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Step and flash imprint lithography (SFIL) is a higisolution, low cost patterning
technique developed at The University of Texas adtid. Envisioned as an alternative
to conventional photolithographic techniques cuifyemised to pattern semiconductor
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densification on feature profile. Modeling of pwlerization induced feature shrinkage
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Chapter 1: Introduction

Step and Flash Imprint Lithography (SFIL) replesathree dimensional patterns
with nanometer resolution at low cost. Developedte University of Texas at Austin
as an alternative to more conventional photolitapbic techniques, SFIL traps a
photocurable mixture between a substrate, typicallsilicon wafer, and a transparent
template. Upon ultraviolet exposure, the mixtuodymerizes and the template is then
removed leaving behind a copy of the original teatglpattern. Those familiar with the
semiconductor industry will recognize this techmiquas photocurable imprint
lithography; those new to semiconductor lithographly recognize SFIL as a photocure
injection molding technique with nanometer resaolnti In either case, Step and Flash
Imprint Lithography offers the promise of printimganometer scale features at costs
significantly lower than those currently associateth photolithography.

To truly understand this technology, one mustt fagnsider the industry and
context in which it has been created. With theettggment of the monolithic integrated
circuit by Jack Kilby and Robert Noyce in 1960, tbemiconductor industry began
manufacturing solid-state devices with ever indreaslensities on silicon wafets.As
manufacturing techniques improved and device feasizes decreased, semiconductor
producers were able to realize benefits in devedopmance and cost. Smaller active
components facilitated the design of intricate desicapable of reproducing complex
tasks, such as those of a calculator, on a sirtgfe cSmaller feature sizes also yielded
faster device speeds. In addition, cost benefggewealized by spreading per wafer

manufacturing costs over a greater number of devare each substrate. These dual



benefits of increased performance and lower praolictost have motivated a great deal
of research over the past forty years.

Gordon Moore, former CEO of Intel is widely crediteith first quantifying the
trend of increasing device densities with time.s How famous Moore’s Law predicts
that circuit density doubles approximately everym@nths. Although the original paper
presented in 1965 predicted a doubling of circeitgities every 12 montfighe original
trend has turned out to be largely true. In fH#u, increased performance and reduced
cost realized by this trend have driven the econerof the semiconductor industry the
past few decades. Companies that have led thisl thave thrived while those that

lagged behind have suffered.

1.1 SEMICONDUCTOR MICROLITHOGRAPHY

Semiconductor microlithography, or photolithographgs in large part made these
economic and performance gains possible. Solig-stavices are manufactured via a
series of thin film deposition, patterning, andheteps. Taken together these steps
comprise the photolithographic process as depioteBigure 1.1. A layer of device
material such as metal, oxide, or polysilicon isstficoated on the substrate. Once
patterned, this material will remain behind in tlevice to become a component such as a
conductor or insulator. This film is then coatedhwa photodefinable, etch resistant
organic film commonly referred to as a photoresrstesist. The resist is then exposed
with light through a mask patterned with the dekbircuit pattern. Light passing
through the mask forms an aerial image that is rhblesbby the photoresist. Exposed

2



regions of a positive tone photoresist become $olubdeveloper, and exposed regions
of a negative tone resist become insoluble in agerl Once the resist has been exposed
and developed, the pattern in the resist is themsferred to the underlying device layer
via wet or plasma etching. After the etch is cogtgl residual photoresist is stripped
from the wafer leaving behind a substrate with wipepatterned device layer. This

process is repeated multiple times to build destoectures on the substrate.

Plotoresis
% B b -
< Device Spin Coat

Substrat—— 5 I___....-‘ material

ho

s k][ 144] |4}

Negative Positive
ii —_

Develop

Expose

___-4 E—— |
| = EEEI‘ _ - Etch
| — _‘ ." Strip

Figure 1.1 Photolithographic Process.



Although photolithography continues to be the semductor industry’s standard
patterning technology, it presents a number of rimeth challenges. The ultimate
resolution of an imaging system is limited by oatidiffraction of the aerial image
before it enters the resist. The Rayleigh equatiescribes the role of resist processing,
exposure wavelength, and lens numerical apertudetermining the ultimate resolution

of an optical projection systefh:

kA

DOF:E@ (1.2)

For these equations, R is the minimum printalple Width in nanometers, DOF is
the depth of focus of the system in nanometers,id\ihe numerical aperture of the lens
systemA is the exposure wavelength in nanometers, arahdé k are factors describing
resist processing and aerial image formation telcigyo From these equations, one can
see that exposure wavelength and the numericakuapeof the lens are crucial for
imaging resolution. Thus, the pursuit of high teon imaging has motivated the use of
short wavelength exposure, high NA lenses, and ongd resist and processing
parameters. Historically, industry has utilizedogression of imaging wavelengths

from 365 nm mercury arc lamps to 248 nm KrF lasers93 nm ArF lasers. In addition,



stepper companies have also incorporated incrdgdenger optics in their products in
order to achieve higher numerical aperture imagysiems.

However, these improvements to performance haneasith increased technical
challenges and greater complexity in the manufatguprocess. As imaging sources
shift to shorter wavelengths, many materials becomp&gue and are no longer viable
candidates for use as resist or lens materials.on&smight expect, exposure tool costs
have increased exponentially with circuit densitiés Techniques such as phase shift
mask technology, optical proximity correction, aimamersion lithography extend the
lifetime of a toolset, but they too increase compleand cost. Although these trends
have been offset somewhat by the migration froom&bdiameter wafer substrates to the
200 mm and 300 mm substrates of today, exposutectsd is approaching prohibitive
levels. Although lithographers are capable of pushfeature sizes and pitches well into

the sub 100 nm range, they must find a way to dat smceptable production costs.

1.2 NANOIMPRINT LITHOGRAPHY

The desire for economically viable, high resolatiprinting techniques has
motivated the search for alternative lithograplilbesnes. Millions of dollars have been
invested in research designed to push imaging wagéhs into the x-ray regime, but
these efforts have never produced a production t&imilar interest in direct write or
template assistied electron beam writing schemels as SCALPEL have failed to yield
a process capable of manufacturing devices foritprd¥lore recent investigations of
extreme ultraviolet lithography with 13.5 nm lididve proved to be very expensive with
several remaining technical challenges as wellmémsion lithography, or immersing the
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exposure lens and substrate in liquid, is curreatfgvorite modification of existing 193
nm processes and may well find a place in manufacfin the near future.

Each of these techniques is based on the same jasmise: modification of
existing patterning technology to improve featume and pitch at the price of increases
in complexity and cost. Nanoimprint lithographyliIN takes a completely different
approach to the patterning process. It simplitieghile improving resolution and pitch.
NIL achieves this by discarding complex exposurgrs®s and optics in favor of simpler
broadband sources and templates that define psib@sed on physical topography. The
Chou group at Princeton developed the thermal maoant lithography process shown

in figure 1.2°

templatt

/ PMMA
I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I
Coat and Heat ﬁ‘/
Substrate

Imprint #-.-.-.-.-.-.:

Separate P—l—l—l—l—l—l—l:

| 4_

Figure 1.2 Thermal Nanoimprint Lithography Process

In the thermal NIL process, a substrate is spatem with a polymeric material,
often PMMA. The substrate and a patterned silicorsilicon dioxide template are

heated above the glass transition temperature @frélsist film. Once the film is



completely heated, the template is pressed intofitime for a sufficient time for the
polymer to flow into the voids in the template. eTtemplate is then removed. Some
processes call for immediate removal of the tenepkatd others allow the substrate-
template stack to cool before separation. Aftenpiate removal, a thin film of resist
material remains behind in the patterned regionghensubstrate. This layer must be
removed, typically with a reactive ion plasma ewtep, yielding a substrate with
patterned resist features much like those predtart@hotoresist post exposure bake and
develop. Early work with this technique produceztywhigh resolution results. The
process was shown to reproduce features as sm28 aanometers with the promise of
better than 10 nanometer resolutfon.

Initial imprint lithography work at The Universityf Texas focused on a similar
thermal NIL technique. This process, referred $0S#ep and Squish Lithography and
shown in Figure 1.3, uses a bilayer scheme to aehiggh aspect ratio features with a
thermal imprint lithography process. In place ddiagle PMMA-like resist, two layers
are coated on the substrate: first an organic linésble underlayer such as a negative
resist, and then a non-crosslinked silylated intdager. The crosslinked transfer layer
remains firm during processing while the impringdaflows when heated above its glass
transition temperature. As with other thermal NHocesses, the template is pressed into
the resist at elevated temperature and pressumnee the film is patterned, the template is
removed leaving an inverse replica of the origipattern in the template in the imprint
resist. A series of etch steps first clears pattgrareas in the imprint resist and then

transfers the image in the resist into the undeglyransfer layer. Silicon in the imprint



resist allows for etch selectivity, and hence, kighnal aspect ratio features on the

substrate.

templat

Silylated Crosslinkec
imprint resist /

\ transfer layer

Coat and Heat H
Substrate

Imprint “

Separate H

Etch | E S ESEEEH

Figure 1.3 Step and Squish Imprint Lithography Process

The step and squish process was also found todepe high resolution features
in the resist. However, in early development hriscess exhibited fundamental flaws
that would make it incompatible with the fabricatiof multi-level devices. Most
significantly, thermal NIL requires high temperasirand pressures to pattern the imprint
resist. Chou’s group reports imprint temperatuaiesve 140 °C and pressures of 600 to
1900 psi (40 to 130 atmi).Thermal expansion and mechanical strain duedsetiprocess
conditions would drive errors in alignment and dagrbeyond acceptable limits for

multilayer devices.



In addition, work at The University of TeXaas well as work by H.C. Scheetr
al.® has documented problems with pattern density digere during thermal NIL
processing. Isolated spaces in resist printed, well dense features and isolated lines
proved much more difficult to print. Once heat&dwe its glass transition temperature,
the thermal resist acts as a highly viscous glasaterial. Given time and significant
pressures, the resist can flow moderate distarwddl features in the imprint mold.
Large discrepancies in pattern density, howevequire the resist to flow longer
distances. Resist in sparsely patterned regionst itmw to regions of high pattern
density in order to completely print all featurestbe template. Failure to do so results

in non-uniform imprints at best and missing feasuaeworst.

1.3 STEPAND FLASH IMPRINT LITHOGRAPHY

These problems motivated the search for improvésnem thermal NIL that
would make it compatible with solid state silicoevete manufacturing. Inspiration was
found in the so called “2P process” Philips devetbpo manufacture compact discs.
The 2P process uses acrylate monomers that maydieqoured through a transparent
template. The use of low viscosity photocurableprimt resists allows for room
temperature, low pressure processing and reduaagdedensity dependence problems.

