonlinear absorptibenk et al. showed that for such a
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Figure 1.2 Fluorescence from a solution of RhodamiB caused by single-photon
excitation from a UV lamp (left) and by two-phot@xcitation from a mode-locked
Ti:sapphire operating at a wavelength of 800 nigh¢ji The integrated intensity in each
transverse section of the beam does not dependpgsition for single-photon excitation,
but is tightly peaked in the focal region for twbebon excitation.

system with pulse durationand pulse repetition rafg, the number of photons absorbed

per molecule per pulsa,, is proportional to

2 22
n, = poi((NA) J : (eqn 1.2)
T fp 2hcA

wherepy is the time-averaged laser powgris the excitation wavelength, adds two-
photon absorption cross-section. The units&f@re named Goeppert-Mayer (GM) and
defined as 1 GM = I m*s photon. As an examplé for the good two-photon-

absorbing fluorophore fluorescein is 38 GM.

1.4 MAP in the Literature

For MAP the spatial confinement of excitation isedisto induce a chemical

reaction only at the laser focal point. This podyipation reaction can take place by

10



either of two reaction mechanisms, radical or catiodepending on the photoinitiator

and monomer being used.

1.4.1 Radical Polymerization

Upon excitation, a radical photoinitiator can eithcleave homolytically or
transfer its energy to a coinitiator to begin teaation. The two types of photoinitiator
are classified as Type | and Il, respectiv€lyThere exist a number of commercially-
available Type | initiators, most of which are amim carbonyl compounds. The
photolysis of these molecules usually occurs by digtit a-cleavage.

A number of groups have demonstrated the use pé Tynitiators for MAP. The
most commonly used Type | photoinitiator is foundaicommercial resin called JSR500
(Japanese Rubber Company). JSR500 contains tthe dfype | radical initiators shown
in Figure 1.3, which are available under commensahes of Irgacure 369 and Iragcure
1843* The polymerization reaction is started from thenioyl radicals created by
photolysis of these molecules, and continues uwil chain termini couple with one
another or until radicals are quenched by inhibit@uch as molecular oxygen. The
reacting species are urethane acrylate oligomergV/ (WD0O and 1200 g/mol) and
monomers. The for these molecules is relatively low, ~20 GM, AP is still

possible using a Ti:sapphire oscillator with averagwers in the milliwatt range.
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Another Type | photoinitiator, which has been usatensively by the Fourkas
group, is Lucirin TPO-I*43° This photoinitiator has a low, likely around 1 GM, but
works quite well for MAP. Upon photoexcitation Litin TPO-L homolytically cleaves,
leaving a carbonyl radical and a phosphinoyl rddic&Vhile both are reactive, the
phosphinoyl radical is tetrahedral in shape arttiesefore sterically more reactive. This
is important because despite its lady Lucirin TPO-L is still a highly efficient
photoinitiator. It should also be noted that LucilTPO-L is a liquid at room
temperature, making it easy to mix with monomersictv are often viscous. We have

demonstrated MAP of a wide range of acrylate anthawylate resins with this initiator

Type I Photomutiators
v L Cfb%

0
Lucirin TPO-L Irgacure 369 Q 5

2, 2 ) '
P n-Bu\ R
o OCHs N N = .
n-Bu A\ /f\\J—/:\—NI
R -/ 'n-Bu

Irgacure 184

R =-OMe, n=2
Irgacure 819 BME E-stilbene derivative
Monomers
0] o 0
S R R0l g
I [ 0T o,
Acrylate Methacrylate Urethane

Figure 1.3 Type | photoinitiators used in MAP agpital monomer components
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using low average power from a Ti:sapphire osaltlat

Other commercially available photoinitiators thstve been used for MAP are
shown in Figure 1.3 and include Irgacure 819 (bisE2
trimethylbenzoyl)phenylphosphine oxide), BME (2-hmety-1,2-diphenylethanone), and
ITX (2(4)-isopropylthioxanthone¥’

Several groups have chosen to synthesize custartoipliators and optimize
them for TPA. Such photoinitiators have enablexlibe of lower fabrication powers and
less sophisticated, less expensive laser systdimaese engineered molecules can also be
used for other applications that take advantagd A such as optical data storage,
optical limiting, photodynamic therapy, and two-pd imaging. Work in this field
centers on molecules that are composed of a caejdigentral region flanked on either
side by electron donating (D) or accepting groups (The various core moieties that
have been used in MAP include E-stilbene, bis(deyizené?*"* naphthalené®
biphenyl?° and fluorené?

Marder, Perry and coworkers have done extensiud with the E-stilbene and
bis(stryl)benzene systems by symmetrically altetirgstrength and positions of electron
donating and accepting groups. Configurations cb1tD, D-T-A-1:D, and ATeD-
TEA have been testedtfepresents a conjugated bridge) and moleculesaih high as
1250 GM have been made. Studies show that synumetiarge transfer from the
molecular center to the ends, or vice versa, ipaesible for a highd. Extending the
conjugation length increased as does increasing the electron donating/accepting
strength. A side effect of these changes is & shithe TPA wavelength peak, which

red-shifts with increasing conjugation length. dkhift could allow a molecule to be
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optimized for different excitation wavelengths, bat the most common and simplest
case of 800 nm excitation it may also mean inedficipumping. After the molecule has
been excited by TPA it is thought to undergo etettitransfer to an acrylate
monomer/oligomer, initiating the polymerization ¢gan. The molecule 4,4’bis(N,N-di-

n-butylamino)-E-stilbene has been used for MAP @atgrs as low as a few hundred
microwatts using a Ti:sapphire oscillator, tharkgs highd value of 1,250 GM.

Andraud and coworkers have used a substitutedeihgsystem to initiate MAP,
but have achieved this with a cheaper, smallet bghirce by using a Nd-YAG Nanolase
microlaser operating at 532 rith*? The aminobiphenyl substituted fluorene is of Ere
D type and has & value of 80 GM at 532 nm. Acrylate monomers haeen
polymerized using 532 nm light with an average posfearound 1 mW (0.5 ns pulses at
repetition rate of 6.5 kHz). This was the firstnamstration of MAP using a non-
ultrafast laser.

The resins described above consist primarily oflates, which have a number of
properties that are useful for MAP. Acrylates ased extensively in industry and so are
commercially available with an assortment of fuowélities, sizes, and compositions.
They are generally safe and are easily processexpibycoating or drop casting. The
unreacted resins are soluble in common solventl ascethanol. Using tri-, or tetra-
functional acrylates results in polymeric solidattare highly cross-linked and are able to
withstand the development step after fabricati®terhaps the most important quality is
the speed at which acrylates polymerize, becauseaibles the use of fast laser scanning
speeds during MAP. All of these gqualities expltie widespread use of acrylates and

their derivatives, urethane acrylates and methatey| in radical polymerization.
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Unlike type | photoinitiators, type Il photoinit@is are used with a coinitiator,
which is generally a bulky tertiary amine. ThiseBon takes place when the excited
photoinitiator forms an exciplex and abstractsoanydrogen from the amine, followed
by electron transfer.

Several groups have used type Il photoinitiatorsMAP, because they can have
a highd value and are commercially available. Campagrfiis and coworkers have
shown the use of a xanthene based chromophore, Meseyal, along with
triethanolamine as a coinitiator, for the radicalymerization of acrylates, acrylamides,
and several biopolymefd. Rose Bengal has&@of about 10 GM at 800 nm and requires
~100 mW of Ti:sapphire light to make sustainabladtires.

Belfield and coworkers have used a commercialrine dye, H-NU 470, along
with an arylamine, N, N,-dimethyl-2,6-diisopropyiame (DIDMA), for type Il radical
polymerization of acrylates and methacrylafesAlso Li et al. have reported the use of
7-diethylamino-3-(2’benzimidazolyl) coumarin with @initiator of diphenyliodonium
hexafluorophosphate and showed <1 mW fabricatiomvep® from a Ti:sapphire
oscillator?*

In summary, the photoinitiators used for radical Maary from small molecules
to large conjugated molecules in binary systemsaufkber of groups have reported the
successful application of radical MAP using a Jgri®f resins, homemade and
commercial, and different excitation sources. @Gusphotoinitiators have been designed
by several groups and have been shown to be efkéeotith for low threshold powers and
for the ability to use less expensive laser systeWihile the benefits of custom initiators

are clear, their availability is limited. Commeakcresins or resins made of commercial
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components have the benefit of accessibility bdtesirom a slightly higher power
threshold for fabrication. However, for all of theser systems used, the threshold for
these resins is always well below the available ggoand therefore their use is

completely practical.

1.4.2 Cationic Polymerization

A cationic photoinitiator works by generating aosig Brgnsted acid that is
capable of polymerizing epoxides or vinyl ether mmers®® The generated photoacid is
catalytic and can begin many polymerization reastio Because these monomers react
by a different mechanism, they are not subjectuenghing by singlet oxygen, as are
radical initiated polymers.

Epon SU-8 is the most widely used epoxy polymetikg MAP****’ SU-8 has
eight epoxy groups per monomer and contains adnyplsulfonium salt (TPS) photoacid
generator (PAG). SU-8 is used extensively in cativaal photolithography for making
MEMS because of its ability to make high-aspeabratructures. This ability is due in
part to the thickness of the films that can be ¢agtto 500um). The availability and
well-documented use of SU-8 make it a conveniepioghas a cationic resin; however,
extra processing steps, such as a pre- and posi-la& required. Tebt al. have
performed extensive studies of MAP with SU28* Using a low-NA objective, high-
aspect-ratio structures (50:1) could be made whibua 1.0 nJ/pulse energies. Wegener
and coworkers have demonstrated the use of SU-8htorfabrication of a functional

photonic crystal at telecommunications wavelengthsThis photonic crystal required
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large side walls for support against shrinkage.-856 known to shrink about 7.5% upon
crosslinking®

Two commercial PAGs have been combined with monentermake custom
resins for MAP. These are diaryliodonium (CD10&8a) triphenylsulfonium (TPS) salts
and they can be used alone or with a photosensitRelfield and coworkers used these
salts, individually, to polymerize cycloaliphatitedoxides®® While thed is <10 GM,
they are still able polymerize structures with nmside/erage powers and speeds.

Two groups have also reported the use of homerRades. Ober and coworkers
used the coumarin/iodonium salt, because of ith Iwgo-photon sensitivity. Marder,
Perry and coworkers adapted their h@gimolecules with the bis(styryl)benzene core to
become PAGs by changing the pendant groups to ioostdfonium moieties. This
molecule, label BSB-S has ad of 690 GM and is more than ten times more sermsitiv
than commercial cationic photoinitiatofs>? BSB-S is shown in Figure 1.4.

The PAGs used for cationic polymerization can alsoused in positive-tone
photoresists. This promises to be an extremelfuliseay to fabricate 3-D microfluidic
devices. Perry and coworkers have shown that ti@opcid can induce an ester-
cleavage reaction in a solid polynm&The newly formed polar groups make the volume
in which they are present soluble in an aqueous tasgeloper. Channelsgn x 4um in
cross-section have been made i below a surface with a mere 40V of average

power from a Ti:sapphire oscillator.
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Figure 1.4 Chemical structure of three PAG(diarylamino)styryl] benzene with
two dimethylsulfonium groups (BSB;f triphenylsulfonium hexafluoroantimonate
(TPS), and [4-[2-(hydroxytetradecyl)oxy]phenyl] plygodonium
hexafluoroantimonate (CD1012). The monomer strechf SU-8 is shown on the
right. Note the eight epoxy rings per monomer.

1.5 Resolution of MAP

Due to a combination of optical and chemical nugdirity, MAP can achieve
resolution that is considerably better than thadmted by the diffraction limit. The
smallest individual voxel thus far reported using0&m excitation was 100 nm in
diameter® Suspended lines with waists as small as 30 nonéndimension have also
been fabricated in SU-8, although this kind of heson has not yet been achieved for
more complex structures. Voxels are generally ellipsoidal, and the two onimxes

perpendicular to the optical axis are about 3-Fsiramaller than the major axfs.This

shape is determined in part by the point-spreadtiom (PSF) of the light intensity near

the focus.
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The probability for TPA is proportional i3, which effectively narrows the PSF
of the beam near the focal point so that it is fgnahan the diffraction limit at the
excitation wavelength. However, this narrowingr&ds not sufficient to explain the
decrease in voxel size that is observed experirtherifa In fact, voxels of comparable
size have also been fabricated using single-phabsorptiorf’ The real benefit of the
optical nonlinearity of TPA lies in the negligibdbsorption away from the focal point.
Photoinitiator concentrations can be employed #rat approximately ten times higher
than would be feasible for single-photon excitatwithout any fear of out-of-plane
polymerization.

Chemical nonlinearity is also an important fagtothe creation of voxels that are
smaller than the diffraction limit. Due to quenuafpiprocesses, there exists a threshold
intensity below which the polymerization reacticemnot be sustained to create a solid
structure. By careful control of the laser intépsthis threshold can be exceeded only in
only a small fraction of the focal volume. Fortarsce, a beam that is focused to a 400-
nm diffraction-limited spot may exceed the intepsitreshold only in a 100-nm region in

the center of the spot.

1.6 Thesis Outline

MAP has been demonstrated by a number of groums igana promising
technology, but comparing MAP to other technigued thake 3-D microdevices reveals
that MAP has several issues that prevent its wigaspbuse. One issue is the novelty of
the system itself. This issue will be describeddetail in the next chapter, because

scientists and engineers interested in microdevacesnot necessarily familiar with the
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intricacies of ultrafast lasers. Since no comnarall-in-one system is yet available to
fabricate by MAP, the systems so far reported Bilgoanemade. This has limited the use
of MAP to specialists, but only for technical reaso As lasers become smaller and
cheaper and piezo-driven stages become more pnevalRAP systems will become
accessible to a wide variety of scientists. Inptba2, details of how a system should be
assembled and used will be described.

Another issue with MAP is that it is a slow sepabcess. Not only must parts be
made one at a time, but each part is made one pbmttime. Two groups have made
progress in addressing this problem. Kawata andoders have demonstrated the
ability to fabricate with multiple focal spots siftaneously. We have used soft
lithographic techniques to mold and replicate nstmactures made by MAP. The latter
work will be the subject of chapter 3.

The chemistry available for MAP also poses a i@gin. For example, the
systems described already have been confined teytiitbetic organic polymers, such as
acrylates, methacrylates, epoxies, or urethandsereThas been little work on adding
electrical functionality or biological compatibyitto MAP systems. Chapter 4 will
describe efforts to modify the surface chemistrypolymeric microstructures, enabling
the incorporation of an assortment of functionality

Applications of functional microstructures, spexfly, the electrical applications
of metal coated polymeric microstructures, will fiemmarized in chapter 5. Devices
such as a microinductor and a circuit for the detacof gold plasmon absorption have

been made by MAP. A brief description of deviceadm by other groups, such as
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photonic crystals, will be discussed. Finally somk the many potential future

applications of MAP from micro-NMR to nanophotonigsl be discussed.
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Chapter 2: Experimental Setup and Techniques

2.1 Introduction

MAP was first demonstrated over 15 years ¥gget a survey of recent
publications shows that groups still differ on httwassemble the fabrication system for
optimal performancé %79 | this chapter the various components necedsary
MAP system will be analyzed. The configuration #oibasic working system will be
shown and additional features to make it more paeiill be explained. Five
subsystems are required in order to fabricate bytiphoton absorption: a laser, a
microscope, a sample, a device to move the beam neipect to the sample (or vice
versa), and software to control the motion. Fahesubsystem there exist many choices
that will be compared and contrasted. Also, arlaaiion of the software we use will be
given and some of its time saving features highdigh

Finally, specific methods of fabrication, rareBported in the literature, will be
explained. For instance, the logic for choosinggaeticular scanning pattern for a given
3-D shape will be spelled out. These technique® leeen learned through experience

and the reasoning behind them sheds light on thygepties of polymeric microstructures.

2.2 The Laser

The laser most commonly used for MAP is a Ti:sagpbscillator, although a
few alternatives have also been reported. Theapjkire oscillator offers sub-100 fs

pulses with hundreds of milliwatts of average povim modestly priced ($100k
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including pump laser) commercial systems. Thesgegsys can vary from turnkey
operation to kit assembly, and span a broad winddwoutput powers and pulse
durations. One especially nice feature of theapphire laser is the potential tuning
range from 650 — 1100 nffl. More advanced systems, such as a regenerativgdijfeed
Ti:sapphire have also been used for MAP; however l@vel of intensity available from
such lasers is not necessary unless the beamidgedifor parallel fabrication.

Simpler lasers, such as an Erbium doped fiber,ldsve also been usét.An
Erbium laser outputs at a wavelength of 1550 nmhwil00 fs pulses and can be
frequency doubled to 780 nm with tens of milliwatfsaverage power. These lasers are
more compact and less expensive than Ti:sapphires.

A diode-pumped, frequency doubled, Q-switched Md3Ylaser has also been
used to fabricate by MA®:%? This laser has a footprint of a mere 4 cm x 15amd
costs less then $6,000. This laser operates avalength of 532 nm and can generate
3.5uJ pulses at 6.5 kHz for an average power of ~20 mAW600 ps, pulses are long
compared to those from a Ti:sapphire laser, butstileintense enough for multiphoton
absorption to occur. Clearly, this is the mostt-@tective option, but it offers the least
control over the available power, wavelengths, jamde duration.