Researchers at The University of Texas decidethdorporate similar acrylate
materials in a UV cure nanoimprint processed caitsgp and Flash Imprint Lithography
(SFIL).” This process capitalizes on the many advantafjakraviolet curable imprint
materials over their thermal NIL equivalents. Thbe viscosity of the imprint resist,

9



commonly referred to as the etch barrier, reduedt®m density dependence in imprinted
features. The low viscosity also enables the Uké euanoimprint processes to operate at
room temperature and low pressure. Use of a temesptemplate also allows alignment
systems to look directly through the template igreit with the substrate. Figure 1.4

illustrates the SFIL process.
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Figure 1.4 Step and Flash Imprint Lithography (SFIL) Process
In the SFIL process, drops of a silicon containptgptopolymerizable imprint
resist are dispensed onto a substrate coated withrganic transfer layer. A patterned
template is then pressed onto the substrate algpthi@ liquid etch barrier to completely
wet the interface between the template and substi@nce the liquid resist has assumed
the topography of the template, it is photocureal WV exposure through the template,
and the template is then removed. At this pointnaerse replica of the template pattern

has been captured in the cured etch barrier osubstrate. Subsequent dry etch steps
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then transfer the pattern in the polymerized etalriér to the underlying substrate.
Incorporation of silicon in the etch barrier allovisr oxygen etch selectivity and

subsequent generation of high aspect ratio featurégure 1.5 shows imprinted images

from initial SFIL process work.

Figure 1.5 Early SFIL printed images.

By eliminating short wavelength imaging sourcesl darge NA lenses, SFIL
offers the potential of significant reductions retcost of lithography tools. Other next
generation lithography techniques such as extrdtreeviolet or projection electron beam
lithography rely on more expensive higher resoluiimaging systems. SFIL is unique in
its shift to a lower cost imaging platform that domot rely on optics for pattern
definition. This combination of high resolutiontfgan replication and low cost will
allow developers to focus on relatively simple imtedevices before attempting the leap
to complex CMOS devices. The ability to manufaet(for profit) simple devices such
as filters or photonic crystal arrays early in thevelopment cycle will be a key enabler
of the long term development of the SFIL proceBBus, process development and initial

device demonstrations are key areas of interasieifield of imprint lithography today.
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Subsequent chapters in this dissertation destmd&FIL process in more detail.
Chapter 2 provides a discussion of SFIL materialsvall as a thorough description of
each of the steps in the SFIL process. Chaptees@ribes refinement of etch barrier
formulations to achieve consistent sub 100 nm wswl, development of the etch
techniqgues used to transfer imprinted images to s$hbstrate, and effects of
photopolymerization induced shrinkage on featurdiler Chapter 4 presents simulation
of specific SFIL steps key to critical dimensioriX)Ccontrol, and Chapter 5 closes with a

discussion of applications of the technology tocepedevices as well as future work.

1.4 CONCLUSIONS

Semiconductor microlithography has played a keég no performance gains and
the economic value of integrated circuits over pgast 40 years. Improvements in
lithography have lead to an exponential increase rthmber of features per circuit,
enabling the manufacture of increasingly more c@xplevices. These complex devices
offer improvement at the price of increased martufawgy complexity and cost. As
imaging wavelengths press past 200 nm, manufagtwirallenges have motivated a
growing interest in alternative lithographic tedumes. Step and Flash Imprint
Lithography has demonstrated sub 100 nm resolutith a process compatible with
existing semiconductor manufacturing techniquest also offers the potential of

achieving high resolution at lower cost than therahtives.
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Chapter 2. SFIL Process Overview

The development of SFIL technology over the pagiteyears has focused on the
same basic process flow diagram presented eanli®ection 1.3 and presented again for
reference as Figure 2.1. Alterations such as meprint resist materials and template
alignment stages have improved the process, bubtbeall process flow has changed
little from the form in which it was first envisied. Chapter 2 of this dissertation
presents an overview of Step and Flash Imprintdgthphy with a discussion of each
process step and key materials. Section 2.1 preseaterials including templates and

substrates used in the SFIL process, and secttopr@sents the process itself.
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Figure 2.1 SFIL Process
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2.1 MATERIALS

Materials used in the SFIL process include templasebstrates, imprint resist,
and transfer layer. The material properties os¢heomponents directly influence the
design requirements for individual SFIL procespste As with any other complex
manufacturing process, a number of tradeoffs betwewterials and processing
conditions are possible. For example, superb axygeh resistance of resist materials
can broaden the process window for allowable tenstches. Similarly, precisely
vertical sidewalls on template features can miéghe impact of low etch selectivity, and
low resist viscosities and low vapor pressures gaprove dispense and imprint

throughput.

2.1.1 Templates
With any parallel lithography process one mustehavmaster that defines the

pattern to be replicated on the substrate. Fotqglilmography, the photomask or reticle
fulfills this function. As illustrated in Figure.2, a photomask starts as a fused silica
mask blank that is transparent to the imaging vemgth. This blank is coated with an
opaque film of chromium followed by a resist. Alearon beam or laser mask writer
exposes the desired pattern in the resist, anthdsk pattern is then developed. An etch
step then transfers the resist pattern to the cluramayer. Residual resist is then
stripped, leaving behind a transparent fused ssighstrate with a patterned opaque

chromium layer.
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Figure 2.2 Photomask after coat, resist development, andl étch.

SFIL templates are manufactured using similarrigpres. An industry standard
photomask blank again serves as the initial sulestoa template fabrication. The mask
blank is coated with a thin film of chromium andesist. The resist is exposed with
either an electron beam or laser mask writer angtldped. The pattern in the resist is
transferred to the underlying chromium. The chramiand remaining resist layer are
used as an etch mask to transfer the patternhetsubstrate. After the quartz is etched
any remaining resist and chromium are stripped awafyer stripping, the template has
no opaque patterns, only the topography remainsrin® imprinting, the topography
etched into the template defines the imprint resadtern. Ultraviolet exposure serves

only as a switch to initiate polymerization andididy the resist.
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Figure 2.3 SFIL Template Fabrication

Although the techniques used to produce SFIL tatepl are intentionally very
similar to those used to make photomasks todaycanelraw some distinctions between
the two processes. Resnick and coworkers havelapma a high resolution template
fabrication process based on a thin chromium fift*® For photomask processes, the
chromium film must meet minimum thickness requiratseto ensure opacity at the
imaging wavelength. For SFIL templates, the chtomserves only to dissipate charge
during e-beam patterning and acts as an etch maskgdthe final quartz etch step.
Given the high oxide to chromium selectivities aefable in fluorocarbon based etches,
chromium films as thin as 20 nm serve as sufficezah masks.

These thin chromium films improve line width casltduring patterning. Thin
chromium films require less of an etch mask dupagerning thus facilitating the use of
thinner resists. More importantly, these thin filmejuire less etch time and are thus
subject to fewer changes in dimension during etahsfer. Although deposition of such
thin films without defects can be a challenge, tl#gr the benefit of improved line

width control.
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Resnick and coworkers have also demonstratedsta@fundium tin oxide (ITO),
a transparent conductive oxide, in template fatiooaas illustrated in Figure 2.4. In this
process ITO and oxide films are deposited on thbstsate before patterning.
Incorporation of a thin ITO film in the templatehéeves multiple process improvements.
Most noticeably, it allows for electron beam ingp@t without the need to metallize the
template to dissipate charge build-up. ITO digsipacharge during electron beam
inspection and also acts as an etch stop durinfjthlequartz etch. A significant portion
of template production cost will come from inspentiand repair of etched templates
after initial patterning. Template inspection wilquire detection of sub 50 nm defects, a

challenging task for optical inspection systems.

resis

hromi .
chromiu oxide
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Figure2.4 SFIL ITO template fabrication process
Once fabrication is complete and all residualstebkas been removed from the
substrate, the template can be prepared for impgintMuch of the early work in this
area focused on liquid or vapor phase depositionflobrinated self-assembled
monolayers (FSAM) that adhered covalently to thbstate surface. Tridecafluoro-
1,1,2,2tetrahydrooctyl trichlorosilane (Gelest)swaund to be a reliable liquid or vapor

phase template surface treatment. Chlorosilanetiimality provides the ability to
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covalently bond to the oxide surface while the fagarbon pendant group lowers the
surface energy of the template surface. This lediesurface energy reduces the
thermodynamic work of adhesion required to sepateetemplate from the cured etch
barrier, improving the release characteristichheftemplate. Templates treated with this

material were shown to produce higher quality imggrthan those not treat@d.

2.1.2 Substrates
Although the bulk of development thus far has uséidon wafers, a variety of

different substrate materials have been shown todoepatible with SFIL. The entire
process from imprint through etch has been dematestron gallium arsenide substrates
(as discussed in chapter five), and Resrgtkal. have demonstrated patterning of
aluminum lines on lithium niobate substrates tadpie functional surface acoustic wave
devices. Research into thermal nanoimprint lithographycessing of gallium arsenide
substrate has shown surface degradation due tdningressures above 600 Fs8FIL
has no such issues.

To date, the main factor limiting substrate setectvith SFIL has been substrate
flatness and thickness uniformity. These qualiigsctly impact the average thickness
and uniformity of the residual. Residual layerckmess and uniformity in turn directly
impact control of feature dimensions throughout fabrication process. Industry
standard double side polished silicon wafers haaenbused to produce much of the
residual layer thickness and uniformity data pregenhe literature today. These same
flathess and thickness requirements will need tonbeto achieve similar residual layer

thickness and uniformity on other substrates.
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2.1.3 Transfer Layer Materials
Once a substrate has been selected, its surfastebmyprepared for imprinting by

coating with a transfer layer. Transfer layer mate vary from spincast organic films,
to deposited metal films, to monolayer adhesionmmters. A number of factors

influence the selection of a substrate coating:

» adhesion of the cured imprint resist to the subestra
» chemical compatibility of the coating with liquidgist
» time required to fill the template-substrate gap
» desired aspect ratio of final imprinted features

» etch selectivity relative to substrate material

Depending on the patterning application, somehefé¢ factors may be more
important than others. However, any substrateimgahust provide adequate adhesion
of the cured etch barrier; failure to do so causastrophic imprint failure as the cured
etch barrier delaminates from the substrate dutemgplate separation. Any substrate
surface coating should not dissolve or swell wheposed to liquid resist during the
dispense step. In addition, for throughput sersigipplications, the surface energy of the
substrate should be such that the liquid residtwat the surface and spread via capillary
action. Tailoring the substrate surface energg ggnificant factor in determining the
ultimate throughput of any given SFIL process.

For applications ultimately aimed at patterning tderlying substrate, the etch

resistance and thickness of the transfer layer ralgst be considered. Thicker transfer
20



layers yield higher aspect ratio features, and hagih resistance enables tighter CD
control during substrate etches.

SFIL process development has incorporated a biilagst scheme to enable the
printing of high aspect ratio features. Althoughtial imprint features can be limited in
aspect ratio due to cohesive strength concernsiglieémplate release, a bilayer resist
scheme allows for the aspect ratio of these featuoe be magnified as they are
transferred into a second underlying film. By immarating silicon into the top material,
one can achieve sufficient etch selectivity betw#en etch barrier and transfer layer
films to facilitate effective etch transfer as dttated in figure 2.5. Taken together, film
thickness and etch resistance must provide sufioetch mask material during etch

transfer.

— J—

Figure 2.5 Bilayer resist scheme produces high aspect ratitufes

A number of materials exhibiting some or all oétk properties have been used
during SFIL development. During initial SFIL dewpment targeted at pattern transfer
applications, anti-reflective coatings (ARCs) siashDUV30J-11 (Brewer Science) and
AR19 (Shipley) were used as transfer layers. Tlesemercially available materials
offer superb imprint resist adhesion and requirg arsimple spin coat and bake process

to prepare the substrate. Transfer layer thickieessadily controlled via the amount of
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casting solvent in solution and spin casting speEdrthermore, as these materials are
highly crosslinked during bake, they do not dissalkhen exposed to liquid etch barrier.