Getting the laser beam to the microscope can\asp from simple to complex.
Two scenarios are sketched in Figure 2.1. Thelsiwgse consists of steering mirrors, a
beam expanding telescope/spatial filter, a halfevplate/polarizer, and a shutter. The
spatial filter is critical to ensure that a cleaBMp, mode enters the microscope and
overfills the back aperture. Overfilling the baakerture provides a more uniform

wavefront to take full advantage of the numerigagréure (NA) and focusing power of
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Figure 2.1 A) A simple MAP setup consisting of adg polarizer (P), a half-wave plate
(A/2), a spatial filter and a shutter (S). B) A mommplex MAP setup for ultrafast lasers
with an optical isolator based on a Faraday rotékdt), a pulse compressing prism
arrangement, and an interferometer for autocoroglaheasurements.

the objective lens. The half-wave plate/polarizansed to adjust the average power, and
the shutter is used to control exposure of the gamp

The more complex setup (Figure 2.1B) includesettagditional components that
improve the performance of ultrafast systems. fliise component is an optical isolator
that consists of a polarizer — Faraday rotator farper combination. This isolator
prevents back-reflections from going into the lasarity and disrupting the modelock.

The next component is an arrangement of prisms pigise compression.
Arranged in this way, negative group velocity disi@en (GVD) can be achieved, which
is used to eliminate chirp and to ensure transfiimmited pulses at the sample. Normal

or positive GVD occurs when spectrally-broadbamghtlipasses through glass and the
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shorter wavelengths travel more slowly than longewrelengths, causing the pulse to
spread out in time. This dispersion imparts chrghe pulse, which means that different
frequency components are present at different tinkagdses with duration less than 100
fs are highly susceptible to pulse broadening dutigpersion.

The third additional component in this setup isoael in-line autocorrelator. An
autocorrelator (AC) measures the temporal widtla ¢tdser pulse. By dividing a beam
into two pieces and then recombining them with avkm time delay, a signal can be
obtained that is proportional to the time gap. nMaaag the time delay enables the pulse
duration to be measured. To obtain the signal gitamal to the beam overlap (in time),
a nonlinear process, such as second harmonic gemeria employed. The signal can be
interferometric if the beams are collinear. If theams instead meet at an angle, their
interference pattern will produce fringes that ager out to give a smooth curve known
as an intensity autocorrelation. Most ACs usecars@-harmonic crystal and detect the
second-harmonic generated from the mixing of the bgams. However, this method
makes pulse measurement after a high-NA lens diffibecause the working distance is
too small for a doubling crystal and a detectofitton a microscope stage. Recently, a
new technique has eliminated the need for a doghdigstal and a detector by instead
using a solid-state detector with a bandgap grehser the fundamental frequency of the
light. These detectors are insensitive to the &mmehtal frequency but exhibit second-
harmonic generation and/or two-photon absorptiothiwithe semiconducting crystal.
An AC signal can therefore be obtained by simplguking an ultrafast beam onto a
photodiode detector and scanning the interferomeisre detector with this capability is

made from GaAs®® It has been shown to detect near-infrared lighbath the second
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harmonic generation and two-photon absorptforiThis detector has been used after a
1.4 NA objective lens and has measured pulse wiaktshort as 6 5:°°

The generic AC described above consists of anfartemeter that enables the
pulse width to be measured after the microscopectibg at the position of the sample.
However, when actually fabricating by MAP one does want an interferometer in the
beam path because tiny sub-micron motion of theamsircan cause dramatic fluctuations
in the light intensity due to interference. Of cs®} one arm of the interferometer could
be blocked, but then 75% of the power would be. loAt more elegant solution is to
divide the beam by polarization; this is sketchadFigure 2.2A. Using polarizing
beamsplitting cubes and a half-wave plate befoeeintkerferometer, the power in each
leg can be adjusted arbitrarily without changing gath of either beam. Thus, the legs
can be of equal intensity for the AC measurememnt @oen the polarization can be
adjusted to send all the light into only one ledha interferometer for fabrication. Also,
since the polarization of the combined beams isiogdnal, the beams should not
interfere and should therefore give an intensity #&@&n which it is easy to measure the
pulse width. In practice, the GaAsP diode is asa@ropic crystal and exhibits second-
order interference between the cross-polarized bedarowever, the interference can be
eliminated by bringing the beams together at anleangs is done for intensity
autocorrelations. Figure 2.2B shows the reductionnterference as the beams are
combined at a greater and greater angle. The nuaildanges in the plot refers to the
visible fringes present if a polarizer is used t@akethe two beams the same polarization,
and the greater the number of fringes the grehteanhgle between the beams. The AC

shown in Figure 2.2A enables ultrafast pulses tobasured at the sample position of a
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Figure 2.2 A) In-line autocorrelatorA/2 is a half-wave plate, P is a polarizer, PBS is a
polarizing beamsplitter, S is a shutter. The bearasrought together at a slight angle to
create a fringe pattern on the detector. B) Thcaurelation signal as a function of
alignment. When the beams are collinear an intenfge pattern can be seen that becomes
weaker and weaker as the number of fringes incsea3@e top curve is obtained when
the angle between the beams is approximately 1.mrad

microscope and can be simply adjusted to ‘turn thié interferometer portion enabling it
to be used ‘in-line’ that is, without altering theeasured beam path in any way.

This in-line autocorrelator has the additional éférof being easily converted to a
cross-correlator. A cross-correlator measuresgaasithat is proportional to the time
delay between pulses from two lasers. It workexactly the same way as an AC except
the combined beams originate from different sourdégure 2.3 shows an arrangement
that uses kinematic mounts with a fixed base gateexchangeable top plates, allowing
the in-line autocorrelator to autocorrelate eitloértwo ultrafast lasers or to cross-
correlate them. One requirement to cross-correfate ultrafast lasers is that they
operate at the same repetition rate (pulses/sivithda fixed phase difference, which can
be achieved through a commercial system such ameh®-Lock (Coherent). Such a

system could be used for a number of different iappbns, such as dual-color pump-
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Figure 2.3 Using kinematic mounts (dashed-line sgg)athe in-line autocorrelator can be
quickly modified to autocorrelate a second lasetootross-correlate two lasers. ‘B’ is a
beam block.

probe experiments, stimulated emission depletiofE(® microscopy, or STED MAP.

This last application will be described in chager

2.3 The Microscope

A microscope is used in MAP both to focus the bdamfabrication and to
generate an image to view the process in real tiAtethe heart of the microscope is the
objective lens. The image it creates can be vieesler through oculars or on a
television connected to a CCD camera. A short fiassblue) filter should be used to
prevent reflected laser light from entering thelasior the CCD camera.

The other important aspect of imaging is illumioatof the sample. This is
usually done by focusing light through a condendamg and transmitting it through the
sample. It should be noted that a long-pass yetow) filter is necessary to prevent
unintended photopolymerization of the sample. Heeweit is also possible to view an
opaque sample by sending the illumination throulgé imaging objective. In this

arrangement, substrates such as silicon can be u3duls reflected illumination is
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slightly more involved than transmission becausseeond microscope port containing
tube lenses is needed to transmit collimated ilhation light after the objective. In this
way, the objective focuses the laser light andiroalies the illumination. A schematic is
shown in Figure 2.4.

The style of microscope, namely inverted or ugrigihould also be considered.
The difference between the two is the directionhef objective lens, as shown in Figure
2.4. For an upright microscope the sample is memibelow the objective lens while for
an inverted microscope the sample is above the I8wth arrangements are optically
equivalent, and for MAP there is little differenbecause the sample can be placed

upside-down with no ill effects. In general, integt microscopes provide two slight

Tl

B L

Figure 2.4 A) An upright microscope in transmissiande with one beamsplitter (BS) to
reflect the laser and transmit the illumination.slort pass filter (F) blocks the laser and a
yellow filter is used for the illumination to prevephotopolymerization. B) An inverted
microscope in reflection mode with two beamspl#tésr the illumination source and the
laser.
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advantages over upright microscopes for mechameasons. The first is that the
position of the stage on an inverted microscopexesl and the objective can be moved
up and down along the optical axis. This meanddhal plane is less likely to drift in
the z direction compared to an upright microscopleere an entire stage is capable of
moving in this direction and can gradually fall owxtended periods of time. The other
feature that is useful for inverted microscopeshat there is generally more room
between the objective and the condenser in whigilaoe the sample and stage. This is
important because a 3-axis stage used in MAP majobebig to fit on an upright
microscope.

Another option is building a microscope from mraibuted lenses. This is a viable
option, but is not as easy as it sounds. Commami@oscopes can be purchased at a
reasonable price and are usually worth it for apgnoptical arrangement like MAP in
which a basic inverted microscope will work weRlso, one of the most expensive parts
of a microscope is the objective lens, which mespbrchased whether the microscope is

home-built or purchased commercially.

2.4 The Sample

The sample either consists of a liquid or solidpmymer film. As mentioned in
Chapter 1, acyrlates, methacrylates, and epoxies been used in MAP, as have other
materials such as siloxan®s,hydrogels® chalcogenide®’ and organic modified
ceramics’ For most of our experiments a resin is prepangdrixing equal parts
ethoxylated (6) trimethylolpropane triacrylate (®arer, SR-499) andris(2-hydroxy

ethyl)isocyanurate triacrylate (Sartomer, SR-368)ithw 3 wt. % 2,4,6-
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trimethylbenzoylethoxyphenylphosphine oxide (BA$kgirin TPO-L)3 The resin is
sandwiched between a substrate and a coverslipavgpacer in between (Figure 2.5).
The spacer is on the order of 1t thick, but can be made several millimeters thick
depending on the sample. In general, the spadeknétss should be less than the
working distance of the objective lens. The sudistrs usually glass whose surface has
been modified to promote adhesion of acrylate nsicutures. The modification is done
by O, plasma cleaning the glass followed by immersion 28 hours in an ethanol
solution with 3 % by volume 3-acryloxypropyltrimettysilane. This reaction puts
acrylate groups on the surface of the glass that tben be polymerized into the
microstructure, connecting it to the substrateis Thodification can also be done on the
oxide layer of a silicon wafer. The resin itsdibsld be optically clear and transparent to
the laser light used. This is usually not a probkt near-IR wavelengths. In general, a
high viscosity resin is preferable to a low vistpgiesin because the sample will be
moved while in contact with an oil immersion objeetlens. The pressure from the
objective can cause the resin to flow that carodishcomplete structures. To achieve a
higher viscosity, some groups have incorporated pblgmer binder poly(styrene-co-
acrylonitrile) in 1:3 ratio of binder : monomers’® After evaporation of a solvent used

to mix the components, a clear solid film is lefthe solid film enables fabrication of

Cover slip Resin

[ — ‘ Spacer

[ < > /

Modified Substrate

I 1

Glass slide

Figure 2.5 A typical sample configuration.
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parts without fear of them floating away; howevaeparing the film may take several

days.

2.5 Creating the 3-D Pattern

Focusing an ultrafast laser into a prepolymer dangenerates a cross-linked
polymeric voxel. In order to create a 3-D shape lmser must be scanned in three
dimensions with respect to a fixed sample; altévaht, the sample can be scanned with
respect to a fixed laser beam. In principle the &se equal, but in practice scanning the
sample offers greater flexibility and a simpler estmental setup.

Scanning mirrors are employed for scanning mi@p&s such as confocal or
two-photon fluorescence microscopy, and in manyegasare already present in a
laboratory attempting MAP. They are designed &ster scanning or line scanning and
are not well suited for creating arbitrary pattenmshree dimensions. In fact, they can
only scan in two dimensions; another stage, sucla ggezoelectric mounted to the
objective lens, must be used to move in the thimtedsion. Also, scanning mirrors only
allow fabrication to the edge of the field of viewhich may be only 30m x 300um
or less, depending on the objective lens used.

The alternative, using a 3-axis stage to movestraple with respect to a fixed
focal point, has several advantages over usingngtgnmirrors. A 3-axis stage is
designed for synchronous motion and is not limttethe field of view of the objective.
Mechanical stepper motor stages can have accuraciE30 nm with ranges of over 10
cm. Piezo driven stages can have sub-nanometeluties over a 1 millimeter range

with velocities of up to 20 mm/s. Both systems asasily programmed in Cartesian
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coordinates. MAP systems often employ two stagesort-range, high-resolution stage
riding atop a long-range, low-resolution stage. isTénables small parts to be made

accurately on the wafer scale.

2.6 Software

Neither scanning mirrors nor 3-axis stages havenbeesigned by the
manufacturer with 3-D patterning in mind. Mostelik the scanning system is intended
for automated inspection of semiconductors or Ilgigial samples or for generating
images by raster or line scanning. Software mestvhtten with the capabilities and
limitations of MAP in mind. In the Fourkas lab wmtially used scanning mirrors for
pattern generation but quickly realized their lemitns and changed to a stepper motor
stage with 100 nm resolution in the x-y plane (uwathid 25 nm resolution along the z-
axis (Zeiss). The software for this stage wasterea LabView by Dr. Richard Farrer
and provided the basis for the software | wrotedatrol our next-generation stage, a
piezoelectric XYZ stage (Physik Instrumente) witRGOum x 200um x 200um range
and sub-nanometer resolution. A screen shot ferstiftware is shown in Figure 2.6.

The program has two basic modes of operation,nan@nd-response mode and
an automated mode. In the command-response mddeities and position can be
set/queried and the shutter can be opened/closEdis mode enables rudimentary
fabrication of lines and points. For complex shsafiee automated fabrication mode is
used, whereby a text file containing command coded coordinates is read and
translated into the desired 3-D part. Other festwf the program include a program log

that records the time/date stamp of the text fiva$ have been run as well as a help menu
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P NanoStage.vi

< 3

Figure 2.6 Front panel of the ‘Nanostage.vi’ progrénat controls a P-562.3CD (Physik
Instrumente) stage.

that explains the available commands for automatedrams. While an automated
program is fabricating, a second window opens gidetails of its progress, such as the
current (x, y, z) coordinate, and the time remajruntil completion.

Each line of an automated program begins witharseven commands (-1 5)
that dictate how that line of the program will Imerpreted. Commands -1, 1, and O tell
the stage to move to the subsequent (x, y, z) aoates with the shutter closed, with the
shutter open, with the state of the shutter unckdngespectively. This (x, y, 2)
coordinate is with respect to the origin, whichdsfined as the position when the
program was started. Command lines beginning thighnumber 2 set the velocity of x,

y, and z axes ipm/s. Command 3 moves to (X, y, z) and then opeeshutter for a
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fixed period of time in milliseconds. Command 4diged to make waves or circles. The
diameter, period, axes, and number of cycles dreadjustable parameters. The 4
command is useful for concise coding of waves orles, but if an arbitrary curve is
needed it is also possible simply to input a seofepoints to approximate a polygon.
This procedure is very easy in a spreadsheet progran equation can be written for the
shape. Finally, command 5 resets a specifiediposis the origin. This enables already
coded patterns to be cut and pasted into anotlmgrgn to piece together modular
structures. Designing modular parts can make progring new structures significantly

faster. Figure 2.7 shows a sample program, arichplementation.

10100 :

1]0] 0 |10 (-03) (:34) 1

00 |-10]0 10 - \ \ (39) | 10
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310 0 | 2500 0+ |[\/\/\[ 4 0
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1,0 0 |10

0] 0]-10]0 10 |

ol o i3 2101 Ly
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Figure 2.7 The text file on the left will generatee pattern shown above. The first
column is the command (-1 5). The next three columns are (x,y,z) coordmate
velocities, except in the 4 command where theyasgmt diametepm), period (s), and
one of the axes for the circle. The axes in tle#hmand are enumerated 1, 2, 3 for X,
y, z and are programmed into columns 4 and 5. sixtd column in the 4 command
specifies the number of cycles. The center ofctiikis redefined as the origin with a 5
command before the coil is made. Note the lastsirmands are cut and pasted from
the top and simply repeat the structure in a differlocation. The numbers in
parenthesis in the top view are elapsed time iorsg at that point.
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2.7 Putting it All Together

The combination of these subsystems produces lathab can fabricate useful
devices by MAP. An inexpensive, basic version dsn assembled for less than
$100,000. This system would be composed of a compérolaser, a few optics for
power control and steering, and a simple commenaiatoscope with a CCD camera. A
computer controlled 3-axis piezo stage could bedulee pattern generation. The
footprint of the system could fit on a 2’' x 2’ ogdl breadboard, not including the
accompanying PC. This system should enable falwrcaf micro-devices within the
range of the piezo stage (3@t x 300um x 300um), but registration would be difficult
beyond this range without another computer comtdolstepper motor stage. An
inexpensive manual stage could be used to tran8iatestage but not with significant
accuracy for registering parts over a range greager that of the piezo stage.

A more powerful system could be assembled usimg ativanced subsystems
already described. For example, an ultrafast lagstem with transform-limited pulses
and an in-line autocorrelator could be used to nthe most efficient polymerization by
multiphoton absorption. An advanced optical micopge capable of reflection imaging
would enable both transparent and opaque substi@tbe used. The stage could be
composed of a 3-axis piezo stage mounted to a cmpantrolled, 2-axis stepper motor
stage for fabrication on the centimeter scale withmicron accuracy.

Three additional improvements could also be madadrease the automation of
the MAP process. The first is the addition of adbic power control. This could be
achieved by either rotating a motorized half-wavatep or by transmitting the beam

through a device such as an acousto-optic modutater spatial light modulator. This

36



would offer dynamic power control while fabricatiagsingle part and could be useful for
creating features such as thin walls or membrambkgh are useful for micromolding of
parts.

Programming the software to translate the sulessath that it is always parallel
to the objective would be another useful improvemeli the substrate is not parallel
with the stage, then features made on the surfageeapoint may be significantly above
or below the surface far away from that point. fiyding the surface at three distant
points, the real plane of the substrate can beuledérl and used to translate the
programmed points into a new coordinate systemndJa simple 3 x 3 matrix, a space
transform can be applied to correct for this typgmblem in which a flat substrate is
tilted with respect to the stage.

Finally, a third improvement that can be madéesuse of a microfluidic sample
chamber. This chamber would enable the exchangesais without losing registration
of existing parts. A schematic of such a chambeshiown in Figure 2.8. The chamber
consists of three ports; inlet, outlet, and vacuufme inlet and outlet provide the flow
channels for the rinsing out the first resin andhaging it with a second resin. The
vacuum line is used for reversible adhesion ofdhamber to the substrate. Resulting
structures, composed of two types of polymers, wmeful because of their different
mechanical, optical, or chemical properties. stance, dual-component fabrication
can be useful for creating the core and claddingrobptical fiber, adjacent cantilevers
with different spring constants, or structures imeh only selective portions undergoes a

reaction after fabrication.
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Figure 2.8 A microfluidic sample chamber. The wawouchannel reversibly holds the
elastomeric chamber to the substrate. The sanguigartment has two ports to bring
resin or solvent in and out. The modified substiattransparent and the laser would be
focused through the bottom of the substrate indardisin (not shown).

2.8 Practical Procedures of MAP Fabrication
2.8.1 Structural Design

The most important part of structural design s tfethod by which the structure
is fabricated. This has been reported in theditee as either a raster scan or a vector
scan. During a raster scan the part is made irsdinee way an image is formed on a
television. The beam scans a square area ands@meither exposed or not exposed to
create a 2-D pattern. This is usually done wigmsing mirrors and a shutter.  Another
option for raster scanning that improves its ey is to vary the scanning speed to
control polymerizatiorf® If the beam is scanned quickly, the exposed petywill not
be cross-linked enough to survive washing; thusdanning a single line slowly then
quickly then slowly again, two line segments carcteated with a gap in between them.
This scheme increases the speed of raster scafmingpich scanning is still less efficient

than tracing the desired shape. The vector scahathenly traces the part of interest
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and does not scan outside this part at all. Gle#re vector scan is the most efficient,
and so it is the fabrication method of choice, eslly when using a 3-axis stage instead
of scanning mirrors. The three scanning methoeshown in Figure 2.9.

Whether or not to make the shape solid is alsingrortant issue. Significant
time can be saved by only polymerizing the shel given shape, such as the walls of a
cube instead of the entire 3-D volume. If the kiglclosed, the liquid resin will be
trapped within it during washing and can be polymezt later under a UV lamp. One
problem with this is shrinkage upon cross-linkimdnich can cause the shape to collapse
partially (Figure 2.10). This collapse will notar if the part is made solid initially by

MAP or if the part is left open so the liquid resi@n be washed out. For this reason parts

are rarely made as shells and polymerized aftehiwwgs
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Figure 2.9 Raster scan with constant speed usasutier to expose points. Raster
scanning with variable speed, denoted by large smdll arrows, is faster because
unpolymerized regions are scanned quickly. Vestanning is the most efficient method
and only traces the points to be polymerized.
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Figure 2.10 The support wall for these cantileweas made as a shell and was partially
collapsed by further polymerization after fabrioati

One final consideration in designing a programthie amount of overlap in
adjacent points/lines. As mentioned in section a.g/pical voxel used for fabrication is
~ 400 nm in diameter and ~&n in height. Based on these dimensions, the distan
between points in the x-y plane must be < 400 nch<a@um in the z-x or z-y planes to
form continuous objects. Making the spacing 2>3®rsmaller will increase the overall
fabrication time but will also make the structuteosger. No systematic study has been
reported showing the effect of the polymerizati@msity on mechanical strength of the
microstructures. Part of the difficulty lies inetlaccurate measurement of the mechanical
properties of polymeric microstructures. For mststictures in this thesis an overlap of

at least 50% was used.
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2.8.2 Fabrication Techniques

Knowledge of voxel size is critical for designingructures. The voxel
dimensions can be measured using a technique krasvan ascending scan. By
fabricating voxels higher and higher above the sabs the amount of truncation is
reduced until the voxel is no longer touching theface. Just before this happens, the
voxels can be slightly attached and will fall ogerring washing, enabling the true height
of the voxel to be measured (Figure 2.11A).

The ascending scan technique highlights an impbiissue for fabrication by
MAP: accurately finding the substrate surface.a lpart is made and it is not in solid
contact with the substrate IT WILL wash off duringsing. Luckily, finding the surface
is easy. One simply needs to focus inside the r@sd fabricate a line while moving the
substrate towards the focal point. When the fquaiht becomes submerged in the

substrate polymerization will stop. The surface ba found by moving the substrate

Ascending Scan
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Figure 2.11 A) An ascending scan measures thengight of truncated voxels. B) To
find the surface, the focal point is initially al¥he substrate then moves inside it
stopping polymerization. The substrate is moveaurngh down to hone in on the correct
surface location.
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back a small amount, 9Im, to a point where polymerization is visible. Trecess of
finding the surface is shown in Figure 2.11B. TFheface may be in a slightly different
position than the one where the substrate surfage focus, depending on how well the
laser beam is collimated. One point worth notisgthat the velocity used for this
procedure should be greater than or equal to theeitye used for fabrication; otherwise
the voxel used to find the surface could be togdaresulting in a seemingly lower
surface when in fact the voxel is actually talldm indication that the lines are in contact
with the surface is that the lines the remain ghaiwhile after several minutes lines
made slightly above the surface get wavy and linasare far above the surface bow into
arches’?

Another important concept for MAP is the use aftaring. Whenever possible,
newly formed polymer should be connected to antiexjgpolymer that is secured to the
surface. This procedure will prevent the structuoen moving if the resin should flow,
which can occur when moving the sample along thealpaxis with an oil-immersion
objective. Tethering is also useful to preventlibaiing of parts, such as beams, that can
occur during building. One way to avoid such peois is to fabricate many lines in the
short direction instead of a few lines in the lahigection when making something like a
beam. The time to complete a structure this walybeislightly longer because the short
lines will have more stopping points, and thereforeaverage have a lower average
velocity, due to brief acceleration/deceleratiorcleg. This brings rise to another
problem when fabricating at high speeds: the ratecoeleration/deceleration may be too
slow, resulting in a dwell time at turning pointsat is long enough to cause over-

polymerization. The easiest way to avoid this pobis to fabricate slowly; however, a

42



better solution is to make the end points slowlg atitch them to the rest of the line,
which is made quickly. The fabrication of the dulme can be stopped prematurely by
the closing the shutter while still in motion, alimg it to decelerate without
overexposure.

Another issue that must be considered in fabooais beam defocusing while
traversing a microstructure. Defocusing occurspidesthe fact that the polymerized
material is optically transparefit,because this material has a slightly higher index
refraction, 1.5222, than the liquid resin, 1.493Mefocusing poses a problem if
something near the substrate is to be made afteretbing tall has already been
fabricated. For instance, the bridge in Figur&2vhs made and then a thin wall under
the bridge was fabricated. The thin wall polymedzorrectly in the center but not near
the edge, because a large fraction of the beamdefaxused by the leg of the bridge.
This problem can be circumvented by changing thpieece of fabrication or by using

dynamic power control to increase the power inamgiprone to defocusing.

Figure 2.12 Polymerization can be impeded if tteeddocuses through a thick polymer
structure, as shown here near the support legsbofdlge. The holes near the legs were
intended to be filled in.
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2.8.3 Post-fabrication Processing

After washing unpolymerized resin from a microstwe, the capillary forces of
the drying solvent can collapse delicate portidnthe structure. For example, if a coil is
washed in ethanol and then dried, the surfacedmnsin be enough to cause adjacent
turns to stick together (Figure 2.13). This problean be avoided by using a solvent
with a lower surface tension or by using supewaltidrying. Supercritical drying
requires additional equipment and is a slow pracésstead, we exchange ethanol with
the solvent hexamethyldisilizane (HMDS) wheneveagiie parts of a structure are
susceptible to collapse during drying. HMDS is coomly used in photolithography as a
surface modification agent and not for its low auad tension.

Another way in which surface tension can be ovwekeds by designing the
structure differently and using another tool ofelamicrofabrication, ablation. Polymer
laser ablation can be performed by focusing theesaltnafast beam used for fabrication
into a cross-linked structure made by MAP. Theyp@r vaporizes at the focal point,

resulting in the ability to make relatively smoathits in structures. This process can be
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Figure 2.13 The coil on the left was dried in etblacausing its turns to stick together.
The coil on the right was dried in HMDS and did setitk together.
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Figure 2.14 The cantilever on the left was madthauit a support. After washing in

ethanol it was pulled down by surface tension. Gdatilever on the right was made with a
support post and was not affected by the surfat®de during drying. The cantilever was
cut free after drying by laser ablation. Note aise ridges at the edge of the cantilevers,

which are unintentional. These are caused by exaten/deceleration of the stage at the
turning points.

used to free parts that were tethered during daban or to cut away another kind of
support used to prevent collapse during washingurg 2.14 shows a pair of cantilevers.
One was made without a support and fell after waghwhile the other had a supporting
tower that was disconnected by laser ablation. a#dr takes about ten times as much
power as is required for fabrication, and while ¢hi¢ edge is relatively smooth, if a large
volume of material is ablated the surface can tierdid with debris that is difficult to

remove.

2.9 Summary

This chapter has described the five componentessecy for fabrication by
MAP: a laser, a microscope, a sample, a stagesaftdare. The available options for

each have been described, as well as the ratibmrakelecting one option over another.
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A wide range of systems can be assembled, dependitige desired level of capability.
Simple systems, capable of fabricating arbitrarl) 3hapes, can be assembled for <
$100,000 from a turnkey picosecond laser with xi8-atage. The software to control
such stages is fairly simple. Also, samples casilyede prepared from commercially
available components. Highly complex systems dsm lae envisioned to push the limits
of automation and at the same time the efficienog &esolution of MAP. Using
dynamic power control, planarizing software, anehiarofluidic sample chamber would
greatly extend the speed and quality of devicesenbgdVIAP.

Hopefully, the simplicity of the setup describegerdn will reassure those without
optics experience that they too can assemble a BiAEm. The design and fabrication
techniques discussed should enable beginners tod aeonmon mistakes such as not
finding the surface correctly. Also, in highlighg the pitfalls, such as the collapse of
shell structures (Figure 2.10), a better feel camgdined for the mechanical properties of

microscopic polymer structures.
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Chapter 3: Micro-Transfer Molding

3.1 Introduction

While MAP has remarkable 3-D capability and reiohy it is inherently a serial
technique and is therefore of limited use in macotuiiang. Structures made by MAP are
not only made one at a time, but each structufabscated voxel by voxel. Thus a
complex structure can take hours to make. Twotismisi have been demonstrated to the
make MAP a parallel process, enabling hundreddrattsires to be made in the same
time it takes to make one. The first techniquesusenicro-lens array to create multiple
laser foci that fabricate copies of the same dimechext to one another. In the other
method, one makes one master structure seriallydsmig and then makes replicas in

parallel. The figure below summarizes these tapias.

B

Master Structure ‘ J

D v A

ﬂReIease Mold
v Fill S—7
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ﬂ Cure ‘ P —

3 - :' J' Repeat
P Release f @ _/’/
——; = | v iy ©

‘ Replica Structure

Figure 3.1 A) Micro-lens array for parallel fabriicen. B) Micro-transfer molding
(UTM). After molding a master structure, the mold is @lleith resin, cured, and the
replica is released. The mold can then be reusathke additional copies of the master.

47



The first technique has been demonstrated by Kawaatl coworkers, and allows
more than one hundred identical structures to bméd simultaneously with only one
stage”> These structures must be in close proximity te another (~1Qum), and care
must be taken to ensure the laser beam is unifenoss the micro-lens array to make
each structure identical. Also, since the beandivéded into many sub-beams, the
original beam must be very powerful, so an amplifi@aser is used. This technique is
particularly useful for creating periodic structsireuch as photonic crystals, in which a
unit cell could be made by each I€fis.

The second technique uses MAP to create a strugturee usual manner. The
structure is then molded, and the mold is used aentopies. The mold effectively
takes the role of a mask in photolithography (whillso made in a serial manner) but
then allows for subsequent parallel production. isTtechnique has a number of
advantages compared to the micro-lens array appr@scwell some limitations. The
remainder of this chapter will discuss this, whishknown as micro-transfer molding

(UTM), in detail.

3.2 Micro-Transfer Molding with PDMS

Transfer molding dates back to the early days latigs engineering, but has
more recently been applied to the micro-scale withdevelopment of soft lithography.
In the soft lithographic implementation the moldnsde of an elastomer, typically
poly(dimethyl)siloxane (PDMS). The commercially available PDMS formulation most
commonly used is Sylgard 184 from Dow Corning, WwhiE composed of a 10:1 ratio of

base to curing agent. The base is a cross-linkalgl-functional T-type silicone resin
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with a small amount of organo-platinum catalystheTcuring agent contains vinyl-
terminated PDMS prepolymers and trimethylsiloxytarated

poly(methylhydrosiloxane) prepolymers as crossdiisk Upon mixing, the vinyl groups
react with the hydrosilane hydrogens through aa®dtgzed hydrosilylation reaction to
form a highly cross-linked elastom&r. The properties of Sylgard 184, which are

summarized table 3.1, make it ideal farM.

Sylgard 184 Property Benefit Disadvantages

Low surface energy Highly wetting i

(19.8 mJ/m)"® surface

Low modulus (2 N/m)”® Mold flexibility Limits resolution

Chemically inert Wide range of replica Swells in organic
materials solvents

Readily dissolves gas (air) Facile filling of Requwe_:s_ degassing
molds after mixing

Optically transparent Photopolymerization -
Controlled wetability

Controllable surface chemistry : -
or adhesion

Low shrinkage (~2%) High fidelity replicas -

Table 3.1 Benefits and disadvantages of Sylgaddak3a molding material

The procedure for molding and replicating is siep@ls shown in Figure 3.1B. A
mold is made by weighing out a few grams of Sylge8d in a 10:1 mass ratio of base to
curing agent. The resulting mixture is poured iatBDMS form containinga 1 cm x 1
cm x 2 mm well that has previously been modifiedthw{tridecafluoro-1,1,2,2-
tetrahydrooctyl) dimethylchlorosilane, and is vatudegassed at 100 mTorr for ~1 min.
The microstructure is then placed onto this degh&¥@MS upside down and heated at
110 °C for 30 minutes. The PDMS mold is removednfithe PDMS form and carefully

peeled off of the substrate with tweezers. Toter@areplica, a drop of resin is placed
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between the mold and a piece of acrylate modifiedsgand is UV cured (at 365 nm) for
5 minutes. While any number of materials can leglus create replicas, here we use the
same resin that was employed for MAP fabricatiofteAthe replica is cured the mold is
removed with tweezers. It should be noted thatfbthe replicas shown here there is a
film (=100 um) of acrylate between the replica and the glabstsate. No attempt has
been made to remove this film, although it coulthesi be made thinner by using a
smaller drop of resin or presumably etched awaydaygtive ion etching with £ as is

commonly done in nanoimprint lithography.

3.3uTM Resolution

Micro-transfer molding has predominately been @gopto 2-D patterns made by
photo- or e-beam lithography with resolution doventhe sub-100 nm scai®. The
resolution is limited by the low Young's modulus tbe Sylgard 184 which can distort
small features if the mold deforms. HepelM is applied to the replication of 3-D
microstructures made by MAP. As shown in Figutg #hese replicas are faithful down
to at least the 100 nm scale. This level of reagmiuis comparable to that of the MAP
process itself. The fact that the mold can defovith be used to our advantage to
replicate complex shapes such as those with regnfeatures and high aspect ratios.

One seemingly unavoidable resolution issue isnkhge. Both the PDMS mold
and the polymeric replica shrink upon cross-linkin§ylgard 184 is known to shrink
from 1 to 5 % depending on the speed of curingtéfasuring results in higher

shrinkagef* The polymer replica shrinkage will also dependcome speed and the
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Figure 3.2 A) Scanning electron micrograph of aterasuncated pyramid made by MAP.
B) Higher magnification of A). C) Replica of sttuce in A), cured under a UV lamp. D)
Higher magnification of C).

monomer composition. For the experiments descrive@, these effects combine to

yield replicated microstructures that are aboutss@aller than the originals.

Other problems, stemming from the low Young’s modubf Sylgard 184, can
make the replica different from the original. FHig8.3 summarizes two common failure
mechanisms that can result in poor reproductionlityd8 A method involving a
composite mold, made of ‘hard’-PDMS supported dfy8sd 184, has been demonstrated
to alleviate these problems, making possible amnistting resolution of 2 nff.
However, in this work we sought to take advantagehe low Young’s modulus to
enable replication of topologically challenging,daeven “impossible”, microstructures

that cannot be made by conventional lithography.
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Figure 3.3 Typical deformation mechanisms of Sydge84 molds.

3.4 Limitations of Topology, Part | - Undercut/Higispect Ratio Structures

3.4.1 Undercut Structures

Micro-transfer molding is a convenient way to repte 3-D microstructures made
by MAP, but there are limitations on the allowapmetries. For example, a structure
that is smaller at the bottom than the top shoeldarked within a mold. This type of
shape is called undercut or reentrant. If an undestructure were surrounded by a rigid
molding material, then upon removal of the mol&, structure would be trapped within
the mold or destroyed. However, if the molding eniall is compliant, then it can flex
around the replica and be released without damagmgopy. This has been mentioned
in the literature was has not been systematicaligied due to the difficulty of
fabricating reentrant structures with conventiaeahnique$*®* Figure 3.4 shows a
schematic of this idea.

Replication of reentrant structures was testexdguaitrapezoidal structure with

varying open angles. Figure 3.5 shows three shiapes with undercut open angles of
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Cure Peel Release

E @-’ 2
-
Figure 3.4 The top scheme shows a rigid mold thainable to release an undercut

structure, while the bottom scheme uses a flexibddd that can release the structure
and then return to its original shape.