Interestingly, the post apply bake temperatureeapp to be a key factor
component in determining etch barrier adhesion. CARprocessed with bake
temperatures 20 °C below the manufacturer’s recamded temperature of 200 °C were
found to exhibit better adhesion to cured etch ibarr The root cause for this
improvement in adhesion is unknown at this timd, dantributing factors could include
the amount of casting solvent left in the film, fage roughness of the ARC, or
incomplete conversion of crosslink functionalitythe ARC film.

ARCs used as transfer layer materials may alsdersufom limited etch
resistance. For photolithographic applications,CsRare selected on the basis of their
optical properties. Index matching to the photistesnd the elimination of swing curve
effects are key factors motivating ARC use in phtftography. In fact, ARCs with fast
etch rates are often desirable because they mieirargzical dimension loss during
transfer etches. For imprint lithography applioati, however, transfer layer materials
with high oxygen etch resistance are desirableghBietch resistant materials serve as
better etch masks during reactive ion etch transféhe substrate. Hence, future work
examining the effectiveness of hard baked negapifietoresists as transfer layer
materials may offer improved etch characteristi€@ue to the presence of phenols and
other aromatic groups, these materials often eligher innate etch resistance than
their acrylate ARC counterparts. Resistance teadligion during etch barrier dispense

could be achieved via crosslinking during exposure bake steps.
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Imprint applications other than etch transfer alsguire an adhesive substrate but
sometimes preclude the use of a thick spin coatganic film. Some substrate coatings
such as aluminum exhibit sufficient adhesive proeerto allow direct imprint of etch
barrier onto the substrafe.Other substrates such as oxides or nitrides geopioor
surfaces for adhesion and require some sort ofsamihn@romoter. Hexamethyldisilazane
(HMDS), a common adhesion promoter used to remoagmfrom silicon substrates
prior photoresist coating, was tested and dickelittl improve adhesion of etch barrier to
the silicon dioxide and silicon nitride substratesCoupling agents such as (3-
acryloxypropyl)trichlorosilane (Gelest) offer one@l#ion to adhesion problems of
acrylate based etch barriers on oxides. Wafersegdlan a solution of 0.1 wt% of this
monomer in hexanes for 20 minutes and then ringdtekanes for another 20 minutes
were coated with a film of coupling agent. Thehtorosilane functionality facilitates
covalent bonding of this monomer to an oxide sw@fadhe free acrylate groups on this
covalently bonded monolayer film were then fredéoincorporated into acrylate based
etch barriers during polymerization. Although the®upling agents covalently bond to
substrate and etch barrier, they can be diffieuitdat. During liquid phase treatment of
wafers, chlorosilane groups can also bond to onéhan producing gel particles that can
contaminate the substrate surface. Although lowpling agent concentrations in
solution help to minimize this effect, there isfmadamental method to prohibit oligomer
formation and fouling of the substrate during cogti Vapor phase treatments enhance
control of this deposition method and could prodiites approaching monolayers in
thickness, but such equipment is costly and cunobeesvhen compared to a simple spin

coat and bake process.
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A simpler solution was found in the form of aminopylsilane based adhesion
promoters also used to prime wafers for photoresiating. AP 410 (Silicon Resources)
is one such material that has been found to promtate barrier adhesion to both oxide
and nitride surfaces. Substrates spin coated ARtl110 at 2000 rpm and then baked on
a hotplate at 100 °C for 60 seconds exhibited adhesufficient for direct imprint of etch
barrier onto the treated oxide or nitride surface$hese adhesion promoters are
especially attractive for imprint applications ahttional materials where adhesion to the
substrate must be achieved with the smallest pessimount of adhesion promoter

present.

2.1.4 Imprint Resists
Development of SFIL resist materials has been calf@oint of much of the

development work at The University of Texas at AustNo other material plays as
significant a role in each process step as thstrefirom viscosity during initial dispense
and fill to etch resistance during final etch tfenssteps, material properties of the
imprint resist directly impact the performance atle process step.

Several critical issues must be considered ingii@®y resist chemistry: adhesion,
photopolymerization kinetics, shrinkage, evaporgtiand etch selectivity. Tailoring
surface properties is crucial. The imprint resistdf must wet the template to facilitate
filling of all topography, yet it must release frotine template readily after exposure.
These requirements are often conflicting, and taele-offs must be analyzed and

understood.
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Wettability and adhesion are governed largely gy thermodynamic work of
adhesion between resist and substrate as showquatien 2.1. The rate at which the
fluid fills the gap between the substrate and #rmepiate has been modeled based on the

capillary flow analysis described in the Washbuynation as shown in equation 2.2.

WAdh:yA+yB_yAB (2-1)

dx _ (H?y,/R)
dt 240

(2.2)

Examination of equations 2.1 and 2.2 shows thatdirface tension must be
carefully balanced to produce a workable comprormsigveen ease of release and fill
time. The work of adhesion (\) is minimized by decreasing the surface energhef
solid/vapor interfacesy4, o) and by increasing that of the solid/solid integafy,y).
Increasing the surface tension of the fluid, whichurn, is detrimental to the work of
adhesion, maximizes the rate of fill. The ratdilbfs proportional to H, the gap distance
between the template and substrate, ggdthe surface tension. It is inversely
proportional to R, the radius of curvature of themmscus, and x, the distance of the
meniscus along the length of the capillary.

Imprint resists are formulated as mixtures of anhar of types of components
including free radical or photo acid generatorssaliged in a solution of organic
monomer, silylated monomer, and difunctional criogslrs. Each component serves a
specific role in meeting design constraints. Theefradical generator initiates

polymerization upon exposure to UV illumination. hel organic monomer ensures
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adequate solubility of the initiator and helps taimtain low viscosity during fill. The
silylated monomer provides the silicon requiredgiee a high oxygen etch resistance.
The silylated monomer also serves to lower theaserfenergy, allowing for template
release. The following two sections describe wtic polymerized acrylate and

cationically polymerized vinyl ethyl imprint resigtatforms.

2.1.4.1 Acrylate Imprint Resists
As discussed in the previous section, the impgasist must satisfy several design

requirements. These include low viscosity to diggesmall amounts uniformly and
deliver thin residual layers in short process timrapid photocuring to high conversion;
low separation force between cured etch barrier @red template; high strength to
maintain printed feature integrity; and high sihc@ontent to provide oxygen etch
selectivity relative to the transfer layer. Acrgdiased formulations are presently used as
imprint resists because their free-radical polyaeion mechanism, is very fast, and
many silicon containing acrylates are commercialtgilable.

Use of mixtures of materials as imprint resistoved the tailoring of resist
properties to meet process requirements. Fig@di2s components typical of current
acrylate based imprint resist formulations. Thstfcomponent, SIA 0210.0 (Gelest),
incorporates significant amounts of silicon to pdavetch resistance. For applications
where the imprint resist will eventually serve asedch mask, silicon content of at least
10 wt% is desirabl&’ Poor mechanical properties, however, can limgt &mounts of

these materials that can be incorporated intodbist:
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Figure 2.6 Common acrylate imprint resist components

Inclusion of difunctional ethylene glycol diacriga(EGDA, Aldrich) allows one
to control the amount of crosslinking in the curedist. Crosslinking improves resist
mechanical properties in a way that is desirablédmplate separation and mitigates low
glass transition temperature effects during highperature post-imprint processes, such
as reactive ion etching. A low viscosity diluenick as t-butyl acrylate allows one to
lower the overall viscosity of the liquid resist Mehmaintaining other desirable properties
such as film strength and high reactivity. Theueilt acts much like casting solvents
typically used to dispense photoresists, but atzylanctionality allows it to be
incorporated into the resist film during polymetiea. Diluents often comprise more
than 50% of the formulation, so their impact on hatcal properties must be carefully
considered.

Finally, small amounts of a photoinitiator are uiggd to initiate polymerization
upon exposure. Darocur 1173 (Ciba), shown in &gRr6, is a common initiator for
acrylate formulations. Upon exposure, the initigbooduces radicals. These radicals
react with acrylate groups of other monomer comptsénitiating a chain reaction
polymerization. Resists utilizing these chemistrleave been used to produce many

imprints such as those shown in figures 2.7 and 2.8
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Figure 2.8 Three tier structure printed in one step in adeylmprint resist.

28



2.1.4.2 Vinyl Ether Imprint Resists
Acrylate formulations do exhibit some shortcomigscurrently implemented in

SFIL. For example, oxygen inhibits radical polymation. In the SFIL process this
manifests itself in two ways. On the periphery lodé imprint, where the monomer is in
contact with air, the polymerization is permanentifibited. This uncured edge can
generate defects as the template is fouled withigtigirpolymerized material. In the bulk
of the imprinting material, dissolved oxygen cauaesnduction time before the start of
polymerization can begin, which will reduce thropgh Furthermore, difunctional
acrylate monomers, necessary to increase the moddilthe etch barrier and maintain
feature fidelity, have viscosities approaching 8. Therefore, feature integrity cannot
be enhanced without sacrificing viscosity in thEsenulations.

Although inert gas purges can be used to allevizdiay of these problems, new
polymerization chemistries offer an elegant altéwea solution. Alternative
polymerization chemistries were considered in otdecircumvent the inhibition period
and uncured edge phenomena seen with the raditated acrylate process. Both
anionic and cationic polymerization mechanisms veemesidered, with the anionic route
quickly being passed over due to its sensitivity water and other contaminants.
Although epoxies represent a well known and indaisirdeveloped class of materials,
examination of material properties showed thatdimeng kinetics of these systems did
not meet process throughput requirements. Furthiermthe viscosity of even the
smallest epoxy molecules was relatively high coragawith corresponsing acrylate

systems, which would lead to undesired fill conssupes.
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Thus, attention was focused on vinyl ether platfrVinyl ethers are known to
react extremely rapidly under cationic condition&dditionally, the vinyl ether
functionality makes a relatively low group contriloun to viscosity compared with other
groups such as acrylates. This effect can be exiepby comparing the viscosity of
ethylene glycol diacrylate with its divinyl ethemaogue as shown in Table 2.1, where in
this case the bis-vinyl ether viscosity is almog$6™ that of the corresponding

diacrylate™*

Table 2.1 Viscosities of Vinyl Ether and Acrylate Monomers.

Structurt R=Vinyl R=Acrylate
Ethel
0.7 cP 3.5cP

Unfortunately, silylated vinyl ethers suitable fose in an etch barrier are not
commercially available. Thus, materials were sgsaitted in the laboratory in order to

perform evaluations. These materials are shownainel2.2, along with their measured

viscosities at 20C.
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Table 2.2 Silylated Vinyl Ether Etch Barrier Components.

Structure Viscosity

1.0cP

1.4 cP

These silicon containing monomers were then fortedlavith mono-functional,
non-silicon containing vinyl ethers and commergiadivailable photo-acid generators
(PAGS) to create a series of formulations that wesed for SFIL imprinting. Figure 2.9
illustrates a typical cross-section from imprintirsthpowing 60 nm lines. It is anticipated

that the resolution of these materials will be gglént to that of the acrylates.