75°, 45° and 30°. Note that because the undeacatspposed, there is no release
direction that avoids flexing of the mafd.

Replication of structures with even more severeeunds, such as cantilevers,
was also tested. Cantilevers are of great prdcetig@ortance in microfabrication because
they are easily characterized mechanically andbeaooupled to the macroscopic world

optically or electrically. Cantilevers are ubiguit in scanning probe microscopy and are

Figure 3.5 A, C, and E, undercut master structwits 75, 45, and 30° open angles
respectively, and B, D, and F are their replicas.
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Figure 3.6 A) Peeling direction for cantileversaster cantilever array with cantilevers
5, 10, and 2@um long. C) replica of B).

finding use in numerous applications in silicondthdMEMS. Figure 3.6 shows three
cantilevers, with lengths of 5, 10, and |23, on a common suppdt. In this geometry
there is a preferential direction in which to reledahe mold that puts the least amount of
stress on the cantilevers. If the mold is notaséel in this direction the supporting wall

will be released but the cantilevers will break wfthin the mold.

3.4.2 High-Aspect-Ratio Structures

Another type of structure that should be difficddtmold is towers. These high-

aspect-ratio structures can be thought of as atrtantilevers. While there is no

Figure 3.7 High-aspect-ratio towers. 100, 300 a@dpum in height. All are 10 x 10
KM in cross-section.



topological constraint to prevent replication ofvars, there is the practical difficulty of
removing the mold without breaking the tower. Thig successful replication, the
polymeric replica should also be somewhat flexible and the mold khde easily
releasable from the replica. The Young’s modulupadymer microstructures made by
MAP is about 0.5 GPa, as measured by AFM and ndeaiatior° which indicates that
the polymer is fairly flexible. The lower surfaeaergy of PDMS will help to minimize
the shear stress along the length of the towerdthetrwise would act to detach it from
the substrate. Figure 3.8 below shows replicaieets with different aspect ratios.

It has been demonstrated, then, that some tomallogionstraints, such as
undercuts or very high aspect ratios can be raplichy an elastomeric mold. Figure 3.8

shows the replication of towers with undercut feasuas well.

o

Figure 3.8 Towers with undercuts. A) Master stoetof 16 tower array with caps that
are larger than the towers. B) Replica of A. ®)aster tower with cavities and
protrusions. D) Replica of C. .
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3.5 Limitations of Topology Part Il - Closed Loops

3.5.1 Membrane-assisted micro-transfer molding (A )

It has been shown in the previous section thafdierable properties of PDMS
allow for many seemingly forbidden structures toréglicated. There exists, however, a
class of structures that are topologically impdssito mold and replicate directly.
Structures that contain closed loops, such as @n aannot be removed from the mold
without destroying the structure and/or the molth circumvent this problem, we have
created structures that are carefully designedtmdiave closed loops, but that after
molding yield daughter structures that contain @tbkops.

The secret to our technique is in the way in whioh closed loop structure is
made to not contain a closed loop: through theofisethin membrane. The membrane is
nothing more than a polymer wall, made in the sdashion as the rest of the
microstructure, except that is particularly thinane dimension and broader in the other
two. For instance, if a membrane were made undeareh that was then molded, the
molding material could not close under the archpotJ removal of the mold, with no
membrane to stop it, the mold can reversibly sedhe area where the membrane was.
This is a favorable process due to the low surbamrgy of PDMS, which readily ‘wets’
other surfaces. The now-sealed mold looks likentléd of a closed loop, so upon filling
with resin only the arch fills. The mold can treasily be released from the arch because
the portion under the arch can unseal and flex ratoine arch. The figure below
summarizes the closed-loop problem and the memlassisted micro-transfer molding

(MA-pTM ) solution®”
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Master Daughter

Figure 3.9 A) Closed-loop problem. The cured PDp®vents the arch from being
removed without destroying the structure. B) Thosed loop with a membrane is easily
removed from the mold and contains an area thavisrsibly sealable (in light blue). C)
Master arch with a membrane made by MAP, moldeMByuTM, and then replicated to

remove the membrane, creating a closed-loop daugtnteture.

A more detailed mechanism of how M&M works involves the interplay
among the interfacial energies of air, PDMS, ansinteas well as the mechanical
properties of the PDMS. The phenomenon of seaimgembrane is closely related to
the failure mechanism of lateral collapse (Figu®),3wvhich has been studied for micro-
contact printing. The models used for laterdlapse involve parallel plates of PDMS,
separated by a small gap, which stick together mt#ipg on their thickness, height, and

separation. Unfortunately, in the membranes desdrhere the two ‘plates’ that come
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together to close the membrane cannot be descabeplates because their thickness
cannot be defined.

While a rigorous model has not yet been develoaepjalitative analysis can still
be of use. The membrane areas of the mold aredségl an initial compressive force
that is slowly released in an attempt to maintalhesion. Whether or not the membrane
regions remain closed depends on the balance bettheestress in the now deformed
mold and the surface energies of the PDMS/PDMS RIDWS/air interfaces. Adding
resin can also affect the seal, as the liquid neag to wick into the membrane region.
Wicking will occur if it is energetically favorablend if permitted by the kinetics of the
flowing resin. It is possible, for instance, that given resin formulation may
energetically be able to wet a sealed membranendnit that this process may not be
kinetically favorable if the resin viscosity is tbah.

An experiment was performed to test whether a l@scosity resin that wets
PDMS well would wet and separate a sealed membragien. Three photocurable
resins commonly used in soft lithography were tséong with our homemade acrylic
mixtures. The commercial resins used were Norl@pdical Adhesive 73, Norland
Optical Adhesive 61, Summers Optical J-91. Two éorade formulations consisted of a
1:1 ratio of monomers from Sartomer, SR 368:SRa&89SR 368:SR 399, both of which
contained 3% Lucirin TPO-L as a photoinitiator.| e resins were used with a freshly
cured mold of a bridge structure, similar to thraFigure 3.9C, whose membrane region
had been sealed. The results showed that nore aéplicas contained membranes and
that the various resins all yield identical lookihgdges. The contact angle against a

freshly cured PDMS surface was measured for alhse§ he most strongly wetting, or
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lowest contact angle, resin coincidentally also thedlowest viscosity. This worst-case
scenario resin still does not wick into the membrnndicating that the PDMS/PDMS
adhesion that serves to close the membrane refgibie onold is fairly robust.

The sealed membrane adhesion may be fairly sttmrighis region can be pulled
apart by macroscopic force and, if the mold isxethto the unstrained position gently,
the membrane region will remain open. Daughtarcttires can therefore be directed
either to contain a closed loop or to be faithkplicas of the master structure, including
the membranes. The flexing is done by a simplécdahat consists of little more than a
hose and a vacuum. By placing the mold over thenioig and pulling vacuum on one
side, the mold is flexed into a hemispherical shaffiehe cavity of the mold is facing

atmospheric pressure it will be pushed together'sealed’, while if it faces the vacuum

Figure 3.10 A) Schematic of a bridge structure shgvwhe membrane area in light blue.
B) and C) The surface of the mold flexing to oped alose the membrane respectively.
D) Photograph of equipment used to flex molds. Thoen x 1 cm x 2 mm mold rests on
top of a section of metal tube connected to a viaclime. E) and F) Diagram of how the
membrane is flexed open/closed with optical micapés of a mold after such a flex.
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side it will be flexed ‘open’. Figure 3.10 showsstprocess schematically.

Membrane-assistedTM can be used to replicate multiple structuresrdaege
length scales and with orthogonal membranes. Ei§utl shows three bridges spaced
100 um apart, all of which have closed loops after igilon. The orthogonal bridges
are possible because the flexing mechanism showvagure 3.10D is isotropic and can
close/open a membrane in any direction.

MA-UTM can also be used to ease the replication of stegtwithout closed
loops. For example, cantilever replication was destrated in Figure 3.6, but
cantilevers molded in this manner will break if yhextend much farther than 20n.
MA-UTM can be used here to lengthen the cantilever indglfin By making a
membrane under the cantilever, the mold can bagseteover the top of the cantilever,
rather than having to slide the entire cantilevat of small hole in the mold. A

master/replica of this structure is shown in FigBuEL.

RN
Figure 3.11 A,B) Master and replica of multipledyés spaced 100m apart. C, D)
Orthogonal bridges. E,F) Cantilever with membrane.
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3.5.2 MAUTM of more complex shapes

This technique of MA4TM can be used to replicate an arch, but what other
shapes are possible? Figure 3.12 shows three éemmipmore complex shapes. The
first is a four-legged table made using a mastgmigaintersecting membranes under the
table. The second structure also contains multimenbranes under the turns of a coil.
Replication of this structure yields a 5 turn aeith 5 closed loops. Another application
of membranes is to create free-moving parts. sliracture contained a part that was only
connected to the substrate by a membrane, thdére imembrane did not replicate that
part would be free. A structure like this was madéhe form of interlocked rings. In

the master structure the rings are connected viabranes, but in the replica the top ring

Figure 3.12 A, B) Four-legged table. C, D) 5-taaoil. E, F) Free-moving part.
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is not connected to anything and comes out of thlellbecause it is interlocked with the
bottom ring. This top ring could be moved arounthvan air gun and was completely
free. Thus, by filling the mold with the membraregsen and then applying pressure to

close the membranes, free moving parts can becedgd.

3.5.3 Fundamental Limitations of MATM

Membranes enable a much wider variety of strustiwebe made, but there are
still topological limitations that prevent certagtructures from being replicated. For
example, while a close loop can be replicateds itmpossible to replicate a “hollow-
sphere.” If the goal were to replicate a lattides the diamond lattice shown in Figure
3.13A, then the central voids could not be holloeeduse the membranes in the master
would prevent the PDMS from filling the insid& §imple cubic lattice may be possible
to replicate with MA-4TM, but this has not be demonstrated). Lattice structures are of
technological interest for applications in photorgcystals and tissue scaffolding.

Another fundamental issue with MAFM is the presence of seam lines at the

edges of the membranes in the daughter structufé®se seams are typically tiny in

Figure 3.13 A) A diamond lattice is topologicallppossible to replicate even with MA-
MTM. B) Daughter structure showing seam lines ardhedarea in which the membrane
was. C) A daughter structure showing very smaibranes under the ‘M’ where they
are beginning to replicate unintentionally.
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relation to the rest of the structure, but may eauproblem for some applications. |If for
example, a micro-optical component required optsraloothness, then a seam could
affect its performance. As was the case with tirenkage issue, there appears to be no
easy solution to the seam problem. The mold isg@e to conform to a stressed state and
cannot align perfectly, resulting in seams.
Another issue for MA4TM is the ultimate size of a functioning membranks

the cross-sectional area gets smaller, the foradbésion will decrease, and there must
be some limit in which the membrane will fail. Whithis phenomenon has not been
explored systematically, some structures show egeleof breakdown when the area

approaches just a few square micrometers, as iivtha Figure 3.13C.

3.5.4 Practical Limitations of MATM

Practical constraints also preclude the replicabbrsome structures with MA-
MTM. It may be possible topologically to remove PBNfom a given shape, but it may
not be possible in reality. Two structures weraento demonstrate this point. One is a
tunnel that has a membrane at the center runnirgepdicularly to the tunnel axis. The
other is a pair of parallel bridges that are clmsene another. In the tunnel experiment,
the tunnel was made progressively longer, requionger and longer pieces of PDMS to
slide out of it in opposite directions. For a loagough tunnel the PDMS under the
tunnel will tear and the tunnel will not replicateLikewise, in the parallel bridge
experiment, the bridges were brought closer andecltogether until the gap between
them was comparable to the width of the PDMS urestin A small gap will require a

large portion of PDMS to squeeze through, and exsdytthe PDMS will tear rather than
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squeeze through. Figure 3.14 shows these two deampar the limit of failure. The
tunnel in Figure 3.14A is 3@m wide, 15um tall, and 75um long. The optical
micrographs show the mold after removing the mastiercture for a successful and a
failed mold (left and right inset, respectivelyyhe failure mechanism is that the PDMS
partially tore inside the tunnel rather than slgdiout. In Figure 3.14B the bridges are
separated by fim in the successful replica andu in the failed replica. The PDMS
got locked within the 3im master, but what is remarkable is that in therbsuccessful
replica, the membranes are separated byrt0 Therefore, this 1@m-wide section of
PDMS is squeezed through i gap between the bridges.

Another limitation of structures made with memlasiis that the direction of the

membrane is important. It has been demonstratedrigures 3.11 and 3.12 that

/7

Figure 3.14 A) Lengthening tunnel experiment. ABMS micrograph shows a replica
made using the successful mold shown in the Isgtioptical micrograph while the right
inset shows a failed mold. B) A successful repld bridges separated byutn and a
failed replica of bridges separated by®. The material in between the bridges is torn
PDMS from the mold that was trapped there.
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orthogonal membranes can be used successfullyn lese cases the direction in which
the mold was peeled off (of either the master ptica), was of little consequence. In
general, the direction of peeling does matter taesextent, whenever possible, peeling is
performed parallel to the membrane. For structwis perpendicular membranes the
peel direction bisected the angle made by the manelst Thus, while perpendicular
membranes have been demonstrated, there are pltaichits outside of which they will
fail. If, for example, the orthogonal bridges afe 3.11 B and C were widened into
tunnel like the one in Figure 3.14A, it would bepiossible to remove the mold
successfully from both tunnels.

There is a final limitation ofiTM that is indirectly related to membranes: the
inadvertent creation of membranes during moldinlg. was found when the tunnel
experiment from Figure 3.14A was being performeat geveral structures were failing
to replicate correctly because they had a hol@éenrvof of the tunnel. The two slabs of
PDMS that were inside the tunnel and pressed tegédhseal the membrane in the center
also sealed to the bulk of the mold above the tunikis occurred because the slabs are
only connected to the bulk by a small area andqaite flexible. To compound this
problem, flexing the mold in the other direction Imwerting it in order to open the
membrane does not apply force in the right directidhus, an unintended skylight was
created in the replica. The problem to be avoidledn, is large cross sectional areas
separated by a small distance. The serendipit@e®wkry of this problem led to the
conclusion that membranes need not be vertical wedpect to the substrate. We
originally assumed that because of the voxel szsignificantly greater in the vertical

direction, horizontal membranes would be too thle effective. However, it seems
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Figure 3.15 A) Intentional horizontal membrane, esohtic and SEM. B) Optical
micrograph of a mold of tunnel with unintentionabf collapse. C) SEM of a replica
made from a mold similar to B.

that if the cross-section area is large enoughjckeér membrane can be tolerated. The

Figure 3.15 below shows examples of such a ‘throkmbranes, both intentional and

unintentional.

3.6 Mold Longevity and Scale-up to mass production

The true power ofiTM is in the ability to reuse the master and the mat
create numerous replicas from a single mastertsteic There are 3 routes by which to
accomplish this: 1) making many molds from a mastemaking replicas from a mold,
and 3) using replicas to make new molds. If althifse are done together, millions of

replicas could be made from a single master in ¢éémeplication steps. In fact, since the
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number of copies can double in each generétibd,generations will yield 1,024 %}
copies and 20 generations will yield over 1 milli@®) copies, and 30 generations will
yield over 1 billion (3% copies. Unfortunately, the propagation of defeist also
exponential, so if a deformation occurs early omratld result in thousands of poor
replicas. Defects can occur either by changehénmaster after repeated molding or
from changes in the mold after repeated use. érkegrces of defects have been studied
and the results are presented below.

The first issue studied was how a mold deterigratgh continued use. Figure
3.16 below shows theIreplica of a MAP microstructure, the 1 8eplica, and the 2b
replica. Clearly, the latter replicas look withdracompared to the first replica. The

exact reason for this degradation is not well usiedd. PDMS is known to swell,

Figure 3.16 A) 1 replica from mold B) 20 replica from the same mold. C) Master
structure and D) 8replica from the same mold.

% The term generation refers to the cycle of usihgxsting molds to create replicas and usingealsting
replicas to create more molds.
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sometime by more than 200% in organic solvents,iarsdpossible therefore that some
components of the resin are dissolving in the naold causing it to swell. The mold has
not been cleaned between uses. It seems fronsttidy that a mold can be used at least
ten times without significant degradation.

At the point at which the mold begins to fail, @inmold can be made from of the
original or from a replica to replace it. Thisses the question of whether or not a master
is altered by repeated moldings. Figure 3.17 bettmws a master before and after
twenty molds have been made from it; there does@®at to be a noticeable difference.

Molds can also be made from replicas; howeverurdase treatment must be
performed, as the PDMS does not cure well at therface with the acrylic polymer.
The surface treatment is done with 3-aminopropyhdéthoxysilane, and it is believed
that the amine reacts via a Michael addition teeanted acrylate groups. This reaction
results in a surface of silanols, against which FD&dires properly. This procedure has

been demonstrated with the molding of the replitarb coil shown in Figure 3.12. The

Figure 3.17 A) Master structure. B) Same masteer dfaving been use to create 20
molds.
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Master 15t Generation

2nd Generation

Figure 3.18. The master coil was molded and it usesl to create the' eneration of
replicas with membranes (bottom) and without memésa(top). The replica with
membranes was then molded to yielfigeneration replicas.

replica used contained membranes, as in the ofigimacture. Using this second-
generation mold, replicas were produced with anthaut membranes. Figure 3.18
shows this sequence. Presumably a replica issilgent to repeated moldings as is a

master is made by MAP.

3.7 Conclusion

It has been shown that by applyingM, the technique of MAP can be converted
from a serial process to a parallel one. Due t fvorable physical properties of
PDMS, particularly its low Young's modulus, a widglariety of geometries, including

undercuts and high-aspect-ratio shapes can, beatgu. The low surface energy of
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PDMS, which wets master structures well, enablpboas to be made quickly and easily
with sub-100 nm resolution.