Figure2.9 Imprinted Vinyl Ether Etch Barrier.
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2.2 SFIL PROCESS STEPS

The following sections describe the SFIL procesgrigater detail. Many of the
material property requirements discussed in theen@d$ section are determined by

process requirements listed in the following setgio

2.2.1 Dispense
As illustrated in figure 2.1, the dispense stepite@ith a template and substrate

that have been prepared for imprinting. The tetepleas been prepared with a release
coating, and the substrate has been coated withdhasion promoter or etch transfer
layer. The dispense step then consists of depgsdi number of droplets of liquid
imprint resist onto the substrate. For initial SBevelopment work, the etch barrier was
dispensed by hand with a micropipet. Typical pcactvas to dispense one large drop of
liquid at the center of the imprint field and theress the template onto the liquid. As the
template is pressed onto the substrate, the etcielbexpands to wet the entire interface
between the template and substrate.

Two observations motivated the development of @oraated dispense system.
First, the amount of material dispensed plays arkéyin the cleanliness of the printing
process. The ideal volume of etch barrier to bgpehised may be determined by
computing the volume of liquid required to fill af the voids in a template plus enough
material to fill a residual layer of uniform thickses of approximately 50 nm across the
entire imprint die. For a 25 mm x 25 mm templad&dbpatterned and etched to a depth

of 100 nm this volume is approximately 62 nancditeDispensing microliters of resist
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results in liquid flowing beyond the edges of thativee area of the template. Partial
polymerization of this material (as discussed iotise 2.2.3) around the edges of the
template leaves a ring of material that fouls tBmplate preventing further quality
imprints.

In addition to template cleanliness, fill time arebidual layer uniformity also
motivated development of a precision automatededisp system. Once liquid etch
barrier has been dispensed and the template preasethe substrate, the liquid must be
allowed to completely fill the template-substrateerface. A number of variables such as
viscosity and surface energy factor into this tiithe, but in every case, viscous forces
become very large as the template nears the stésffhese forces result in both longer
fill times and significant forces on the templatBy breaking the total volume of resist
dispensed into a number of small drops, one redtieedotal distance the resist must
flow to fill the interface and reduces individualipt loads on the template during fifl.
Thus, use of an automated dispense system thasiteepuwultiple droplets of etch barrier
on the substrate increases throughput and impresgdual layer uniformity.

Microsolenoid or micropiezoelectric jet system®&yide an attractive platform
upon which to base a fluid dispense system. Maer®id systems, such as those from
the Lee Company (www.theleeco.com), consist of #&tt®magnetically actuated
microsolenoid valve attached to a pressurized veger An analog control signal causes
the solenoid to open, thus dispensing etch barriBy shaping the magnitude and
duration of the control signal, reservoir presstligeiid surface tension and viscosity, and
surface energy of the dispense tip, one can repgathspense nanoliter volumes of

liquid resist. Micropiezoelectric drop on demarydtems use a piezoelectric actuator to
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induce an acoustic wave in a reservoir of liquithis wave causes a droplet of liquid to
be ejected through an orifice typically tens of mineters in diametéf. Abdo et. al.
have modeled micropiezoelectric drop-on-demandesystfor SFIL applications and
found that fluid inertia, viscous forces, and soefagension are the dominant factors
impacting drop formatioh®

When used in conjunction with an x-y stage, théispense systems allow the
etch barrier to be deposited in a number of smalteps. Colburn has shown that
dispensing etch barrier in multiple droplets redut®e total pressure on the template

1.1° This reduced force results in decreased temmaten during fill and

during fil
improved residual layer uniformity. In additiontakes less time for each of the smaller
drops to completely wet the template than it doeohe large drop to do so. It should be
noted, however, that care must be taken to dispénesdroplets in a pattern that avoids
trapping bubbles of air as the drops coalesceur&ig.10 shows two drop patterns found
to not trap air during template fill. Both pattershow a 25 mm by 25 mm active imprint
area with five dispensed drops. The first pattiudes the total amount of liquid to be
dispensed into five equal drops. These drops soalen a manner that allows air to
escape the template-substrate cavity as the dr@pgemm The second pattern shows a
large central drop with four surrounding smalleoml. This illustrates the manner in
which drop on demand dispensing may be tailoredittahe criteria of individual
templates. In this case, the bulk of the matesialipplied by the large central drop while
the corner drops aid in rapid printing of templeg¢gions that would otherwise take the

longest to fill. It is interesting to note thabgrpatterns may also be adjusted for regions

of high and low pattern density on the template.
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Figure2.10 SFIL etch barrier drop dispense patterns.

Material properties directly impact the procesgatality of the dispense step. As
with many other steps, imprint resist material @rbies dictate much of the process
capability of the dispense step. Etch barrieras#ty and surface tension directly impact
volume control of automated dispense systems. raltms to etch barrier formulation
that impact viscosity or surface tension can rexjoécalibration of dispense hardware.
Liquid surface tension and the surface energy efdispense tip must also be tuned such
that, once formed, droplets exit the dispense mordtead of wetting it and sticking to
the dispense mechanism. Finally, one should atée the vapor pressure of all resist
components to estimate material evaporation dudisgense. Dispensing resist as a
number of small droplets greatly increases theaserfarea to volume ratio before the
template is pressed onto the substrate. This asesethe risk of evaporation during
dispense and one should carefully check resist coemqt vapor pressures to estimate
probable amounts of evaporation before the tempktpressed onto the substrate.
Evaporation can impact not only the total amouritdiso the relative amounts of each

etch barrier component present on the substratedehprinting.
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2.2.2 Imprint
Once liquid etch barrier has been dispensed eimplate is then pressed onto the

drop pattern. Given a pattern of liquid resisttlo@ substrate, the objective of the imprint
step is to bring the template and wafer into cdnteith the thinnest, most uniform
residual layer possible. The liquid must also thiettemplate completely such that every
feature is completely filled with imprint resist.

Successful completion of the imprint step is dejeen largely upon stepper
equipment capable of bringing the template and teatiesinto planar contact. Figure
2.11a shows a wedged shape residual layer andefigurlb shows a non-uniform
residual layer. Samples printed in this mannemfanadequate etch masks after
breakthrough etch processing. Etching for sufficténe to remove the thickest residual
layers leaves minimal feature etch mask on thosasaof thinner residual layer. Figure
2.11c shows a thick residual layer that requireessive breakthrough etching that could
lead to a loss of feature width. Figure 2.11d shew optimal residual layer with good
uniformity and minimal thickness. Highly uniforresidual layers of minimal thickness

facilitate uniform etch barrier after breakthrouggcth and maintain feature width.
v ) s L wwwwes B FETE T B
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Figure 2.11 Residual layer nonuniformities

Template and substrate handling subsystems aignédsto ensure the highest
levels of planarity. Figure 2.11 illustrates vasoresidual layer nonuniformities.
Ceramic vacuum wafer chucks are polished to optigaless specifications, and vacuum

template holders are designed to minimize uncdettodlistortion of template active
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areas. Much of the early SFIL work at the Univigrsof Texas focused on the
development of flexure based template and wafeentation stage¥'>*° Flexure
components achieve the motion capabilities of nti&éitional bearings through the use
of components that elastically deform. By avoidstiging or shearing motions subject
to friction, flexure mechanisms offer higher repdyity and lower particle generation
than their traditional bearing counterparts. Wbembined with a standard air bearing x-
y stage, flexure based template and wafer stades lufjhly repeatable imprint motions
with minimal particle generation. Calibration dfese stages after installation in an
imprint stepper allows repeatable printing of umfaresidual layers.

Significant time and effort have also been spémtlysng process by which the
liquid imprint resist fills the gap between templa@nd substrate. Colbueh al. applied
lubrication theory to determine the impact of resmaterial properties, template and
wafer surface energies, and imprint pressure dntifile. The importance of low
viscosity liquid resist and multi-drop dispense hoets are emphasized in this wofk.
Reddy and Bonnecaze have developed an extensiveutational fluid dynamics model
of the fill process. They model motion of the lidjuesist, including fill of template
features, based on lubrication theory and surfamegy effects® Equation 2.3 is a

particularly fundamental contribution from this Wor

3 2
nF. = ﬁ? —Zy;h?z (cos, +cosh,) 2.3)
- ~ /
template viscous capillary
forces forces forces
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This relationship determines the force on the tatepnk as a function of total
dispensed volume Q , number of dispensed dropsmmplate substrate gap separation h,

liquid resist viscosityy, surface tension of the resigtcontact angles of the liquid resist

with template and substrafe and@,, and the velocity at which the template moves V.
Written in this particular form, one can identifgmplate force components due to
viscous and capillary forces. At the small tenplatibstrate gaps desirable for thin
residual layers, one can see that viscous forcesrde the total template force. These
forces are directly proportional to imprint resigscosity and template velocity and
inversely proportional to the number of drops digeel. Thus, low viscosity imprint
resists dispensed as many small droplets are edsientlow pressure, high throughput,
thin residual layer imprints.

Unfortunately, many of the low molecular weightpirmt resist monomers with
attractive low viscosities also possess high vapessures and exhibit correspondingly
high evaporation rates during dispense. Care imeisaken to ensure that imprint resist
materials meet not only low viscosity requiremefas quick fill but also low vapor
pressures to minimize evaporation during disperseaall cases, imprint resist viscosity,
resist surface tension, template and substrataignergies, and the number and pattern
of dispense droplets greatly impact fill time andlty.

One should also note the importance of uniforrmtgubstrate thickness during
fill. Although errors in substrate planarity mag borrected by the use of extremely flat

vacuum wafer chucks, any irregularities in substthickness will manifest themselves
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as non-planarities in the substrate surface. Hedeoable side polished wafers have

become the standard substrate for SFIL applicatmatey.

2.2.3 Exposure
After the liquid imprint resist has completelyiddl the gap between template and

substrate, polymerization is initiated by exposur@ a mercury arc lamp. During
exposure, the photoinitiator in the imprint resistiates polymerization. For acrylate
resists, initiator forms radicals that begin polyin&ion. Vinyl ether or epoxide resists
utilize a photoacid generator that initiates catigomolymerization. In all cases, only a
small amount of material (typically less than 2 Wwt% required to initiate
polymerization.

Current acrylate etch barrier cures via a free cadpolymerization process.
Oxygen inhibits free-radical polymerization by seaging free-radicals, thus disrupting
the curing process as shown in Figure 2.12. Thisifests itself as a delay between the
beginning of exposure and the beginning of polyrsion. This delay ultimately lowers
process throughput. Furthermore, oxygen from thieosinding environment continually
diffuses into the etch barrier around the perimetahe template. As a result, a layer of
uncured etch barrier persists at the edges ofeimplate after exposure. This partially
cured material has the potential to stick to thempiate and generate defects in
subsequent imprints. These process limitationsivaietd further investigation and
modeling of the free radical polymerization of datg etch barrief and the use of

purge gases.

39



_ 100 - 0.4ImWwW 1
g 80 .‘ —#—134mW |
8 —o—16mWwW
% 60 —&A—73.5mWwW -
c 40
o
S 20 -
PEDEIED- P ag‘J:".‘. ¢
0 - A SRR S50 08180002180210:0100y 10

0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Figure2.12 Inhibition period during etch barrier polymerimat.