MA-uUTM has been developed and used to form replicashinee closed loops,
greatly expanding the possible topologies thatlmameplicated. Structures from simple
arches to more complex coils and tables have beemustrated. Membranes have been
used to replicate free-moving parts, as well dadtditate the release of fragile structures
such as cantilevers. Despite some practical ltroitg, the flexibility of PDMS seems to
enable some truly incredible shapes to be replicaseich as a 7pum long tunnel.
Horizontal membranes have also been shown in fiieaeof a tunnel with an intentional
‘skylight’.

The proof-of-principle studies have been perfornieduse pTM for themass
production of MAP made microstructures. It hasrnbsleown that numerous molds can
be made from a single master and that numerougasptan be obtained from a single
mold. Using these techniques in conjunction witiA-MTM will enable a host of

microstructure of various geometries to be masdywed rapidly and cheaply.
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Chapter 4: Polymeric Microstructure Metallization

4.1 Introduction

Previous chapters have shown that MAP is an éfecvay to create 3-D
polymer microstructures; however, to be applicalle MEMS devices, additional
functionality, such as electrical conductivity, rhube incorporated. Electrical
conductivity is fundamental for transferring infation about a microsystem to the
macroscopic world and for powering the microsysteffhere are two strategies for
patterning metal in three dimensions. The firstiectly writing the pattern with a
focused laser or stylus and the second is selégthaating an existing 3-D structure with
metal. Both approaches have been demonstratedihagdwill be the subject of this

chapter.

4.2 Direct-Write Metal Patterning Techniques

Direct-write techniques for patterning metal imetl dimensions include stylus-
based methods such as localized electrochemicalsdem (LECD) and laser-based
methods such as laser chemical vapor depositio’V)Cand multiphoton absorption
metallization (MAM).

During LECD a finely-pointed metallic probe is péal in close proximity to a
conductive substrate that is immersed in a mettlqy solutio?* By applying a
voltage between probe tip and substrate, metalbeareduced at the tip. Moving this

probe tip in three dimensions allows arbitrary ddterns to be created. LECD has been
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used to create microcoils of nickel with a diameteapproximately 1 mm and line width
of 100pm2® Line widths depend on the size of the tip and lmammade as small as 10
pum with speeds on the order of sevenal/s. While LECD can fabricate metallic parts in
three dimensions it has not been used for MEMScasyiprobably because of the poor
mechanical properties of the microstructures and thfficulties involved in the
experimental setup.

LCVD uses localized heating at a laser focal ptmnthe chemical transformation
of a metal containing vapor into a solid metal ajabeous byproducts. A generic
chemical equation for this process is:

ML) 2 M) + nNlyg).
The reaction takes place by focusing a high-powdesgr into a closed chamber
containing the reactive speci®s.Metals that have been used include nickel, tumgst
chromium, and iron. Resolution is limited to tloedl spot size and can approacphn.
Multimaterial parts can be made easily by exchamtjie metal vapor.

The method of metal patterning we chose to study MAM, primarily because
the equipment is the same as that needed for MMRM is related to LCVD in that a
laser focal point is used to spur a chemical reacgxcept in MAM the starting materials
are in the condensed phase. The sample may ceitbist of a metal precursor dissolved

9293 gince

in a liquid®®* or suspended in a solid matrix, such as a polyfiter.
multiphoton absorption is spatially localized, ianc be used to pattern in three
dimensions, as is done in MAP. However, fine niietahicrostructures do not have the

mechanical rigidity to support themselves, unlike thighly cross-linked polymeric

microstructures created with MAP. There has bady one example in the literature of
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a 3-D metallic microstructure created with MA¥Iptherwise 2-D patterns have been
generated. It is possible to fabricate 2-D patemtop 3-D microstructures however,
thereby patterning a conductor in three dimensidnkwill now describe this process in

more detail.

4.3 Direct-Laser-Writing of a Conductor in Threari@nsions by MAM

4.3.1 Experimental Details of 2-D Silver Patterning

Our approach was inspired by previous work thaduan argon-ion laser to
deposit silver on a substrate from silver nitratéiquid N-methyl pyrrolidone or in a film
of polyamic acid®®” Samples were prepared by dissolving 0.25 grams of
polyvinylpyrrolidone (PVP, molecular weight 40,0@0mol) in 10 mL of ethanol and
adding to that a solution composed of 0.4 gramsileér nitrate in 2 mL of deionized
water. This colorless solution was stirred forr2utes in the dark, during which time
its color changed to dark yellow/orange. The sigfaf a one-inch-square piece of glass
was modified with 3-acryloxypropyltrimethoxysilan@he glass was covered completely
in the polymer solution and then a film was spiated at 2000 rpm for 30 seconds. The
film was baked at 110 °C for 10 minutes. The th&ss of the film was approximately 1
pm, as measured by atomic force microscopy (AFMabrkeation of silver structures
took place on an upright multiphoton microscopenvite same system used for MAP as
described in Chapter 2. Once the laser had bemrséd at the surface of the glass slide,
metal patterns were created by movement of the atemgontrolled sample stage.

Following silver deposition, the sample was washedthanol and then water. No
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deposition of metal was observed at any intensigmwthe laser was not modelocked,

which substantiates the multiphoton nature of #ygodition process.

4.3.2 Silver Pattern Characterization

Figure 4.1 shows scanning electron microscope (SEMges and transmitted
light optical micrographs of the results of typieaiperiments. The patterns were created
using a 20x, 0.5-NA objective to deliver 35 mW aofner to the sample. The lines were
created by translating the sample at a veloci§0gim/sec.

Although in reflected-light microscopy the metalfeatures appear quite shiny,

the SEM images in Figure 4.1 show that the linescmposed of agglomerated silver

Figure 4.1 SEM images of representative photodégbsilver structures at different
degrees of magnification. Panels (B)-(D) show elops of the line in panel (A). (E,F)
Transmitted-light optical micrographs of depositlver patterns. In (E) the 50m
long vertical line was created first and the hamiab line was drawn from right to left
starting at a position far from the vertical lindeposition only commenced on the
horizontal line when the laser focus reached thvéoad line. The arrow in (F) indicates
the position of the laser focus. Note that theesiluminesces as it is deposited. The
spiral in this image is 1(um acros:¢
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nanoparticles ranging in diameter from tens to hedsl of nanometers. The
nanoparticles are interconnected, but becausedb@pt form a continuous film they are
not conductive. The lines are on the order ofud across, and lines that are
approximately Jum across can be fabricated using lower powers asigIf scan speeds.
These feature sizes are larger than might be eaghdodm the diffraction limit, which
suggests that local heating plays an importantirolde deposition process. In support
of this idea, as illustrated in Figure 4.1E it i®ne difficult to initiate deposition in a
pristine portion of the sample than it is at thgeedf a feature that has been deposited
previously. Additionally, while metal is depositadross the diameter of each line, there
are thicker ridges apparent at the edges of tles.lin

To characterize the topology of the depositedsliae AFM study was performed.

Representative results from this study are showkigare 4.2. Once again, the line can
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Fig. 4.2 Typical AFM image (A) and profile (B) of ghotodeposited silver line. The
horizontal line in (A) denotes the position of frefile in (B).
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be seen to be comprised of individual nanoparticlgh diameters up to hundreds of
nanometers. Statistics obtained from several isagdicate that the centers of the
metallic lines are 2% 9 nm thick and the ridges at the edges of the mesl26+ 17 nm
thick. Because the height of the centers of theslis considerably less than the apparent
diameter of many of the nanoparticles, we can cmleclthat the deposition process

creates patrticles that are significantly oblate.

4.3.3 Silver Deposition Mechanism

We can use the two observations from Figure 4rid4alF along with SEM and
AFM results to shed light into the metal depositfmocess. Stellacci et al. embedded
silver nanoparticles into a polymeric matrix andrevable to grow them via MPX: we
believe that a similar process is at work in owgtem. Figure 4.3 shows the transmission
electron microscopy image that reveals the polydisp silver nanoparticles in the

PVP/silver nitrate solution that gives it its yellerange color.

1.0

absorbance

wavelength (nm)

Figure 4.3 Left: TEM micrograph of silver nanopelegs obtained from the yellow-
orange solution of AgN®and PVP in ethanol. Right: UV-visible absorptigestra of
the PVP in ethanol (dotted line), AgN® ethanol (dash line), and AgN@nd PVP in
ethanol (solid line).
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One possibility for the growth mechanism is thab-{photon absorption into the
plasmon band of these silver nanoparticles depbsi& that causes them to grow by
electroless deposition. As shown in Fig. 4.1F, sheer features luminesce as they are
deposited, which is consistent with strong lumieese from silver clusters from the
literature®® If there is enough absorption by the clustersyémerate luminescence,
heating is expected to be present as well. Thisham@sm is consistent with the seeding
of deposition by existing features, as in FigureE=4. In the areas in which silver clusters
have not been deposited, the existing concentratiariusters may not be sufficient to
deposit enough heat to promote deposition withociteiasing the laser intensity, whereas
in the areas where silver has been deposited tieeotration of absorbers is high enough
to facilitate deposition at lower intensities. Thdges in the deposited lines may
therefore result from deformation of the polymémfidue to heating in the deposition
process. However, the actual photodeposition nmesim is likely to be more
complicated. Preliminary experiments on the wawvgile dependence of the deposition
process demonstrate that the efficiency of the gg®ds linked more closely to the
absorption spectrum of the polymer host than tao tighe silver nanoparticles in the
film, suggesting that it is photoreduction by P\Hattis responsible for silver deposition.
One possibility that is consistent with these obaons is that existing silver features
promote further silver deposition via local electfield enhancement by the silver
particles that increase the effective two-photosogtion cross-section of the PVP. The

microscopic details of the deposition process agelgect of continuing investigation.
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4.3.4 Making the Silver Patterns Conductive by GGopiklectroless
Enhancement

The laser-deposited silver patterns are not cdnsudresistance >20 B)
because of the granular nature of the silver. Bfarthe silver patterns conductive they
were enhanced electrolessly using a copper plétatly consisting of 3 g of Cug™ g
of NaOH, and 14 g of sodium potassium tartrate (fRtle salt) in 100 mL of deionized
water, which was combined in a 10:1 ratio with fafdehyde (37 wt %) before u&®.
Glass samples containing silver patterns were immatei the solution for 7 min, after
which they were immersed in deionized water, drietid inspected using both
transmission and reflection optical microscopesotJufficient copper growth, the
transmission image is opaque in the metallizedoregyiand the reflection image shows
shiny, copper colored lines. Samples that didmeet these criteria were placed back
into the enhancement solution for an additional i8. mAll enhancement times were
within the range of -3 min. Figure 4.4 shows the entire process tadate conducting
patterns by MAM.

To characterize the conductivities of enhanceeksyi28 samples were prepared
as described above. A gold wire with a diametef.6005 in. (Sigmund Cohn) was
glued to each lead in each four-point conductig&mple using Dupont 4929N silver
paste. Conductivity measurements were made by wsiprogrammable current source
to apply a current ranging froriO0 pA to +100 A through the sample via two leads. A
digital multimeter was used to measure the vol@ag®ss the sample via the other two
leads, and the resistance of the sample was detednifom the slope of the resultant

currentvoltage (-V) curve. The lateral dimensions of the sampleseweeasured using
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Figure 4.4 Schematic diagram for the direct lasetivg of conductive wires onto glass
substrates. A film of AgN@PVP is cast onto an acrylate-modified glass satesthat

is then exposed to focused, ultrafast, near-infrasgliation. The laser photoreduces
Ag’ onto existing Ag nanoparticles to form a noncornithgcpattern of polydisperse Ag
nanoparticles. This pattern is then electrolegsihanced with copper to render it
electrically conductive.

a scanning electron microscope (SEM). The thickoésise lines was measured using an

AFM in tapping mode.

4.3.5 Conductivity Characterization

Shown in Figure 4.5A is a reflection optical migraph of a typical four-point
conductivity structure after copper enhancement atathment of the gold leads. The
deposited wires are shiny and metallic in appea&an®eel tests of the enhanced
structures with Scotch ta}$& demonstrate complete adhesion. A representaiteurve
for the enhanced structures is shown in FigureCGLt.5The plot is linear, and the slope

yields a resistance of 2.3 for the stretch of wire between the four leads.toltal, 28
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Figure 4.5 A) An optical micrograph of a copper-anted silver pattern that has been
wired for a four-probe resistance measurement.L&yer magnification micrograph of a
wired sample such as the one shown in (A). C) &aptativd-V curve data for a four-
probe sample. The slope indicates a resistan2e36€2. D) Histogram for 28 identical
samples with an average resistance of 2.4 £1.5

silver four-point patterns were enhanced with copped the resistance data from these
samples are summarized in the histogram in Figlg®4

On the basis of the data in the histogram, thea@eeresistance of the common
stretch of wire is 2.4 1.5Q. To estimate the conductivity of the coppersinecessary
to determine the dimensions of the regions of tlresvover which the resistance was
measured. The lateral dimensions of the coppeares@d wires were measured via SEM.
The average length was 9&@.0 um, and the average width was 295.5um. Typical
electron micrographs are shown in Figure 4.6 A BndThe cross-sectional area of the

wires was measured using AFM. As shown in Figu@® @ and D, the wires are
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Figure 4.6 A, B) SEM micrographs of copper-enhanéaar-probe sample for the
measurement of length and width. C) Topologicalif@ of wire obtained by AFM. D)
Representative line scan from C.

approximately semicircular in cross section. Tdress-section is in stark contrast to the
one shown in Figure 4.2 before enhancement, whersilver structures are higher at the
edges than in the middle. This phenomenon is\mali¢o be related to deformation of
the polymer film during silver deposition. Thesestill evidence of residual ridges at the
edges of the enhanced lines, but the fact thatcémter of the lines enhances more
efficiently than the edges suggests that theress &ilver present in the ridges initially.
The average thickness of the enhanced wires ist5¥50 nm, and the average cross-

sectional area as determined from analysis j@indlengths of wire from a dozen samples

is 3.75 + 1um®. The conductivityp, of a wire is given by the equation

p=—, (eqn. 4.1)
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whereA is the cross-sectional ardajs the length, an® is the resistanceOn the basis

of our data, the conductivity is found to be 1.0.Z x1d Q* m™. This value is within a
factor of 6 of the 5.96 30" Q™ m™ conductivity of solid copper metdi* The lower
conductivity of our wires is in line with previomseasurements of electrolessly deposited
coppel® and is most likely due to the porosity of the cepfayer. In addition, it is
known that the underlying silver seed layer is cotductive, and the ridges are most
likely not conductive either. As a result, the doative cross-sectional area is likely to
be roughly a third smaller than we have measutad;suggests that the conductivity of
the electrolessly deposited copper is within appnaxely a factor of 4 of that of the bulk
metal. The maximum current sustainable in thegsesmvas approximately 100 mA. At
high current, the wires exhibited localized meltaigottleneck points. Such bottlenecks
arise from local inhomogeneities in the film thaaynbe due to surface contaminants such
as dust. Preparation and handling of samples unl&n room conditions would
presumably help to alleviate this problem. Conideclines with widths as small as 1.5
um have been fabricated with this technique. Tisestance of these lines was on the
order of 200Q, due to the considerably smaller cross-sectiored & comparison with
the lines discussed above. It may be possiblmprave the conductivity by performing
additional electrodeposition of copper after el@ess deposition has been used to make

the wires conductive, as electrodeposited wireg terbe less porous.

4.3.6 Extension into Three Dimensions

The conductive patterns described thus far are##Dcan be made 3-D if the

AgNOy/PVP film is cast onto a substrate having 3-D fesgu The experimental
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procedure is shown in Figure 4.7. To prepare ggafike the one shown in Figure 4.7,
a film of AQNGOs/PVP was spin coated over a substrate with a bmdgee by MAP, and
lead wires were patterned on the glass under tme sanditions as before. A line was
also made under the bridge; however, the film wasthin to allow deposition onto the
bridge itself. After the lead wires and the wireder the bridge were made, a drop of the
AgNOy/PVP solution was added and allowed to dry in aenoat 110° C for 10 min.
This drop-casting technique provides a thicker filran does spin-casting. A 40x%, 0.75-
NA objective was used to create a silver patterrthenbridge with a laser power of 3
mW at the sample. The silver was patterned orbtitge at a scan rate of aboufrh/s.
The scan speed was much slower on the bridge thatheosubstrate as a lower laser

power was used to pattern silver on the bridgeh bmprevent damage on the bridge and

1.3 NA
T Ethanol
| rinse
= Ag/PVP film,
Ag Patterning
MAP of microstructure Completed, washed 0.75 NA
in acrylic resin microstructure \ i

EtOH, H,O rinses to

Electroless copper remove Ag/PVP film

deposition

—

3-D Conductive Copper Wires 3-D nonconductive Ag wires

Figure 4.7 Five-step procedure for patterning @4es. First, a microbridge is made
by MAP. The completed bridge is washed and a A§RNm is cast on top of the
microstructure. Direct laser writing is used teate silver patterns in three dimensions.
Following the rinsing of the film, the silver linewe made conductive by electroless
copper enhancement.
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because there was some uncertainty in determihm@eight of the surface of the bridge.
The uncertainty arose because the line was madeaihg with a joystick to control the
stage position and not with a computer. A computantrolled stage is capable of
scanning more accurately, but the system at the tould not smoothly coordinate
motion in the x-z or y-z planes, only in the x-yapé (normal to the optical axis). After
deposition of the silver, the sample was washeethanol and water. The sample was
electrolessly enhanced in copper solution, andrésestances of the wires above and
below the bridge were measured by the four-poirthogk

This hybrid polymer/metal structure is shown igufe 4.8 and demonstrates the
ability to pattern wires in three dimensions thah cross one another without shorting.
As mentioned above, it is necessary to perform $eparate silver deposition steps to
create wires both on the substrate and acrossrithgeb If the AQNGQ/PVP solution is

spin-cast onto a polymer microstructure, a circuggion forms around the structure that

Figure 4.8 Field-emission SEM images of a polyméridge with conducting copper
wires patterned across and below it. The insetvshibe buckling of the wire under the
bridge.

84



does not contain any film. This moat region, whesttends for about im around the
structure, makes formation of continuous silveredinemanating from the structure
impossible. The reason for the formation of theatrs not entirely clear, but probably is
related to the polymer solution wetting the acryticrostructures poorly compared to the
glass surface, which leaves the structure andréee immmediately around it with little or
no film. Thus, after initial patterning of silvarires on the substrate, a second film was
made by drop-casting. This film made depositiorsibfer possible on and under the
bridge, as well as in the moat region immediateljaeent to the structure. However,
outside the moat region this film was too thickattow the silver patterns to contact the
substrate and was away when the film was rinsed \tffiile the second film does enable
deposition in the moat region, the film atop thelge is still quite thin. The SEM image
in Figure 4.8 shows a polymer bridge with a copgmted silver wire running above and
below it. Both wires are approximately 10éh long and 5um wide. While the wire is
continuous as it crosses the bridge, it is appdhattiess metal has been deposited on the
segment of the wire on top of the bridge. As altethe wire that passes over the bridge
has a resistance of 118 whereas the wire going under the bridge hasistagse of 29

Q. There was no observable electrical cross tatwdren the two wires. For both wires,
the conductivity is less than was observed forslideposited on an open substrate. We
did not attempt to measure the cross sectionseadetiparticular wires because they are
not highly uniform, and because the area undebtioige is not accessible. In the case of
the wire passing over the bridge, the decreasedumivity is almost certainly due to the
thinness of the initial silver layer. For the wpassing under the bridge, the decreased

conductivity probably arises from the buckle in thiee shown in the inset of Figure 4.8.
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We have observed that thick films have a tendemcylilate if the focal point is
positioned below the surface of the substrate.s €ffect likely stressed the silver pattern
under the bridge, causing it to buckle. It seetlherefore, that film thickness critically
affects ability to pattern the silver using MAM. n€e again, it is likely that additional
electrodeposition of copper could be used to imerthe conductivity of the deposited
wires.

In summary, the fabrication of conductive metatesiusing MAM followed by
electroless deposition of copper has been showis tEechnique was combined with
MAP to add conductive features to polymeric mianastures. These results demonstrate
that 3-D metal/dielectric hybrid structures candoeated using MPA-based techniques
for all of the fabrication steps. This techniquep&xds the capabilities of MPA-based
fabrication by making it possible to add electridahctionality to 3-D polymeric

microstructures.

4.4 Patterning 3-D Conductors by Coated Existiig Structures

Laser direct writing can create 3-D metallic pat$e but it is laborious compared
to an alternative technique that coats existing 8aBerns with metal. The basic scheme

to pattern metal in three dimensions by surfaceifivation is shown in Figure 4.9.
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Figure 4.9 Four-step process to create 3-D coodsictia surface coating. The first
step is to fabricate a polymeric 3-D microstructuseng MAP. After washing, the
structures surface chemistry can be altered to nitak@active towards metallization.
The final step is to coat the microstructure inahetndering it conductive.

A common way to coat polymers with metal is to @seadhesion promoting
agent such as SnClFormanelet al. demonstrated that silver can be bound to a styrene
modified SCR500 resin that is treated with Snéfter fabricatiof®'°® By making the
substrate surface hydrophobic, silver can be reatluselectively onto polymeric
microstructures from an aqueous solution. The gotindty of the coating is only about
a factor of five lower than that of bulk silver.

We have developed a more general approach thdilesnaelective surface
modification by covalently bonding a new specieshi polymer surface. The modified
surfaces can be used to bind catalytic metals asgballadium, which can then be used

to seed the electroless deposition of a numberatéis or metal oxides.
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4.4.1 Introduction to Polymer Surface Modification

The resins we most often use for MAP are acrydisda, and are always
multifunctional to ensure high cross-link densityhis fact led us to believe there were
unreacted acrylate moieties on the surface of meinwotures made by MAP. We had
found in the literature a precedent for the reactb acrylate groups with nucleophiles,
such as primary amines, via a Michael additf8rt®® By reacting acrylic microstructures
with diamines, such as ethylene diamine, we hymsitled that one amine group of the
molecule should react with an acrylate group, the@ppending a primary amine to the
polymer. This reaction is shown in Figure 4.10.

Although no direct detection of the amine presein@s been performed,
subsequent reactions on these modified surfaceaghyr suggest that the amines are
bound to the surface. This reaction, which isqrenkd by immersing the sample in 20%
(v/v) solution of ethylene diamine in ethanol fd@r @inutes, has proved to be an effective
method to add amine functionality to the polymerfaze.

This reaction is also a useful way to modify theface selectively, because
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Figure 4.10 Michael addition of ethylene diaming¢coan acrylate surface.
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methacrylates undergo this reaction much more glalwhn do acrylates. Indeed,
compared to acrylates, methacrylates effectively ndd react. Methacrylates and
acrylates have similar chemistries in terms of pwyization. Methacrylates are slightly
slower to polymerize and therefore require aboutdwhe laser power for MAP, but
structurally the monomers are available in the saast range of compositions and their
mechanical and optical properties are similar. sTHybrid structures can be made from
methacrylate resin and then, in a second fabricatiep, finished with an acrylate resin.
The resulting structures can be reacted selectiwélly ethylene diamine, which can
make possible a number of interesting reactiongh sas metallization.  Also,
methacrylate groups can be used to modify the glalsstrate surface for the adhesion of
acrylate microstructures without fear of the suddstrundergoing the same surface

chemistry as the microstructure.

4.4.2 Selective Metallization

Reactive amine-coated surfaces can be useful éosd¢bding of a catalyst for
metallization. Amine complexes of palladium forapidly under mild reaction
conditions. We have found that immersing diamiredified acrylates in a solution of
saturated palladium chloride in ethanol for 1 &rsufficient to coat the surface in a
palladium complex. The palladium can then be ueezhtalyze electroless copper
enhancement in a way similar to that used to citb&tsilver pattern described in section

4.3.4. Using the same copper solution from secati@m, polymerignicrostructures can
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Figure 4.11 Metallization procedure for an acry{l®P-made microstructure. The
sample is treated in ethylene diamine to add arunetionality to the surface. The
amines bind Pd, which is reduced and used to catalyze the restuctf copper from
an electroless plating bath.

be coated in copper metal in about 1 minute. Pplesedure is shown schematically in

Figure 4.11.

This ability to metallize acrylic microstructures very useful.  Since
methacrylates do not undergo the amine modificatibis method can be used for the
selective metallization of portions of a given stire. The two structures shown in
Figure 4.12 are examples of hybrid methacrylatglate microstructures in which part of
the structure was made with methacrylate and timshed in acrylate resin.

The surface chemistry discussed thus far for coppating acrylate
microstructures works with a success rate of ab0@b. Over the past year and a half
since its initial success, we have experiencedogdsrof near 100% metallization and
periods of near 0% metallization, with no appaudfference in reaction conditions. The

cause for this fluctuation was difficult to pinpgirbut thanks to some previous work
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Figure 4.12 A) The letters ‘U’ and ‘D’ were madethvacrylate resin and then the letter
‘M’ was made from methacrylate resin. The hybraimple was then metallized
following the procedure in Figure 4.11. This imagas taken using a reflecting optical
microscope and shows that no copper was depositedeomethacrylic ‘M’. B) SEM
micrograph of a 16-turn copper coated acrylate sapported by a non-conducitve
methacrylate core. The inset shows an opticalograph of the same structure.

involving polymer surface modification, we beliewe have narrowed down the problem

to the oxidation state of the palladium.

4.4.3 Problems with Reproducibility of Metallizai

Charbonnier and coworkers have reported on theasmrftreatment of
polycarbonate films by first affixing nitrogen gnoaiby NH plasma treatment and then
using these nitrogen groups to sequeste”.BH®" They then proceeded to deposit
nickel or copper electrolessly onto this palladiseeded polymer. They found that
nickel deposited very well but that copper did n@ith the help of X-ray photoelectron
spectroscopy (XPS) they concluded that the reducaggnt in the nickel bath,
hypophosphite, was first reducing the complexetf Bal Pd which then catalyzed the
reduction of Ni2. The copper solution, which has formaldehyde gslacing agent, was

not strong enough to reduce the'Pahd so failed to catalyze the reduction of Culf
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the Pd? surfaces were reduced first in a solution of hymsphite then the copper
electroless bath worked well to deposit the copper

.We performed a XPS analysis of our polymer sampled found similar results
with regard to the oxidation state of the palladiurrour samples of polymer were
prepared: 1) control sample, 2) a sample treatedhylene diamine, 3) a sample treated
with ethylene diamine then Pt and 4) a fourth sample treated with ethylene diam
Pd™?, and sodium hypophosphite. The XPS spectra fesettfour samples are shown in
Figure 4.13.

After treatment in Pd, XPS reveals that there is a mix of Pdnd P8 present on

the surface, as is illustrated in the inset asiaqfashoulders at slightly higher binding

XPS Spectra of Polymer Surface Modification
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Figure 4.13 XPS spectra of four polymer samplesgbus stages of surface treatment.
The control sample (light blue) shows the compositf the polymer which contains C,
N, and O. The red spectrum shows the increasariace N due after the binding of
ethylene diamine. The green spectrum shows theepoe of P# and P4 after
treatment in P&, while the blue spectrum shows only °Pdfter reduction in
hypophosphite.
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energy than the Pgeaks. The actual mechanism for the reductioRdt is not clear,
and could possibly be caused by the polymer itdelff we believe this step is
irreproducible. If the sample is reduced by hypmaghite, only PYis present in the XPS
spectra. The end result is that after hypophospingatment, reproducible electroless
copper growth is observed.

The experimental details for this modified proacedare as follows. Polymer
samples made from a resin consisting of equal [@atomer SR-368 and Sartomer SR-
399 with 3 wt. % Lucirin TPO-L (BASF) are fabricdteon glass modified with 3-
methacryloxypropyltrimethoxysilane. After fabricat, samples are washed In
dimethylformamide and then ethanol. The samplsulsmerged in a 20% (by vol.)
solution of ethylene diamine in ethanol for 20 mkFollowing this treatment, samples are
washed three times, for about 1 min. each, in ethand then placed in an aqueous
solution composed of 0.1 g/L Pd@nd 0.1 mL/L of concentrated HCI. After 15 min. i
the Pd? solution the samples are dipped in ethanol foirauta before being placed in an
85° solution of 0.1 M NabPO, for 10 min. Following that, the samples are dipjre
water for 1 min. and then into the copper elecg®lgolution for 5 minutes or more
depending on the desired amount of copper. Thgeropolution consists of 0.6 M
NaKC4H4044H,0O (Rochelle salt), 0.14 M NaOH, 0.28 M Cus&H,0, and 0.3 M
EDTA.X" The entire surface modification and metallizatiwocess can be completed in

about 1 hour, and is highly selective towards ated and not methacrylates.
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4.4.4 Electrical Characteristics of Copper Codetymer

The copper coating is electrically conductive, rashie case of the copper-coated
silver lines. The conductivity has not been stddis systematically as it was in the case
of the silver, but similar resistances for micrastures have been measured. For
example, the structure shown in Figure 4.12B hassestance of about 500 and it is
approximately 1,20Qum in total length and about @2m wide; the thickness was not
measured but is approximately 100 nm. Given tlhi@sensions, the conductivity of the
coating is 1.2 x 10Q™* m*, which is close to the value measured for coppetex
silver. Similar analysis on the sample shown ifh44also yields a conductivity of
approximately 5 x 10! m™.

Although a detailed resolution study has yet tgpedormed, conducting patterns
made with this method should have the resolutiopr@grhing that of MAP itself. A
feature size as small as 200 nm should attainabfiming a 100 nm polymer line width

and a 50 nm metal coating.
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Figure 4.14 Left, an SEM micrograph of copper emednpolymer sample wire that is
approximately 2um wide by 5um long. Right,l-V curve for this sample showing a
resistance of 5.20.
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4.4.5 Metallization of Replicas

UV cured replica structures also can undergo thitase modification chemistry
and subsequent metallization. Figure 4.15 showsaiaof pyramid replicas that have
been copper enhanced.

One significant problem encountered when metalljzieplicas is the leakage of
resin beyond the form in the mold. The result thia film of polymer near the structure
that is known as “flash.” Figure 4.16 shows a @pgnhanced pyramid surrounded by
copper coated glass. This thin film could be etiatéd by either reactive ion etching or

by filling the mold via a capillary as is done iriammolding in capillaries (MIMICY.

-

Figure 4.15 A) Optical image of a copper coatedlicafed pyramid. B) SEM
micrograph of the sample from (A). C) Optical migraph of unselective metallization
due to a thin polymer film on the substrate. D)s@anning electron micrograph of the
sample in C).
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4.5 Summary

Two methods to create conductive patterns in thdgeensions have been
demonstrated. The first method utilizes laserativeriting of silver by MAM and can be
applied to 3-D substrates such as those creatddMAP. Conductivity studies reveal
that electrolessly grown copper, on top of thedeesipatterns, is somewhat less
conductive than bulk copper. The second technigu@ch is experimentally more
efficient and powerful, selectively metallizes polgric microstructures made with MAP
by controlling their surface chemistry. The Michaeldition of a diamine onto an
unpolymerized acrylate group is used to put amimetionality on the polymer surface.
This is the gateway to a number of useful reactiogmsluding metallization. Metal-
coated polymer wires have been made with condtietsvivithin a factor of 10 of bulk
metal. The resolution of such structures shoulag slightly less than that of MAP

itself. In the next chapter, applications of ttashnique will be discussed.
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Chapter 5: Applications of MAP

5.1 Introduction

A major goal of MAP technology is to create usefalices in conjunction with
other microsystem techniques, such as photolitipbgraand microfluidics, for use
beyond the research laboratory. Such systems ¢hutiinately be inexpensive, highly
portable, and efficient for their particular applion. No one yet knows exactly what the
first killer application of such microsystems wile, but unquestionably its many
advantages ensure that microsystem technologybeilbf great importance in the near
future. At present, only simple devices made byPM#ave been reported, and none have
incorporated additional components to make more ptexnsystems. However, this
situation will soon change as much of the ‘toolbfwx’ fabrication by MAP is complete.

The previous chapters have focused on solutiomsstes with MAP, such as its
limited throughput and lack of functionality, bying techniques such as micro-transfer
molding @TM) and surface modification chemistry. In thisapker functional devices
will be described that take advantage of thesetisolst The progress of a wide range of
devices created in our laboratory will be descrjbhadaddition to selected applications
from other groups. Applications are divided intwuif categories: electrical, optical,
mechanical, and biological, although several devispan two or more categories.
Current state-of-the-art devices in each categolfyoe described, as well as some likely
future applications. The chapter concludes witloatiook toward future improvements

for MAP, such as the development of a techniquadease its resolution.
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5.2 Electrical Applications

The ability to coat polymeric microstructures wittetal enables the creation of
true 3-D circuits or circuit elements. MAP coulffeo the promise of shrinking 3-D
macroscopic electrical equipment, such as trangdsror electric motors, down to the
microscale in a way that is impossible using 2-Bhteques such as photolithography.

One such 3-D circuit element that we have creayed AP is a microinductor.

5.2.1 Microinductor

An inductor is a passive circuit element thatsesschanges in current by setting
up a self-induced voltage. The induced voltagenductance, is caused by the change in
the magnetic field that accompanies any currentycay wire when the current in the
wire changes. The ability of an inductor to resibnges in current is measured in
henries (H). By definition, the inductance is 1wihen the current through a coill,
changing at 1 A/s, induces 1 V across the ¥il.For typical inductors the range of

inductance is usually in the mH pH range.

Figure 5.1 A) Electron micrograph of 20 turn inductiength = 18Qum, diameter = 30
um. B) Optical micrograph of the same structure showlrgshinycopper coating
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Microinductors can be fabricated by MAP followed surface modification and
metallization (Figure 5.1). The coil portion okthircuit in Figure 5.1 was made in about
20 minutes. The four leads, terminated in corpads, connect directly to the coil for 4-
probe resistance and resonance measurements. ifftheointact pad is connected to
ground and acts to ground the ‘strip-line’ wireatteurround the coil and the leads close
to it. The shielding wires ‘bridge’ the lead winesfour places to avoid shorting.

The inductance of a coil can be calculated frosndimensions and number of

turns by the equation

L= NZ'UA, (egn 5.1)

wherelL is the inductance (H) is the number of turng is the area of a loop @n | is
the length (m), angs is the permeability of the core material (H/m)sitgy this equation

the theoretical inductance value for the coil shamvRigure 5.1 can be calculated:

_ 20° (47rx10"H /m)(77(15x10°m)*) _

L
180%10°m

20 nH

The inductance of this sample was measured byembimg the microinductor in
series with a lock-in amplifier and measuring tlodtage across the sample as a function
of AC frequency with 10QuA of applied current. The inductor had a resistanic220Q,
and self-capacitance on the order of ~}PFThis self-capacitance is an approximation,
based on its dimensions, for the turn to turn cagace. It should therefore act like an
RLC circuit with resonance frequendy(Hz), at

1

2/LC

fo = (eqn 5.2)
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whereL is the inductance (H) and C is the capacitance.(FJhe sample should have a
resonance frequency of about 11.3 GHz. Strangefgsonance was detected at 62 kHz,
6 orders of magnitude lower than expected. Imtidhis resonance was thought to be
caused by some sort of mechanical resonance a$peg-like structure. However, it
was later determined to be an artifact of the St@hResearch 840 Lock-in Amplifier
used for the measurement, as other lock-in ammifigelded no signal near this
frequency. These data are shown in Figure 5.2.