Standard free radical polymerization kinetics wassumed in order to make a
first-order approximation of the effects of oxygedhe model incorporates four reaction
steps: radical initiation, propagation, terminatiand quenching. The rate of initiation
involves an initiating species absorbing light afisociating into radicals. The rate of
initiation was estimated based on the absorband@aodcur 1173 convoluted with the
spectrum of the Hg lamp and a quantum efficien&griafrom literature. Radicals that
are generated are assumed to be immediately queinthiee presence of oxygen. Once
the oxygen is depleted, however, the radicals redttt monomer to form a growing
polymer chain. The polymer chain continues to pggte until it encounters the radical
end of another chain, at which point the two raddesads terminate. The rate constants
for these reactions were measured as a functioncaniversion using the dark
polymerization method.

Figure 2.13 presents the results of this modeha form of a graph showing

monomer concentration as functions of exposure #interadial distance from the center
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of the templaté® In this calculation, oxygen was assumed to beahly diffusing
species, with an estimated diffusion coefficient 5%10° cnf/s and an initial
concentration of 1xI® mol/L. For a light intensity of 43 mw/cdmand quantum
efficiency of 0.6, it was found that the inhibititeime was 300 msec. As expected, no
polymerization takes place until the oxygen in butk has been depleted. In addition,
oxygen diffusion results in an uncured layer ofragpmately 10um in thickness around

the etch barrier perimeter.
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Figure 2.13 Monomer concentration profile.

2.2.4 Template Separ ation
Upon initial inspection, the template separatitgpsnay appear simple in nature.

However, the empirical nature of the physics ofemilbn and the fact that the separation

step generates (or fails to generate) the majaftyprinting defects make this an
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important area of study. To date, template sejparavork has consisted of surface
energy studies and practical methods, such as &enptlease treatments, to facilitate
appropriate release.

The objective of the separation step is to enthakall of the cured imprint resist
adheres to the substrate and delaminates fromethplate. That is, adhesive failure
between the template and cured resist must be he rmode of separation; resist
cohesive failure or delamination from the substrateot permissible. Resist adhering to
the template generates defects on the printedrdlecan contribute to template fouling
and defect generation. Figure 2.14 illustrates footential release scenarios. Figure
2.14a shows a fouled template reproducing a défeséquential imprint dies. Defects
are neither generated nor removed. Figure 2.1dtvsla poor imprint process that fouls
the template. Defect density increases with nunabémprints. Figure 2.14c shows a
clean template replicating the desired imprintgrattwith high fidelity, and figure 2.14d
shows an imprint process that cleans the templatengl printing. Particles on the
template adhere to the photocured imprint resiet] defects do not propagate to

subsequent imprint die.
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Figure 2.14 Template release scenarios

Initial process development work targeted thet fosse shown in figure 2.14a,
namely a process that would replicate any feation@sd on a template. Material studies
identified the importance of imprint resist cohesigtrength and template surface
treatment to avoid cohesive resist failure duriagasation as illustrated in figure 2.14b.
Once a stable process was developed, it becamileossreplicate features on a clean
template as illustrated in Figure 2.14c. An unexpe development, however, was the
development of the self cleaning printing procdkstrated in figure 2.14d. Particles
present on the patterning surface of a templatr afstallation were found to adhere to
printed die during initial imprint8. The self cleaning nature of the printing prodesdes
well for future SFIL yield management studies.

Early analytical work on the template separationcpss focused on surface

energy and thermodynamic work of adhesion anafysihis work demonstrated the
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tailoring of imprint resist surface tension and stuhte surface energies to meet both fill
and separation requirements. It is interestinghdte that many of the low surface
energies desired for clean separation could alsaltréen slow filling of the template
substrate gap during the imprint step. This wodo ademonstrated the efficacy of
fluorocarbon template release treatments. Liquindse treatment and later vapor phase
treatments minimize template surface energies dntmgromote adhesive delamination
of the cured resist from the template. Failurentdude such a treatment often results in
cohesive resist failure where imprint resist adbdre both the template and substrate
after separation.

More recent work has begun to investigate fundaahenechanisms of adhesive
delamination during separation. A mechanism otlcraitiation and growth has been
proposed as the method by with the cured imprisistelelaminates from the template.
As the template and substrate are pulled in oppakiections, strain energy is stored as
the imprint resist deforms. Small cracks begifoton at the interface between resist and
template. Once strain energy stored in the sysbereeds the the thermodynamic work
of adhesion between resist and template, thes&schkaygin to grow and propagate down
the resist template interface. Appendix A of thissertation presents a Surface
Phenomena class report written by the author arahkPalmieri examining crack
initiation and propagation in greater detail. Mmth to measure and minimize template

forces during crack initiation as well as delamioatare currently under development.
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2.2.5 Breakthrough and Transfer Etches

Once low aspect ratio patterns have been printederetch barrier, they must be
transferred through to the underlying transfer tay&his is performed in two steps. The
first, referred to as the break-through etch, @nigically removes residual imprint resist
to break through to the underlying transfer lat€he second step, the transfer etch, uses
the remaining resist as an etch barrier to trartsiempattern into the underlying transfer
layer. The silicon in the etch barrier, and lacksititon in the transfer layer, provides the
needed etch selectivity between the barrier andrémsfer layer.

An oxygen transfer etch that was developed for ims¢op surface imaging
processes was selected as a baseline processef@Rih break-through etch. This
original etch process uses high bias power, higih ejas flow rates, cold chuck
temperatures, and low chamber pressures to trapafarns from a silylated etch mask
to an underlying silicon-free layer with a high deg of anisotropy. To adapt this
process for use as the SFIL breakthrough etch,v2fs added to the etch gas mixture.
Addition of fluorine facilitates removal of silicoend thus increases the etch rate of SFIL
etch barrier. Once the breakthrough etch is cotapthe oxygen etch process is used to
transfer the pattern to the underlying transfeetayFigure 2.15 shows samples etched
using such a process. Further detail on this woay be found in the etch section of

Chapter 3 of this dissertation.
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Recent work at Motorola Labs has demonstrated tedeisfer of features printed
with a commercial SFIL imprint tool. Particulamptable in this work is the use of NH
gas chemistry to facilitate higher selectivitiestwmen silylated imprint resist and

underlying organic transfer layets.
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Chapter 3: SFIL Process Development

SFIL development has been an incremental procésaly efforts focused on
processes and materials to print micron size featuand the basic design and
construction of equipment to press templates tcstsates. Once baseline materials,
processes, and equipment were established, spstafds or components could then be
refined to enhance the overall printing proceshis Thapter presents experimental work
done to establish and refine baseline SFIL prosesSection 3.1 presents work done to
refine imprint resist materials with the goal oinping and etching sub 100 nm features.
Section 3.2 presents the development work thatbkestti@d the first baseline SFIL
breakthrough and transfer etches using these refated resists, and section 3.3
investigates the impact of photopolymerization icetll shrinkage on printed feature

profile.

3.1IMPRINT RESIST REFINEMENT
Early SFIL studies utilized a low viscosity, silitocontaining imprint resist

developed for initial proof of concept demonstratio Table 3.1 lists the components of
this formulation* This resist used a four component approach. laB#g monomer
provides oxygen etch resistance and organic aerytadnomer serves as a diluent to
lower viscosity. Small amounts of difunctional ssbnker and free radical photoinitiator
enhance mechanical properties and enable polynienzapon ultraviolet exposure,

respectively.
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Table 3.1 Early Imprint Resist Composition

- Component  Weight Percent ~ Functionality =~ Supplier
SIA 0210.0 46.4 Silylated monomer Gelest
butyl acrylate 46.4 Low viscosity diluent Aldrich
SIB 1402.0 4.6 Silylated crosslinker Gelest
Darocur 4263 2.6 Radical photoiniator Ciba

This resist mixture worked well for initial SFIL nint demonstrations, however
when the focus of process work shifted from denratish of sub micron imprinted
features to the printing and etching of sub 100 features, this resist exhibited some
problems with feature integrity. Poor mechanidaérsgth or thermal stability caused
reflow of printed lines and feature rounding thiituately made it unsuitable for printing

and etching of sub 100 nm features. Figure 3.Wshmages typical of these results.

5.9 kV X18.0K '2.99um 5.8 kV X38.0K  '899nm

Figure 3.1 Feature rounding due to resist reflow

These image fidelity problems motivated a seaahaf refined imprint resist

capable of printing sub 100 nm features. Formaorestiwere screened for viscosity,
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silicon content, and mechanical integrity of cufedtures. Maximum resist viscosity of
2.0 centipoise for dispense and fill as well asimum silicon content of 12 wt% for etch

resistance were design targets for this work. @&lsets of formulations were then
evaluated for viscosity and sub 100 nm printahilifyables 3.2, 3.3, and 3.4 each list five
trial formulations based on various diluent andsshoker materials. Figure 3.2 shows

the structure of a number of monomers from Gelast,included in this study.

SIA 0210.( SIB 1402.( SIM 6487.¢

Figure 3.2 Silylated resist components.
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Table 3.2 Methyl Methacrylate and SIM 6487.6 Resist Forriates

SIM6487.6 SIB1402.0 Darocur  MMA SiContent  Viscosity

(Wt %) Wt%) 1173 (Wt%) (Wt%)  (wt %) (centipoise)
EB-M1 45 0 4 51 12.0 1.0
EB-M2 45 10 4 41 13.4 1.4
EB-M3 45 20 4 31 14.9 1.9
EB-M4 45 35 4 16 17.0 3.1
EB-M5 45 50 4 1 19.2 6.1

Table 3.3 n-Butyl Acrylate and SIB 210.0 Resist Formulations

SIA0210.0 SIB1402.0 Darocur 1173 n-BA  SiContent  Viscosity

(Wt %) (Wt %) (Wt %) Wt%)  (Wt%)  (centipoise)
EB-O1 44 0 4 52 12.1 1.5
EB-O2 44 10 4 42 13.6 1.9
EB-O3 44 20 4 32 15.0 2.5
EB-O4 44 35 4 17 17.2 6.5
EB-O5 44 50 4 2 19.4 6.6

Table 3.4 t-butyl Acrylate and EGDA Resist Formulations

SIA0210.0 EGDA Darocur t-BA  Si Content  Viscosity
(wt %) (wt %) 1173 (wt %)  (wt %) (wt %) (centipoise)
EB-E1 44 0 4 52 12.1 14
EB-E2 44 5 4 47 12.1 1.5
EB-E3 44 10 4 42 12.1 1.7
EB-E4 44 15 4 37 12.1 1.9
EB-E5 44 20 4 32 12.1 2.2

Table 3.2 lists formulations of methyl methacrgl@iMA, Aldrich) diluent and
SIB 1402.0 (Gelest) crosslinker. These formulatiorere assigned the designation EB-
M for etch barrier formulations based solely on wmers with methacrylate
functionality. Table 3.3 lists formulations basmd a set of materials commonly used in
early SFIL work {e, n-butyl acrylate (n-BA) diluent and SIB 1402.@sslinker). These
formulations retain some of the kinetic advantagfgsister acrylate polymerization while

incorporating a silicon containing crosslinker. esk formulations were assigned the EB-
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O designation for resist materials closely resengpbriginal resists. Finally, Table 3.4
lists formulations composed of component monomeith acrylate functionality. T-
butyl acrylate (t-BA, Aldrich) diluent and ethylemgycol diacrylate (EGDA, Aldrich)
crosslinker form the basis for this set of resist$iese resists were assigned the EB-E
designation for their EGDA crosslinker.

Examination of formulation viscosities and craskér composition reveals two
interesting trends. Difunctional crosslinker morewen are desirable for their
contributions to mechanical strength and featutegity, but they exhibit the highest
molecular weights and viscosities of all resist poments. Thus, one must carefully
consider performance tradeoffs of sound mecharnidaigrity required during clean
template separation versus low viscosity requirednd dispense and fill. Each set of
resist formulations varies crosslinker contenttareine this tradeoff.

An early concern with methacrylate formulation8{M series) was their low
rate of polymerization when compared to their atg/lcounterparts. In addition, the
low molecular weight and correspondingly high vapogssure of methyl methacrylate
diluent lead to concerns regarding evaporationndudispense. These factors may have
contributed to problems in preparing imprinted sk®mpwith methacrylate resists.
Samples EB-M1, EB-M2, and EB-M3 with 0, 10 and 2@6ncrosslinker did not cure
completely during 120 second exposure with a mgraoc lamp. Samples EB-M4 and
EB-M5 with 35 and 50 wt% crosslinker were seentiatgsuccessfully. Cross sections
of samples imprinted with these formulations arevahn in Figure 3.3. Although these
samples produced acceptable printing results attgee lamounts of crosslinker required to

successfully print pushed resist viscosities alibeeallowable limit of 2.0 cPs.
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5.8 kV X58.8K 68BN m 5.8 kV X1k

Figure 3.3 Methacrylate resist crosssections.

Figure 3.4 shows EB-O samples printed with t-bagtylate diluent and SIB
0210.0 crosslinker. Samples EB-O1 and EB-O2 faitegdrint features with acceptable
fidelity. The higher molecular weight and lowerpea pressure of t-butyl acrylate as
compared to methyl methacrylate make evaporatiomgudispense less of a concern.
For these formulations, samples with small amouwftsrosslinker were again found to
print poorly. Formulation EB-03 with 20 wt % créieker was found to print with
acceptable feature quality. This sample exhibaediscosity of 2.5 cps, close to the
desired viscosity of 2.0 cPs, but not yet in thgdarange. Resists EB-O4 and EB-O5

exhibited viscosities well above the limit of 2P
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l11-APR-B2

Figure 3.4 T-butyl acrylate and SIB 210.0 formulations
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The acrylate formulations listed in Table 3.4 caogt the last set of printed
samples. As shown in Figure 3.5, samples in teisngth at least 10 wt% crosslinker
printed with acceptable feature integrity. SanfpBE1 did not cure, and sample EB-E2

showed severe rounding of printed features.

11-APR-B2

X88.8K 375nm

5.8 k¥ X398.8K

Figure 3.5 Acrylate resist samples.
Use of low molecular weight ethylene glycol diaatd facilitated incorporation
of large amounts of crosslinker in these resistdentemaining under the 2.0 cPs limit.
Samples EB-E3, EB-E4, and EB-E5 each exhibitedabée feature integrity with total

formulation viscosities of less than 2.0 cPs. THosnmulations EB-E3, EB-E4, and EB-
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E5 each met the required viscosity and printinguiregnents; formulation EB-E4 was
selected in an arbitrary decision as the imprisistefor use in subsequent resolution and

etch demonstrations. Table 3.5 and figure 3.@Histcomponents of this preferred resist

formulation.
Table 3.5 Refined Resist Components (Formulation E4)
Component Weight Percent Functionality Supplier
SIA 0210.0 44 Silylated monomer Gelest
t-butyl acrylate 37 Low viscosity diluent Aldrich
EGDA 15 Silylated crosslinker Aldrich
Darocur 1173 4 Radical photoiniator Ciba

OTMS o) o
| o
/\”/o\/\/sl,u—oms /Yo\/\o)v /\{( >< w
OTMS o oH
o] o]
SIA 0210.( EGDA t-BUAC Darocur 117

Figure 3.6 EB-E series resist components.
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3.2ETCH DEVELOPMENT
As illustrated in the SFIL process schematic iguFé 2.1, the breakthrough and

transfer etches constitute a significant portiorthef overall process. Once low aspect
ratio patterns have been printed in the imprintisteshey are transferred to the
underlying transfer layer in two steps. The fissép, commonly referred to as the
breakthrough etch, anisotropically removes residdelh barrier to break through to the
underlying transfer later. For samples printedcommercial imprint tools today, one
can expect residual layers up to 80 nm in thicknd8se breakthrough etch must remove
this material with minimal change to feature widih profile. The second step, the
transfer etch, uses the patterned silylated impesist features as an etch mask to pattern

the underlying transfer layer.

Etch development occurred in two separate phasébe first set of work
consisted of developing breakthrough and transtieln erocesses at the University of
Texas. Samples were printed on a university buillti-imprint toof at the University of
Texas Pickle Research Campus, etched on a LAM #E@d$ternational Sematech, and
measured on a Hitachi 4500 SEM on the main Unityeisi Texas at Austin campus.
Section 3.2.1 describes this work. A second rafretch development was performed in
collaboration with Motorola Labs in Tempe, Arizon&his work, presented in section
3.2.2, took advantage of the first commerciallytaied SFIL tool to print high quality
imprint samples. Samples printed with thin unifaresidual layers on this tool enabled

etch process work to improve feature width andifgabntrol.
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3.2.1 Etch Process Development
The etch process development cycle comprised @euof steps, each of which

had to meet minimum specifications in order to ¢jieseful data. The first step in the
process was to prepare samples for etch processiags often the case in new process
development cycles, sample preparation took mungdothan actual etch processing.
To yield useful data, etch wafers imprinted witho SklD0 nm features. Development of
the E4 resist formulation as described in the mevisection made this possible. In
addition, residual layer thicknesses must be umffnom die to die to allow adequate
measurements of etch rates and appropriate et@s.tifkailure to control residual layer
uniformity leads to locally under or over etchedhgtes that do not accurately reflect the

true etch profiles generated with a given etch @ssc

For preliminary etch studies, imprinted samplesew@epared on a multi-imprint
tool in at the University of Texas at Austin. Baslample sets were generated with the
goal of establishing an etch process with an easyerk-with template containing large
arrays of micron sized features surrounded by eayasf alignment marks. A template
written at Motorola Labs in Tempe, Arizona, was dige imprint samples for etch
evaluation. Figure 3.7 illustrates the layoutlos template, and figure 3.8 shows optical
micrographs of resist features during initial teatpl patterning. This one by one inch
template has four areas patterned with a stagdgered micron brick pattern. The brick
pattern is ringed with iso-dense alignment markaced at 1 mm intervals. The
alignment marks consist of a 75 micron square pa2Zlx 200 micron cross, and 1 x 50

micron iso-dense features.
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1 x 4 Micron
7 brick pattern array

Alignmen
marks

Figure 3.7 SFIL defect template layout.

Figure 3.8a Template resist image of brick pattern (uppe lafid alignment marks.
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Figure 3.8b Resist images of 1x4 micron brick pattern (leftylalignment mark (right).
This template was particularly suited for initetich process development for a
number of reasons. The 1 x 4 micron brick patpeovides a regular topography to use
for evaluation of etch bias, sidewall angle, andegal anisotropy of the etch process.
This template also addressed the more significaallenge of uniform residual layers in
early imprinted samples. Although the multi-impriool used to generate etch samples
often printed dies with residual layer thicknessiateons on the order of hundreds of
nanometers, residual layer thickness tended to itpalyhrepeatable from die to die.
Visual inspection of printed wafers showed seténgdrinted die all with similar Moiré
fringe patterns induced by variations in residuglel thickness. Given both a set of
alignment marks such as those in the defect temmaid a film thickness metrology tool
capable of aligning to specific printed featurese @an measure film thickness in the
same spot of each die. Thus, the array of alignmmamnks on this template facilitated the
generation of etch rate data using imprinted sasnpi¢h very loose control of residual

layer uniformity.
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Once an appropriate template was identified, impdnsample preparation
commenced using standard recipes. 200 mm wafere weated at International
Sematech (ISMT) with Brewer Science DUV30J-11 AR daked at 180 °C for 60
seconds. Samples were imprinted with the E4 inipesist described in section 3.1.
The resist was filtered through a 0.1 micron fibefore use. Imprints for etch rate and
anisotropy samples were performed in “Auto” modetba multi-imprint tool at the
Pickle Research Center. For initial etch rate mesment samples, dies were slightly
overfilled to ensure complete coverage of the impdarea. Templates were pressed
against the substrate with approximately &ctimtact force, and each die was exposed for
60 seconds. Residual imprint resist and transfgerl thicknesses were measured on a
Rudolph ellipsometer with scanning x-y stage at TSM Table 3.6 lists optical
coefficients used for these measurements. SEMamagere acquired using a Hitachi
4500 SEM operating at 5 kV. All samples were coatéth a thin Au:Pd film prior to

inspection to dissipate charging.

Table 3.6 Optical Constant for Resist and Transfer Layer.

Cauchy Etch Barrier ~ ARC Transfer Layer
Coefficients
A 1.451 1.6027
B 4.51e-3 pm? 1.71e-2 pm®

Once samples were printed, and residual resistrandfer layer thicknesses were
recorded, they were etched on a LAM Research 94@@8ter at International Sematech.
This etcher and chamber had been used for a nupfbexide etch processes, and

previous work was reviewed for potential startingpgess recipes for SFIL etch
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development. A recipe for dry development appicet closely matched the desired

process characteristiésTable 3.7 lists these process parameters.

Table 3.7 Etch Recipe Parameters

Process Variable Setting

Gas flow rate 60 sccmO
Bias Power 115 W
Source Power 260 W

Reactor Pressure: 2.5mT
Chuck Temperature -20 °C

Each parameter has a distinct impact on the behafi the process. Use of
oxygen promotes high removal rates of organic nmasemwith lower etch rates for
materials that readily form nonvolatile oxides. ghier bias power serves to accelerate
charged ions towards the substrate with greateefgromoting a more anisotropic etch.
Adjustment of source power allows the density ¢ filasma to be tuned to desired
levels. Higher source power breaks etch gas midednto larger numbers of constituent
ions and radicals. Reactor pressure affects etobot@opy. As bias, or induced
potentials, between the plasma and substrate aatelearticles towards the wafer, they
sometimes collide with other particles and thus rii strike perpendicular to the
substrate. The concept of the mean free path giteves useful when considering this

effect; low reactor pressures result in higher miea@ paths for particles in the reactor.
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Finally, wafer chuck temperature can alter the cdtehemical etching of materials on
the substrate. Colder chuck temperatures typidailer chemical etch rates, offering
improvements to both etch selectivity and etch @nigy. In general terms, one can
characterize the process in table 3.7 as a highpgoaver, low chamber pressure oxygen
etch. The high bias power and low chamber pressg@lt in a large mean free path
producing an anisotropic process.