The actual value of the inductance of these mait®chas not yet been well
characterized. Despite shielding efforts to islstray inductance around the sample
itself and the use of micro-coaxial lead-in wirke tinductance of the wires used to
connect the sample is still similar to or highemagnitude than that of the sample itself.
The high resonance frequencies involved presenttiadlal complications in the
measurements, such as the skin effect; theretoesetmeasurements are ongoing. Some

changes we are considering to facilitate the measents include making the coils

RLC Resonance Using SR-840 Lock-in RLC Resonance Perkin-Elmer Lock-
Amplifier in Amplifier
0.6 r 20
25 25 05
20 e
=20 L5 3 T 153
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£ 10 - o g | [So2 -
- 10 & 0.1 [
-15
0 . . _20 0 - T ! T 0
50 60 70 0 1 10 100 1,000
Frequency (KHz} Frequency (kHz)

Figure 5.2 Left: The phantom resonance peak ofaaamductor, which was an artifact of
the SR-840 lock-in amplifier. Right: The same slampeasured on a different lock-in
amplifier showing no pea

” The resistance does not affect the resonancednegubut it is inversely proportional to the Q-farcof
the resonance.
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slightly larger, using a ferrite core, and makirftede measurements at cryogenic
temperatures at which the resistance would be lgreaduced. These changes would
increase the inductance and the Q value of the wbich should make measuring their
inductance easier.

Inductors have numerous applications in electrotircuits such as filters,
transformers, and oscillators. For microelectrerapplications, real 3-D inductors are
nearly impossible to make with conventional phatagraphy, and so they have been
replaced by gyrator circuits. Gyrators are comgasketransistors and capacitors in an
arrangement that effectively simulates the respofis@ inductor. Thus, a circuit can be
made to simulate a RLC filter without any indugtoesent at all. This method sidesteps
the problem of not being able to fabricate a raductor, but it fails to recreate all the
features that inductors provide. For example,siheulated inductor cannot provide the
expanding and contracting magnetic field that aluator creates. This field is useful for
magnetic resonance applications, magnetic actyatiansformers, and relay switches.
The self-resonance frequencies of these microingdsicthould be in the GHz range,
which is useful for communications devices, and loarlowered into the realm of MHz
for applications in magnetic resonance. Microindtg with inductance values of just a

few nanohenries have been used as rf coils in ntiagesonance force microscopy’

5.2.2 Future Electrical Applications

Microscale NMR is an attractive application of $imaductors because of the
possibility of using a tiny volume of sample ané flact that the signal-to-noise ratio is

inversely proportional to the diameter of the ¢bil. Tiny coils could also be fabricated

101



around microfluidic channels that are a part pfTAS device. If these systems could be

manufactured inexpensively it would be a vast improent foluTAS.

5.3 Optical Applications

MAP, using optically transparent polymers, is walited for the fabrication of
micro-optical elements. The primary optical apation for MAP by other groups has
been the fabrication of photonic cryst#ls*?*” Photonic crystals are structures having
periodicity smaller than the wavelength of lighick that light propagation is prohibited
because of diffraction. A band gap results, in cwha range of colors cannot be
transmitted through the material. An example ofi-B photonic crystal is a Bragg
reflector, which is commonly used in fiber opticsThe reflector has a periodically
varying index of refraction causing wavelengthd tin@et the diffraction criterion, to be
reflected while others are transmitted. Scaling toncept to three dimensions requires
the ability to pattern a periodic lattice of altatimg refractive index. There are only a
few ways to accomplish this other than MAP. One hudtis self-assembly, such as
through the use of colloidal crystals or block dgpwers. Photonic crystals can also be
made by stacking 2-D patterns, but registratiogifficult on the submicron scale. MAP
is the only way to create 3-D patterns with congplEgeedom of geometry in a single
fabrication step. While most photonic crystalslw# highly periodic, one may engineer
defects to have a desirable effect such as waveguadt splitting a waveguide, asin a Y-
junction. Photonic crystals made by MAP have bedensively reported in the literature

with simple log-stack structuré®? diamond unit cell$™* spiral unit cells;® and with
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engineered defects? A functional distributed feedback micro-laser ladso been made
by MAP %!

While photonic crystals are of great interestyteaffer one severe problem: the
need for high index contrast. To create a ‘fullpstband gap an index contrast greater
than 2 is necessary. Since polymers have an ioldese to 1.5, they cannot produce full
stop gaps. However, recently progress has beem magatterning polymers by MAP
and then replacing the polymer with a material hg\ higher index, such as sili¢6h
or TiO..”° These photonic crystals may be the first widemprguccessful application of
MAP.

While our MAP setup allows for the fabricationmfotonic crystals, we have not
focused on this application. Instead, we have detnated a device that can electrically
detect plasmon resonance in an individual gold wineoand we have also fabricated
micro-optical elements at the tip of fiber opticBhese optical devices will be the subject

of the next sections.

5.3.1 Electrical Detection of Au Plasmon Absorption

The plasmon absorption of noble metal nanopastibles been known for over
150 years?*'?? pPlasmon surface waves are collective oscillatimfrfsee electrons at the
surface of a metal in contact with a dielectric.sifple model can be envisioned when a
metal nanoparticle experiences an alternating retefeeld (E-field), such as light. The
free electrons of the metal are accelerated byEtfield and pushed to one side of the
nanoparticle, leaving the other side positivelyrged. This electron cloud will be

attracted back to the positive side of the nanaparby electrostatic attraction, and at
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about the same time the E-field from the light walvitch direction, pushing those
electrons back. If the surface electrons oscili&t¢he same frequency as the incident
light, the light is said to be resonant at theipk's plasmon frequency. Of course, what
really happens is much more complex and dependbetype of metal, the refractive
index of the surrounding medium, the size and slodjlke particle, and the polarization
of the incoming light. While it is not exact, trsgmple model can be used to visualize
why particles of different sizes have differentgpleon resonance frequencies. In general,
the resonance frequency decreases (red shifts)imgtbasing particle size, and due to
higher-order oscillation modes (quadrapole, ette) tesonance peak also broad&fis.
Similarly, a nanowire will have two plasmon peasise for the short transverse axis and
a red-shifted one for the longitudinal axis.

It is known that after excitation of a plasmonamance the absorbed energy
decays quickly into thermal enerty. This decay raises the temperature of the
nanoparticle and can be used to localize heats@y @hotodynamic therapy, or even to
induce nanoparticle melting® In our experiments we detect this heating via a change in
electrical resistance and then use it to infer information about the plasmon absor ption.
This electronic plasmon detector therefore requieas electrically wired metal
nanoparticle and an optically transparent substi@be confine the photothermal
absorption to the nanoparticle). Such a samplebeaprepared by MAP followed by

surface metallization according to the scheme guifa 5.3.
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Figure 5.3 Preparation of the device to detect mptas absorption electrically in
nanoparticles. First, gold nanowires are disperseda methacrylate modified glass
substrate.  MAP is then employed to create polymees’ connected to a particular
nanowire. The polymer is coated with metal. Hina change in 4-probe resistance of
the photoexcited nanowires is measured and comparéoe resistance of non-excited
wires.

In these experiments we have employed templat#isgized gold nanowires.
Polycarbonate track-etched membranes with pore et of 10 nm have been used to
create nanowires that are approximately 40 nm amdier and 3-jum long. These
nanowires show a plasmon absorption near 530 nmesppnding to the transverse
plasmon excitation. The longitudinal plasmon sdodo¢ at a longer wavelength in the
IR. Initially, these wires were created by elelgtss growth, but due to their non-
uniformity an electrodeposition method is now usétlectrodeposition is performed by
sputter coating one side of the polycarbonate tataph silver and using the silver layer

as the cathode in an electrochemical cell congistina DC current source, a platinum

counter electrode, and an aqueous gold solutionnf@rse, Technic Inc.) (Figure 5.4).
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Figure 5.4 A) Electrodeposition setup for gold naime synthesis. B) SEM of typical
electrodeposited gold nanowires. C) SEM of typieldctrolessly-deposited gold
nanowire. The inset shows non-uniformities inhee.

Gold is deposited by applying pulses of DC curfefibwed by periods of no current,
which allows diffusion of depleted gold ions backoi the pore$?® Using this method,
gold nanowires can be grown within the pores inesglvminutes. These wires can be
released by dissolving the membrane in dichloroameth which also solubilizes the
nanowires.

After creating the Au nanowires they can be disgdron a glass substrate and
viewed on an optical microscope. Having the abilit see such nanostructures on an
optical microscope means they can be incorporaitml microstructures fabricated by
MAP. Thus, surrounding the nanowires in a droppoépolymer resin enables an
individual Au nanowire to be ‘tacked-down’ and ceoted with polymer ‘wires’ (Figure

5.5).
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Figure 5.5 A 4-probe connection of polymer leadar individual Au nanowire

The polymer leads can then be metallized usiegsttheme from Figure 4.12 to
create an electrical connection through the nancdsire. The connection shown in
Figure 5.6 can be used to measure the resistarthe ohnowire. The resistance of
nanowires is similar to the one shown in Figure, Se@cept made by electroless
deposition instead of electrodeposition, was mesgisto be on the order of 1@ This
is close to the theoretical value of 86determined from the resistivity of golds, (2.44
x 10® W m), length,L (3 x 10° m), and cross-sectional are® (1.3 x 10" ), of the

gold nanowire using the equation

R:%. (eqn. 5.3)

Unfortunately, the electrolessly-deposited wiree axtremely fragile and often break
either during the electrical measurement or upgosure to the laser. This breakage is

likely due to the non-uniform cross-section, seekigure 5.4C.
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Figure 5.6 A connected Au nanowire with copper edgiolymer leads. Note the texture
of the copper coating on the polymer and the unteicopper deposits on the substrate.

Prior to synthesizing these 40-nm-diameter naresyinanowires of ~200 nm
diameter were made to test the feasibility of eleally detecting plasmon absorption.
These larger nanowires were more robust, despitedpalso been made electrolessly,
and routinely survived the electrical measuremeaocgss and laser exposure. From
these samples, preliminary results showing thecetiElaser heating on the resistance of
Au nanowires were obtained. An example of such #ashown in Figure 5.7.

Focused CW laser light with a wavelength of 800 and a power of a few
milliwatts is enough to cause a transient increzsa few percent in the resistance of a

Au nanowire. Assuming the nanowire acts like buktal, this change in resistance can

108



be converted to a change in temperature usinghdaentl coefficient of resistivityy,

which for gold is 3.4 x I8 K™.**" The resistance is given by

(M) =p,A+a(T -T,)), (eqgn. 5.4)

which can be rearranged to read,

AT =— [, (egn. 5.5)

where o(T) is the resistivity at temperatufé and o is the resistivity atTy (room

temperature). Therefore, the change in resistafbserved in Figure 5.7A, if caused
exclusively by heating, would result in a changeteiperature, averaged over the
nanowire, of about 10 K. This temperature changs mlso cause the nanowire to
expand and change dimensions, which could affectékistance; however, this effect is
considered negligible since the thermal coefficighexpansion for gold is 14.2 x3&™*

anda change in 10 K would change the size by aboyn. pFigure 5.7B also shows an

interesting polarization dependence that seemsuppast the hypothesis of plasmon
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Figure 5.7 A) Laser-dependent change in resistan&). Polarization-dependent
resistance
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absorption, which should be highly polarization eegent. Strangely, though, the
polarization dependence is reversed from what nighéxpected. It was expected that
the peaks, the largest change in resistance dulee&ting, would occur when the
polarization was parallel with the wire’s short §xbecause it has a plasmon band near
550 nm; however, this is not what was observedtebd, the peaks occurred when the
800 nm laser light was polarized along the longitataxis, which is expected to have a
plasmon peak somewhere in the IR. This phenomeassomewhat puzzling, but a
recent report in the literature suggests that likely due to multipole absorption along
the longitudinal direction. A report by Schatz,rkiin and coworkers showed that an 85-
nm-diameter rod of length 1185 nm had several gitieor peaks near 700 nm, 900 nm
and 1400 nm when incident light was polarized altveglongitudinal direction® While
multipole resonances do explain our observation)eatime of the experiment we were
not aware of this effect. Thus, it was decided tremowires with diameters closer to 40
nm with the well documented plasmon peak near $8@would be more suitable for this
experiment.  Unfortunately, these smaller nanowiredien made by electroless
deposition, were more fragile and failed to produdata. After changing to
electrodeposited nanowires, the polymer metalbratstopped working reproducibly.
For a time, samples either failed to metallize etatlized too rapidly and unselectively.
Effort was then diverted to solve the metallizatmoblem, which appears to be solved,
via palladium reduction before copper enhanceméditional devices have yet to be
made incorporating the modified method of coppérameement.

One problem that needs to be addressed is thiysiataf copper deposition by

the gold wire. A copper-coated gold wire would sbbw characteristic gold plasmon
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absorption. To circumvent this problem, an alkhmmétprotection layer should be used
to cover the gold wire by self-assembly. This peabwas observed with our previous
metallization procedure and attempts were made rtdegt the gold rod with an
alkanethiol monolayer, however, the metallizati@ieid either to deposit at all or to
deposit selectively. We believe that the failufealikanethiols to protect the nanorods
may be related to non-uniform or rough surfacethefelectrolessly-deposited gold rods.
The use of electrodeposited nanorods is expectalietdate this problem.

While a functional sensor remains to be made tatat plasmon detection will
be an interesting application of MAP. If the plasmabsorption band could be
sensitively detected electrically, one may envissimple sensor molecules attached to
the gold wire that could bind analyte moleculeslter the plasmon absorption frequency
of the gold wire. The shifted plasmon resonancelccde detected by a brief light
exposure that would cause a change in resistafoes, binding events could be detected
electrically. This detection scheme lends itselh array format where multiple analytes
could be detector for in parallel. Since the galdbstrate is about i@imes smaller than
the substrate used for macroscopic plasmon detectioomplete monolayer of analyte is
possible with only a fraction of the concentratitmat would be required in the
macroscopic scheme.

The ability to fabricate such a device would haxder implications as well. For
instance, materials besides gold nanowires coulclbetrically connected under an
optical microscope. Currently, the predominant mseéo wire such tiny samples is
through e-beam lithography. E-beam lithographsiasv and typically requires 1-2 days

to complete, compared to the technique describédhacan be performed from start to
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finish in about three hours and without any speclabn-room precautions. The only
requirements are that the samples be visible onmikeoscope and be chemically inert
enough to withstand the polymer metallization pdure. Wiring of an assortment of
interesting nanostructures could be envisionedy siscdiode-structured nanowit&sor

tripod-shaped nanocrystals.

5.3.2 Fiber Optic Applications

Other groups have demonstrated the use of MARcktied fibers as light guides,
and another application we thought would be intergds fabrication at the end of silica
waveguides. Micro-optical elements such as lengestjngs, prisms, or spiral phase
plates could be made directly on the cleaved sertda fiber optic using MAP. Figure

5.8 shows an example of a micro-prism made onahe af a cleaved waveguide.

Figure 5.8 Microprism fabricated on the end of lzefioptic. The magnified image
shows that the prism is not optically smooth.
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The surface of the microstructure was not opticaigooth. However, this
sample was made using a mechanical stepper-metge,sind structures made with the
newer piezo-driven stage are significantly smootffegure 3.14) and, although never
tested, are likely optical flat with roughness <01@m. It is thought, therefore, that
elements that are optically smooth can be createl] asing metallization chemistry,
mirrored. This technique could be a useful wayctwiple light to micromechanical
objects such as cantilevers. For instance, rdkt@er aligning a focused beam to strike an
independent cantilever, a cantilever could be mawlehe end of a fiber and would

always remain aligned. Such a device may be usafatomic force microscopy.

5.3.3 Future Optical Applications

Future optical applications will likely focus ohd development of photonic
crystals, as this application has been, in large pesponsible for progress in MAP by so
many groups. MAP’s ability to pattern in three dimsions makes it the best-suited
technique for creating 3-D photonic crystals. Audial applications geared toward fiber
optics will also likely emerge. For example, miing resonators are of increasing
interest as a way to couple light evanescently feofiber optic™*® These devices are
made by placing loop-shaped waveguides in closgimpity (~100 nm) to an existing
waveguide. At certain resonant wavelengths, wiuigkate standing waves within the
loop, the light efficiently couples to the loop are‘dropped’ from its initial carrier
waveguide.  These devices could have applicatioasging from sensing to
eavesdropping. MAP offers a convenient way toitabe such devices without the need

for expensive photomasks or e-beam systems. Magrpfaptic systems currently made
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with conventional lithography or e-beam lithograptguld stand to benefit from MAP

technology.

5.4 Mechanical Applications

Like so many other MEMS devices, our mechanicalliagtions have centered
around cantilevers. Cantilevers can couple mi@pscmotion to the macroscopic world
via light. Used extensively in scanning-probe m$oopy (SPM) and nanoindentation
experiments, cantilevers can be used to apply medbh forces with nanometer
accuracy.

Cantilevers for SPM are fabricated using converaio photolithography
techniques, allowing for a range of dimensions apdng constants. Cantilevers are
generally either rectangular prisms or V-shapedgaometry. They are typically
composed of silicon or silicon nitride and can hadalitional functionality, such as
magnetic or conductive tips, to image samples baseguhysical properties in addition to
topology. Under normal imaging conditions the sigis obtained by monitoring laser
light reflected from the back of the cantilever.