Although the TSI process offered a good startiootpfor process development,
it did not utilize appropriate gas chemistry fobeakthrough etch process. Etch gas
chemistry largely determines the composition ottieg species in the reactor and at the
substrate surface. As gas molecules enter thenplas the etch chamber, they are
broken into anions, cations, and radicals. Wheselreactive species reach the surface
of the wafer, they can react with materials on shbstrate to form new compounds.
Newly formed compounds that are volatile will ddsdrom the substrate and be
exhausted from the reactor. Nonvolatile compouedsain on the substrate. Pairing of
specific etch gases and substrate materials allogvselective etching of some materials
at faster rates than others. For example, oxygants with hydrocarbon materials to
form volatile compounds such as carbon monoxidebara monoxide, and water.
Silicon, however, forms nonvolatile silicon dioxidehen exposed to oxygen. Thus,
oxygen gas chemistries etch hydrocarbon resistshniaster than silicon or silicon
disoxide. Conversely, fluorocarbon etch gas cheiessetch silicon faster than organic
resist materials. Fluorine forms volatile composivdth silicon, but does not readily

react with organics.
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As mentioned previously, an original SFIL designalgevas to incorporate
significant amounts of silicon in the resist to re@se its resistance to oxygen etch
processes. When processed with an oxygen etch, hilgh silicon resist forms a
hardmask of silicon dioxide that etches at muclwslorate than organic materials.
Given the silicon present in the resist, the emgsprocess had to be adapted for use as a
SFIL breakthrough etch. This was accomplishedhainclusion of tetrafluoromethane
(CF) in the etch gas chemistry. Fluorine in the reaceacts with silicon that would
otherwise form a hardmask to form volatile prodistish as SiF These volatile species
enter the reactor plasma and tend to be purgesis étch gas fill the chamber.

The methodology used to collect etch rate dataistusof a number of steps.
Samples were imprinted, and residual layer or feankayer thickness was measured
using optical reflectometry or ellipsometry. Saegplvere then etched for a prescribed
length of time, typically 30 to 60 seconds. Fipalesidual or transfer layer thickness
was measured again. Etch rates were computed umsiiay and final film thickness as
well as etch time.

After establishing baseline etch rates with theepaxkygen process, GRvas
added to the etch gas mixture, angdflow rates were reduced to maintain constant total
gas flows throughout the sample set. As, GBs added to the gas mixture and oxygen
flow rates were decreased, the baseline proces$owad to etch the E4 resist at rates up
to 660 nm/min. Addition of fluorine to a predomimly oxygen etch gas mixture allows
the tuning of imprint resist material etch rat€tch gas composition of 40 sccm Cinhd

20 sccm @ removed most residual layer films with minimal amts of feature
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roughness. Thus, a process with this gas flow umextwas selected for use as a
breakthrough etch.

The performance of the E4 resist and DUV30J was alsaluated in the pure
oxygen process listed in table 3.7. DUV30J etclada rate of 420 nm/min,
approximately seven times faster than the E4 impesist etch rate of 60 nm/min.
Tables 3.8 and 3.9 list the process parametershiorbreakthrough and transfer etch

processes developed using these technijues.

Table 3.8 Breakthrough Etch Process Table 3.9 Transfer Etch Process
CF;, flow rate 40 sccm O, flow rate 60 sccm
O, flow rate 20 sccm Bias Power 115W
Bias Power 115W Source Power 260 W
Source Power 260 W Reactor Pressure: 2.5mT
Reactor Pressure: 2.5mT Chuck Temperature -25°C
Chuck Temperature -25°C
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Once the breakthrough and transfer etch processesiw place, a second set of
samples was printed with a high resolution template These samples were then
processed with the breakthrough and transfer etotepses shown in tables 3.8 and 3.9.
Figure 3.9 presents an assortment of sampleshaithretches. Figure 3.10 shows 60 and
70 nm printed features (top), after breakthrougth €center), and after transfer etch
(bottom).

The results presented in this section are partigutetable in that they represent
the first complete demonstration of the SFIL precgem imprint to transfer. Starting
with bare substrates, the SFIL process was utilingatint sub 100 nm high aspect ratio
features on the base substrate. Such a pattedeimgnstration represents a significant

milestone in SFIL development.
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18.8kV X68. 08K S8@nm 15.8kV X78.1K

l6-MAY-82 | l6-MAY-@a2
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|
|

153.8kV X58B.8K EB@nNm

150 nm 1:1 pitch

1e-MAY-82

1e-MAY-82

i
1

15.08kV X78.08K 423nm

40 nm 8:1 aspect ratio features

Figure 3.9 SFIL samples after breakthrough and transferestch
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15.8kV X78.1K "'428nm 15.08kV X70.8K ~'429nm

2e—JuL-az2

15.8kV X7B8. 8K 428nm

18-MAY—-82

< 429nm 15.8kV X78.8K "429nm

Figure 3.10 SFIL etch process sequence: (top) imprinted lifesnter)
after breakthrough etch; (bottom) after transfehet
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3.2.2 Etch Process Refinement
In any process development sequence, initial prafofconcept studies are

typically followed with incremental process improvents. Such was the case with SFIL
etch development. Although the multi-imprint t@blthe University of Texas enabled the
development of first generation SFIL process steasability in residual layer thickness
and sample uniformity printed with this tool madeheprocess refinements problematic
at best. Fluctuations in residual layer thicknigesn die to die made the collection of
meaningful etch process latitude data, such aswidéh loss, next to impossible. The
installation of an Imprio 100, a commercial resbagrade SFIL imprint tool, at Motorola
Labs in Phoenix, Arizona facilitated the printinigsamples of sufficient quality to collect

data on the effect of breakthrough and transfdr ptocesses on feature profile.

For this work, performed in collaboration with Motla Labs, samples were
coated with DUV30J-11, and patterned with a higbohation template written at
Motorola Labs, and printed with S5 resist, a siicantaining acrylate based imprint
resist from Molecular Imprints, Inc. Breakthrougihd oxide etches were performed on a
Plasmatherm VLR etcher, and transfer etches wetferpged on an Applied Materials
Centura 5200. A fluorocarbon and oxygen etch gasune similar to the one described
in section 3.2.1 was used for the breakthrough; etohammonia etch was used for the
transfer etch) and a separate fluorocarbon process was usetidanxide etch. Figure
3.11 presents tilt and cross section SEM microggagfhsamples produced in this work.
These particular samples were produced with thentnbf investigating both direct
pattern transfer and a lift-off process. Hence,aalditional organic layer has been

included between the substrate and oxide layersatuFes in the etched oxide layer
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provide data representative of final features etcbe a substrate using the previously

patterned transfer layer as an etch mask.
23-APR-84

111nm

Mﬂm

‘ 180nmE

MADRID S.8 kV X58.8K 688 Nnm

EB—@PR—!4 23-APR-084

]

PMGIE®

688 nm

Figure 3.11b Sample after breakthrough etch
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23-APR-864

R AR S s S R

T4nm

23-APR-84

MADRID 5.8 kV X48. 08K MADRID 5.8 kV X5S8.08K 688 nm

Figure 3.11d Sample after oxide etch.

Note that the oxide to organic layer adhesion issi®wn are not typical of
samples with oxide films deposited directly on slubstrate.

In addition to the feature profiles shown in figuB.11, line width control
throughout the entire etch sequence also serves amportant metric for etch process
performance. Figure 3.12 plots line width verstecpss step. Loss of line width during

the transfer etch process is particularly problérraatd should be addressed.
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Figure 3.12 Feature Width as a function of processing step.
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3.3POLYMERIZATION INDUCED SHRINKAGE

In addition to the examination of feature profdering etch presented in the
previous section, feature profiles during impriatvé also been studied. Colburn and
coworkers documented polymerization induced desadibn, or shrinkage, of imprint
resist materiald. As molecules form covalent bonds during polymagicn, bulk resist
material becomes denser. This shrinkage could ¢panted feature profiles during
photocure as illustrated in figure 3.13. The oradi template feature profile is
represented as a dashed line, and the densifiaatdeia depicted in solid blue. Arrows
depict displacement of resist material. Specidisuits could include changes in feature

width, feature height, and sidewall angle.

Figure 3.13 Impact of polymerization induced resist shrinkagedeature profile.

Experimental work was performed with the goal eherating cross-sections of

both imprinted features and the template used fottipg. Given both template and
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imprinted cross-sections, one can then examinegesaim resist feature geometry due to
shrinkage. Three resist formulations with diffgrimmounts of bulk volumetric shrinkage
were prepared for imprinting. Monomer moleculegshwibulky pendant groups are
expected to exhibit less shrinkage upon polymaarathan those with small pendant
groups’ Formulations of 4 wt% photoinitiator Darocur 11{Giba), 30 wt% ethylene
glycol diacrylate, and 66 wt% of either lauryl detg, hexyl acrylate or ethylene glycol
diacrylate were prepared. Based on bulk measursn@nvolumetric shrinkage upon
polymerization described previou$lyhese formulations are expected to exhibit betwee
10% and 20% densification upon photocure. Thesautations were imprinted on a
Molecular Imprints Imprio-100 at Motorola Labs irfpe, AZ. Samples were exposed
at 365 nm with 74.2 mJ/cnfor 60 seconds. Figure 3.14 shows cross secteM S

images of imprinted resist lines on these samples.
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70 nm

PALMER 5.8 kV X158K

40 nm

2808nm

23-MAR-B84

X188K 388nm

23-MAR-B4

PALMER S.8 kV X158K

30 nm

Figure 3.14 Dense line space patterns imprinted in resist.

After imprinting, the template used to print tteerples was prepared for detailed

metrology. The template was coated with a thim fdf chromium for imaging contrast.

It was then coated with a film of silicon dioxide maintain sample integrity during

subsequent processing.

A thin cross section apptepfor tunneling electron

microscopy use was prepared by focused ion beatmagil Figure 3.15 shows cross

section TEM images of the template used to priatféatures shown in Figure 3.14. Line

widths at the base and top of features as webaisife height were recorded.
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Figure 3.15 Cross section of template used to print featunesva in figure 3.14.

Figures 3.16 through 3.18 summarize dimensionstc barrier and template
features. The horizontal axis denotes nominalufeatlimension and the vertical axis
denotes actual dimensions. Figure 3.16 compamnesiidths at the base of the features.
Template features and each of the three impringsdsts show features with the same
dimensions. That is to say, at the base of eaeh iimprinted features print at exactly the

same width as the template.
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Figure3.16 Comparison of template and resist feature witithage.

Figure 3.17 compares line widths at the top ofuiesss (note that this data can also
be reinterpreted as an effective measure of sideangle when combined with feature
height information). Template and imprinted featdimensions are in close agreement.
200 nm features begin to show some shrinkage, limget changes in dimension are
approaching the limit of SEM resolution. The dépee of the 40 nm and 30 nm lines
from this trend is likely a metrology artifact redd to the shape of these small features in

the template.
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Figure 3.17 Comparison of template and resist feature wititoa
Figure 3.18 presents data for feature height. Sesl template dimensions are
roughly 15 nm larger than their imprinted countetpa These results, taken with figures
3.16 and 3.17, indicate that polymerization industdinkage manifests largely as a

change in the height of imprinted features whidhses a slight change in sidewall angle.
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Figure 3.18 Comparison of template and resist feature height.