We foresaw several advantages in fabricating leaetis by MAP. First,
arbitrarily shaped cantilevers can be fabricatecgkasly as rectangular prisms. There
have been reports that tapered cantilevers will ehdavorable thermal noise
characteristic$®! Also, polymeric cantilevers are optically transpd, enabling the
sample under the cantilever to be visible duringifiming. Finally, the mechanical and
chemical properties of polymers are tunable by ghmanthe material. For instance, a

softer polymeric cantilever with suitable biocheaticcompatibility may be more
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appropriate than a rigid silicon cantilever for soapplications, such as scanning probe
microscopy on biological species. One issue weemered initially was the inability to
reflect light off their surfaces due to the surfaceghness. This issue will likely be
solved by using the piezo-stage for fabricatiomeatthan the stepper-motor stage as it
capable of much smoother structures. Comparegfample, Figures 3.13 B and C

which were made with piezo- and stepper-motor staggpectively.

5.4.1 Photochromic Cantilever

One goal we had was to make a polymeric cantilévar would have tunable
mechanical properties. We sought to reach this ggiag a photochromic monomer that
reversibly isomerizes upon exposure to UV or wHight. The structure of the
photochromic diacrylate is shown in Figure 5.9.

Cantilevers were fabricated from this material,ickhwas synthesized by the
group of Prof. Neil Branda from the University ofb&rtal®? by adding 3 wt. % Lucirin
TPO-L and fabricating in three stages with decreapower. The resin absorbed the 800
nm laser light slightly. Thus, less power was regplifor fabrication at the top of the
cantilever, where the laser penetrated less rdsam, at the bottom. Cantilevers 2/
long, 50pum wide and 25um thick were fabricated. The photochromic naturehe
monomer was retained after polymerization as casdsn by the color change upon

exposure to UV and white light (Figure 5.9).
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White light

UV light

Figure 5.9 Top) Structure of photochromic diacrylased to make cantilevers by MAP
in both open and closed form. A) Photochromic itkewdrs become blue after a brief
exposure to UV light. B) The cantilevers retumntheir original orange color after
being exposed to white light. Note that the largantilever is composed of three
segments.

The change in mechanical strength was measuredbbgrang the deflection of he
polymer cantilever when pressed upon with a caifotaAFM cantilever."® If the
unknown polymer cantilever has a spring constantparable to that of the silicon AFM
cantilever, the two cantilevers should deflect Ippraximately the same distance. By
measuring the distances involved, the spring cohsththe polymer cantilever can be
calculated. = The details of the theory are showfigure 5.10. After calibrating the
known cantilever against a non-compliant surfaosehsas glass, displacement curves can
be measured by pressing on the unknown cantilevel measuring the known

cantilever’s displacement compared to that of tRdApiezo. The slope of this curve,

and the spring constant of the calibrated cantildgy, can be used to calculate the

™ The most accurate way to measure mechanical giepef cantilevers is to find the resonant frequen
of the cantilever, however, this was not an opsimce the surface roughness did not permit thectiete
of reflected light.
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Figure 5.10 The top left panel shows a diagramhef éxperiment in which an AFM
cantilever of known spring constant is used toet#fh sample cantilever. The top right
panel gives the relevant equations, wheris force,k is spring constant] is distance,
and m is the slope of the displacement curve. The lowedtr panel shows a typical
displacement curve with a slope near 0.5, indigathe two cantilevers have similar
spring constants. The lower right panel shows thaagon relating the Young's
modulus, E), to the spring constant, the length, the width, (), and the thicknesst)(
Also shown are data obtained for the photochrormm@e from Figure 5.9. Each value
in the table is the average of 5 measurements takenthe course of two days.

unknown spring constant. Using the unknown cargifs dimensions the Young’s
modulus of the materiak, can be found.  Several measurements revediad the
average Young’'s modulus of the closed-form moleamé the open-form gave the same
value, 1.1 + .3 GPa. From this observation it t@nconcluded that the change in

mechanical properties between the isomers is sandllthat this method is not accurate
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enough to detect the difference. Unfortunatelys hinotochromic material does not

seem offer the tunable mechanical properties tleghad hoped.

5.4.2 Magnetic Cantilever

Another device that uses a cantilever can be msithg @ ferromagnetic material, such as
magnetite (F€,), for magnetic actuation. After using the metliscribed in section
4.4 to seed palladium on the polymer, magnetitebmadeposited by dipping the sample
in a solution of 2.5 mM Fe(N£; and 0.03 M dimethylamine-borane at 80° C for 30
minutes'** The deposited film appears black and is growecsielely where palladium is
present. A cantilever was made first out of metylate, and then in a second fabrication
step was fitted with acrylic ‘wires’ that were lateoated in copper. Finally, in a third
fabrication step, an acrylic tip was put on the ehthe cantilever. This tip was coated in

magnetite to demonstrate both that microstructwigs multiple coatings could be made

and that magnetic actuation could be incorporatétiis structure is shown in Figure

5.11A.
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Figure 5.11 A) 4-probe wire cantilever, similartt@t in Figure 5.11, except for the
addition of a magnetite-coated acrylic tip. B) thBrylate tower, ~1 mm tall, with a
magnetite-coated acrylic tip. This tower was exuo® a strong magnetic field, but it
did not bend in response.
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Given the dimensions of the cantilever in Figurgl®, it was not expected to
deflect significantly in a magnetic field. Anothstructure was fabricated to exhibit
greater deflection in a magnetic field. This stowe is shown in Figure 5.11B; it is a
methacrylic tower with an acrylic cube affixed ts itop. The cube was coated in
magnetite and the structure was placed in closemity (i.e. in contact) to a samarium-
cobalt magnet. No attraction was observed, preblymdue to the small quantity of
Fe;0,4 on the structure. Unlike copper, which is depmbkiduto-catalytically, R©, does
not continue growing after the palladium catalgstovered. The resulting thin film is
made of randomly oriented crystallites approximagfl nm in diameter, whose magnetic
character, is similar to that of bulk magnetit®.This small quantity of magnetic material
is insufficient for magnetic actuation.

The following calculation approximates the amoahimagnetite that would be
necessary to observe motion in the cantilever. rélevant equations are,

F.. =kd

cant

Eagn. 5.6
Fo =MV 8 (Fan. 5.6)
9 dz

where,Fcant is the force on the cantilevéejs the cantilever spring constant (~0.02 N/m),
d is the displacement, arfthag is the magnetic force on a volumé, of ferromagnetic
material in a magnetic field with gradiedB/dz. M is the magnetization constant of a
material, which for magnetite is 4.8 x>18/m.*** Setting the forces equal to one another
and solving folV yields,

kd dB
V=", Eqn 5.7
M o (Eq )

For a permanent magnet, such as SmCo, the magdieddigradient can be ~100 T/m at

close range, and if the displacement is to be obbér under a microscope is should be

119



on the order of 1uim, which would require a volume of magnetite of @xmmately 4 x
10%°m?® or 4000um®. The cubic structure atop the tower in FigurelB.is 50pm on an
edge. Given its surface area of 15,0, it would require a film of magnetite to be at
least 0.25um thick to be noticeably deflected by a permaneagmetic when viewed
under a microscope. This thickness of 250 nmfector of ten thicker than the film is
believed to be.

Attaching iron atop a long tower, similar to theean Figure 5.11B, can result in
the ability to actuate a microstructure magnetjcallThe images in Figure 5.12 are
screenshots from a movie that shows the tower,eppith micron-sized iron filings,
repeatedly springing back and forth at it is at#ddo the magnet shown on the right of
the images. The iron filings were placed therditsf wetting the tower tip with liquid
resin and then touch iron powder to the liquid.eTiguid resin was then photocured to
fix the iron atop the tower.

Two striking aspects of the movie are the flexipilof the polymeric
microstructure and its strong adhesion to the satest Clearly, given enough iron, the

cantilever can be actuated. A possibility for fetiexperiments is to deposit s&r

[T W— [ RS — eaen. il

Figure 5.12 Three micrographs showing an acryieeto (20pm x 20um x 1000um)
with iron filings glued to the tip, being flexed laymagnet. The magnet is approaching
from the right.
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electrolessly on a high-surface-area structurej sisca scaffold, to incorporate as large a

guantity of FeO,4 as possible.

5.4.3 Future Mechanical Applications

Further development of mechanical applications @&Rvwill likely continue to
involve cantilevers as they are the very simple macal devices with predictable
behavior. Other devices may include valves or@weis for systems such as microfluidic
channels.

Two issues with mechanical devices in this sizgme are actuation and control.
For example, gears and axles can be made easiMA#R), but without a good way to
rotate them they are useless. One way to appbefaith microscopic control is with
optical tweezers. This technique has been showotbgr groups to be an effective
means of manipulating objects made by MAP. Fonmmgda, a polymeric nanoneedle
with two-degrees of motion has been used to lancdiviag cell by optical
manipulation**® This kind of micromanipulation tool will likelyrgw to be a useful
application of structures fabricated by MAP.

Given the ability to pattern conductors and maignetaterials, electromagnetic
actuation should also be possible. Though thesenmasuccess demonstration presented

here, the first steps have been taken.
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5.5 Biological Applications

We have not focused our attention on biologicaliapfjon of MAP, but there are
several reports in the literature that suggest shiah applications will soon be a major
avenue for MAP. The reported work shows the abibit crosslink biological molecules
such as bovine serum albumin, fibrinogen, alkaphesphatase, and cytochrome c by
multiphoton absorptidfi’**® Enzymes patterned by MAP have been shown tdnreta
their activity, and the degree of cross-linking ctallored by the polymerization
conditions. In addition, such polymerization hagt performedh vivo in cells, and has

also been used to create corral-type structurésamalter neuron growtfi>4°

5.5.1 Future Biological Applications

The ability to create 3-D patterisvivo is remarkable, and could result in a better
understanding of the inner workings of cellular gaments. Another application that is
emerging is the use of MAP fabricated scaffoldstissue engineerintf® Creating 3-D
scaffolds that are biologically compatible has baegpal for biomedical engineers for a
number of years. There are a number of possilgeoaphes to this problem, ranging
from rapid prototyping techniques to soft lithogngpto micropart microassembk?
MAP offers the unique ability to pattern in threendnsions with sub-micron resolution
using biocompatible materials. Shear and coworkessd a compact, inexpensive,
turnkey, Nd:YAG laser system to create 3-D biomolac structures; this technique will
facilitate the spread of multiphoton technologyialogical application§?

Another application is the use of 3-D structu@si¢velop a better understanding

of cell mobility and interaction with their surrodings. Structures such as 3-D micro-
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mazes could easily be made by MAP, and the codinssells take through such mazes
may prove informative about their response to diimuch as nutrients or toxins. The
mechanical properties of the surroundings have &lsen shown to influence cell

mobility in two dimensiond*® Similar studies would certainly be of interesttimee

dimensions and could be performed easily with MARdmstructures.

5.6 Future Technical Challenges

5.6.1 Resolution Improvements

The ability of MAP to create 100-nm features us@-nm light is impressive.
However, the ability to create even smaller featumay be crucial to many applications.
For instance, the ‘wiring’ of nanostructures, asaled in section 5.3.1, currently
requires the nanostructure to have one dimensigerghen 1um, in so that multiple
polymer wires can be patterned without shorting anether. If the voxel resolution
could be improved by a factor of 2 or 3, nanopkasicthat are submicron in all
dimensions could be wired and measured. In additaeducing the voxel size, it would
be desirable to be able to create spherical voaéter than prolate spheroids.

Part of the solution to the resolution problem nbaychemical. For instance, it
has been reported that the addition of radicabibdis to a resin appears to decrease the
voxel size*** Careful control of the polymerization chemistryaynyield further
improvements in voxel size, although probably dnlyhe range of ten or twenty percent.

It is unclear whether chemistry can be used to awg@ithe voxel shape as well.
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Optical techniques probably offer the greatestehfigy significant reductions in
voxel volumes and significant improvements in vosiehpes. One promising technique,
which has been developed in the context of flu@ese microscopy, is called stimulated
emission depletion (STEBJ> STED employs two laser beams, one to excite the
molecules and one, which is tuned to the red ofaisorption spectrum, to stimulate
emission back down to the ground state. The depldieam passes through a phase
mask that causes it to be dark in the center offabael region, so that no emission is
stimulated there. As a result, it has proven fbssio attain resolution of tens of

145 STED also assists in

nanometers in fluorescence microscopy using visligjet.
creating a considerably more spherical point-spfaadtion than does standard focused
laser excitation.

STED should be directly applicable to MAP. Usiagsetup like the cross-
correlation scheme shown in Figure 2.3, two lasdrwith different colors can be
overlapped in space with a fixed time delay betwis@m. The first beam can excite the
photoinitiator by two-photon absorption and the oset beam, which is at the
fundamental wavelength for depletion, can be used STED. Typical radical
photoinitiators become singlet diradicals upon &twn, and it is only after intersystem
crossing that homolysis occurs and polymerizatian be initiated®® The intersystem
crossing time is in the range of 100 ps, so therample opportunity to stimulate
emission before polymerization is initiated. ludiescence microscopy, ideally more
than 95% of molecules should be deexcited to impn@solution. In MAP it is only

necessary to deexcite enough molecules to falwbét@ polymerization threshold; thus,

stimulating emission from even 10% of the molecutesy be sufficient to reduce voxel
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size significantly. STED may ultimately enable threation of 20-nm voxels using 800-

nm light.

5.6.2 System Improvements

It is desirable to be able to make MAP fabricasgatems more compact and less
expensive. Both of these goals rely to some extentproving photoinitiator
efficiency. Beyond that, the desirable improvermsantfabrication systems depend on
the fabrication goals.

In a laboratory setting, it would be desirablehtve a single-point fabrication
system consisting of nothing more than a microscapdaptop computer, and an
inexpensive, compact, turnkey laser system. Suabrécation system could easily fit on
top of a desk or a lab bench. As described ahineeuse of inexpensive microlasers in
place of ultrafast Ti:sapphire systems for MAP-loadabrication has already been
demonstrated. Compact ultrafast laser systems teith of milliwatts of power at 800
nm are also available, albeit at a somewhat greatstt The commercial availability of
highly efficient photoinitiators makes either oé#e laser options quite attractive.

In an industrial setting, it would be desirablénve high-throughput, multi-point
fabrication capability. With efficient enough pbutitiators, such a system should be
possible with a Ti:sapphire oscillator rather tlaamnamplified laser system. Development
of a multipoint fabrication system based on a mierts array, to create several hundred
individual beams, and a spatial light modulatorctmtrol the intensity of each beam,

should enable independent fabrication at hundrddpomts simultaneously. These
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points could be used to create hundreds of copiaggoven structure or they could act in

unison to fabricate large structures rapidly.
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Chapter 6: Conclusion

This thesis has discussed the technique of moltgwhabsorption polymerization,
a unique method for fabrication on the submicroalesevith arbitrary 3-D complexity.
The mechanism and chemistry of MAP was describdterfirst chapter, along with the
motivation for creating microsystems. Severalésswere also raised in the introduction,
such as the novelty of designing a MAP fabricatystem, MAP’s slow serial nature,
and the lack of additional functionality, such asductivity.

In chapter 2 the five necessary components of &Mpstem were identified: a
laser, a microscope, a sample, a device to movbdam with respect to the sample, and
software to control the motion. The working detaf each subsystem were explained
and the setup we currently use was described. idatibn techniques, such as 3-D
pattern design and sample washing methods, weoeeaiglained. One of the central
tenets of the chapter was that while the complexditg MAP setup can vary from simple
to complex, a basic working system requires lighgertise to assemble and should be
within reach of a wide range of scientists, inchgdithose inexperienced in ultrafast
optics.

The next chapter dealt with the serial nature @&RVvby usinguTM to replicate
complex, MAP-made structures on a fast time scalde elastomeric nature of the
molding material, PDMS, was shown to be usefulha teplication of structures with

high aspect ratios and severe undercuts. A metlasdalso developed to extep@M to

replicate structures with closed loops, such abemc MAYTM was demonstrated to
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replicate daughter structures such as bridgesjleats, tables, and coils from master

structures that contained thin wall-like membranesler closed-loop portions of the

structure. This technique can also control thesgmee or absence of a membrane in
daughter structures, which gives us the abilityu$e daughter structures to create new
molds. These molding techniques demonstrate tteatsérial process of MAP can be

converted to a parallel process, in analogy withdérial process of mask writing and its
parallel use in photolithography.

The issue of surface chemistry was discussed @pteh 4, in which two
techniques were described to add conductive fumality to 3-D microstructures. The
first technique involved creating a 3-D patterntsas a bridge and using multiphoton
absorption metallization (MAM) to deposit silveraie and below the bridge. This
silver, which is granular, was rendered conducbyeelectroless copper enhancement.
The second method is more general and efficiem tha first, and involves adding
amine functionality to the acrylic surface. Thisiiae functionality can be used for
applications requiring biocompatibility or as a qaexing agent to bind palladium.
Reduction of bound palladium results in a highlyabdic surface for a number of
reactions, including the electroless depositioncopper and magnetite. It was also
shown that the amine functionalization is selectitee acrylate surfaces versus
methacrylate surfaces, enabling portions of contposicrylate-methacrylate
microstructures to be functionalized while leavotber portions unaffected.

Several applications of these techniques wereritbesktin chapter 5, including the
wiring of nanostructures by MAP for the electricdétection of surface plasmon

resonance and the fabrication of a working microgtdr. Other potential devices, for
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applications ranging from optical to mechanical evdescribed, including work done by
other groups practicing MAP. The future seems Htrigpr MAP, with a number of
applications close on the horizon, such as tissa#éfadding and ‘full-stop’ band gap
photonic crystals. The solutions to the issuesnissd above (the assembly of a MAP
system, the uspTM to speed device creation, and the use of sekestirface chemistry

to add functionality) will be helpful to future ajpgations of MAP.
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