In summary, experimental studies of photopolynstitn induced bulk shrinkage
have shown minimal impact on the width and pro@feimprinted features. Features
show no change in line width at their base. 100talnfeatures on an 80 nm residual
layer exhibited a total change of 15 nm in heigintd larger features show small

decreases in sidewall angle.
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Chapter 4: Modeling

SFIL modeling work has focused on feature widtd arofile during the imprint
and etch steps. Section 4.1 presents finite elemexlels of polymerization induced
shrinkage and its effects on feature width andhtei@ection 4.2 presents a simulation of
features during the breakthrough and transfer stcHa both cases, model results are

compared to the experimental results presentedapter 3.

41 FINITE ELEMENT MODEL

A finite element model of the etch barrier was usedexamine the effects of
polymerization induced shrinkage described preWours section 3.3. This model
utilizes continuum mechanics and bulk material praps to simulate final etch barrier
feature profiles after template separation. Titeeensional models of printed features
and residual layers were constructed in Pro/ENGIREEDQOL, and finite element
modeling (FEM) was performed with a Pro/Mechanicadale. This software offers
both an extensive graphical user interface andefiglement model auto meshing
capabilities. Features are modeled in three dimessand data is presented as cross
sections similar to experimental SEM results.

The quality of a model is largely determined bg #ssumptions upon which it is
based. These include the fundamental basis ahtidel as well as material property and
boundary condition information. This model makesuanber of assumptions regarding
the imprint and cure steps of the SFIL processririgumprint, the liquid etch barrier is

assumed to completely wet the template, fillingvailds and features. It is also assumed
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that the polymerized etch barrier adheres to thgpkate and does not shrink until the

template is removed. Stresses and strain enesgybdited throughout the cured imprint

resist account for the lack of shrinkage. Oncet¢ineplate is removed, the resist deforms
to minimize strain energy taking into account alititemplate geometry, percent

shrinkage, and the elastic modulus and Poissam oéthe cured etch barrier.

Figure 4.1 illustrates a structure typical of thosedeled in this work. A dense
line space pattern model consisting of 200 nm, A®) 70 nm, 40 nm, and 30 nm lines
was constructed. Imprinted features were 100 nimeight on top of an 80 nm residual
layer. Only imprint resist material is includedtire model; the underlying rigid transfer
layer is represented as a fixed boundary condi@venting movement of the bottom
interface of the etch barrier. This boundary ctiadi has a profound effect on the
behavior of the imprint resist during densificatiomhe lack of shrinkage parallel to the
substrate is a direct result of the resist adhetantlpe substrate or transfer layer. Edges
of the residual layer are assigned a symmetric dayncondition to simulate the effect
of a residual layer that covers an entire imprirdesd The edges of the residual layer are
allowed to change in thickness, but must maintasiope of zero representative of a

residual layer film much larger than the patteraesh.

80 nm 200 nm 100nm 70nm 40 nm 30 nm

fixed b.c. =
symmetric b.c.

Figure 4.1 Cured imprint resist structure for FEM.
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This model uses empirically determined resist metgroperties of 100 MPa
elastic modulus, and 0.4 Poisson ratio. Volumeshcinkage of 10 % was assumed
based on measurements of bulk shrinkage of comrytage materials. This shrinkage
value was input to the finite element model asrttadrcontraction. Thus, polymerization
induced strains were modeled using mathematicatjyivalent code for thermally
induced strains. After boundary and initial coimis were applied, the model was then
solved for the final resist material profile bagedminimization of strain energy.

Figure 4.2 presents FEM model results of imprirfestture displacement due to
polymerization induced shrinkage. Shape of thestemdicates initial template
geometry, and shading indicates displacement dushtmkage. Figure 4.2a shows
lateral resist displacement, or displacement pelrtdl the substrate. Resist material that
experiences no displacement is shown in green efiéathat displaces 15 nm to the right
is shown in red, and material displaced 15 nm eldft is shown in blue. Figure 4.2b
shows vertical displacement, or displacement petipatar to the substrate, and figure
4.2c shows the magnitude of the total displacer(tbiet magnitude of the vector sum of

figures 4.2a and 4.2b).
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200nm 100 nm 70 nm 40 nm 30 nm

Figure 4.2. Finite element model of imprinted lines. 200 (left) through 30
nm (right) lines are shown. a) horizontal compor®ntertical component c) total
displacement magnitude.

Inspection of figure 4.2 reveals a number of datilie trends in the displacement
of resist behavior during cure. Foremost amongehe the impact of the fixed boundary
condition at the base of the residual layer. TiBisapparent in the lack of lateral
displacement of material in the residual layerta®as in figure 4.2a. All resist material
in the residual layer is green, indicating zerglisement. This is due to adhesion of the
cured resist to the underlying substrate or transfger. The majority of densification
induced effects are accounted for by vertical dispinent. Figure 4.2b shows largely
vertical uniform displacement of resist materidWhen the total resist displacement in
figure 4.2c is compared to the component displacésneone can see that the total

displacement closely mirrors vertical displacemenin fact, vertical displacement
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constitutes the majority of shrinkage induced dffein the cured resist. Only large
features such as the 200 nm line shown in this exeibit significant changes in
geometry during cure.

Figures 4.3 through 4.5 show the profile of sineda features versus
experimental data presented in chapter 3. Fomwidéh data taken at the base of features
(shown in figure 4.3), simulation and experimemngults show no change in feature
dimension. For feature widths measured at the tdpgmes (shown in figure 4.4), the
model predicts a slight change in feature widthZ00 nm features. This trend matches
experimental data. Similarly, measurements ofurealteight (shown in figure 4.5) show
the same trends in experimental and simulated festuSpecifically, both trends show
that polymerization induced densification manifetssl|f primarily in the form of vertical

feature shrinkage.
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4.2ETCH SIMULATION
The breakthrough and transfer etch steps in thle @#®Bcess offer the potential to

significantly alter feature profiles. Some modifions, such as an increase of aspect
ratio, improve feature quality while others, suchdnanged in line width, degrade it.
Etch process development is highly empirical wdnkttcan quickly consume large
amounts of expensive materials and etch tool tini@us, simulation is often used to
shorten the development cycle for etch procesddss section describes simulation of
experimental SFIL etch processes presented inose8iP.2.

The first step in setting up an etch simulator waglentify software capable of
modeling existing SFIL etch processes. A numbernaddeling programs were
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investigated including the LAVA web based simulatbiom the Neureuther group at The
University of California Berkeley, ProLITH from KLA'encor, Inc., and Solid-C from
Sigma C, Inc. Of these three simulators, Solid#€red the best combination of usable
user interface, feature profile import capabilisnd output format. Feature profiles
generated with the FEM methods presented in theique section could be directly
imported into Solid-C. Appendix B lists Matlab @dritten to read FEM output files,
process node and displacement data, and fornatiinporting into Solid-C. Use of this
code allowed continuous modeling of features fromitial template geometry to
imprinted feature profile, to final profiles aftewultiple etch steps.

Once samples could be imported to the model, sitauperformance was tuned
to reproduce etch rates and profiles seen in acBiL etch recipes. Figure 4.6
illustrates data used to tune the simulator. Baherocess step, a cross section SEM of
an actual sample is shown on the left, and a stedlarofile is shown on the right. Note
that features over a range of line widths were rembléo check for feature width
dependent etch characteristics. Etch data usewriorg was collected at Motorola Labs

as described in chapter 3 of this document.
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Once the etch model was calibrated to reprodutabkeshed SFIL etch recipe
performance, it could then be used to investighte inpact of a number of process
variables. Variation in sidewall angle of templé&tatures is one such process variable
that can have a prominent impact on final imprinted! etched feature line widths.
Figure 4.7 shows a series of test structures gwtkta examine the effects of template
feature sidewall angles on printed and etchedwirakh. Initial test structures shown in
figure 4.7a featured geometrically perfect featwéh sidewall angles of 90 through 65
degrees as shown in. The patterned imprint régistrests on a 200 nm thick transfer
layer of DUV30J-11. After successful simulationtbése basic features, this feature set
was processed with the FEM analysis described énpitevious section to model the
effects of polymerization induced shrinkage. Tihigre realistic feature set (illustrated in
figure 4.7b) was then submitted for etch simulatioAfter the inclusion of an oxide
substrate layer as illustrated in figure 4.7c,fthal model was ready for processing. For
ease of reference, etched profiles and line widteads for all of the simulations

discussed in this chapter have been included ireAgix C of this dissertation.
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densified (bottom) densified with final oxide pattieg layer.

Figure 4.8 shows the final etched sequence. Niuwgleteps for these features
include (top) initial imprinted profile includingEBM analysis of polymerization induced
densification, (second from top) breakthrough e{sbcond to bottom) transfer etch, and

(bottom) final features transferred into the oXidta.
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Analysis of these profiles reveals some intergstiends as illustrated in figures
4.9 and 4.10. These figures plot line widths messiboth at the top and base of each
line. Perfect features with no line width loss Wwbshow perfect horizontal lines on these
plots. The negative slope in line width for feasiwith high sidewall angles is a result of
an isotropic component in the etch processes. {raml is most noticeable in the 90
degree feature measured at the top as well as featlire widths measured at the base.
The vertical spread in printed line widths (as shawfigure 4.9) is a result of varying
sidewalls in the initial template used to print géeines. A third, upward trend in
features with low sidewall angles results from thet the width of a feature at its base
ultimately determines the line width transferredite underlying layer. Significant resist
and transfer layer etch resistance can mitigateeseififiects of sidewall angles in
templates. Taken together these trends pushliirevidths into the 40 to 50 nm range

(measured at feature tops) and 50 to 60 nm rangagquned at feature bases).
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Figure 4.10 Calibrated etch profiles. Line width measuretdade of features.

96



Similar sets of models were run to examine theaichf etch anisotropy and
selectivity on this feature set. To examine tHeatfof etch anisotropy on feature widths,
the same set of imprinted features were procesgbdaveimulated etch with no isotropic
component. Figure 4.11 (feature top widths) agdre 4.12 (feature base widths) show
these results. Data for top feature widths aghows an upward trend as etch masks
mitigate sidewall effects at each progressive stépe absence of a downward trend,
however, reflects improved line width control pred by this process. Base widths as

plotted in figure 4.12 are seen to track nicelyhwititial printed line widths.
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Figure4.11 Anisotropic etch, top feature widths
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Anisotropic Etch, Base Feature Width
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Figure 4.12 Anisotropic etch, base feature widths

Figures 4.13 and 4.14 present similar resultsafbighly selective etch process.
For purposes of this simulation, each etch maskrlayas assumed to have an etch
resistance exactly ten times that of the layerwelpi.e., each etch process was assumed
to exhibit 10:1 selectivity. Such highly selectiy@ocesses are desirable due to
requirements for minimum thickness etch masks. eia highly selective etch process,
thinner, easier to pattern layers may be emplogest@h masks.

For real world patterning applications such ttesist processes are often used to
improve line width control during processing. Howethe significant etch bias of this
process negated any process improvements duereagsx anisotropy. The improved
selectivity does mitigate the impact of sidewalblas, however this effect is quickly
overshadowed by line width loss due to the isotr@pimponent of this etch.
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Figure 4.13 High selectivity etch, top feature width
High Selectivity Etch, Base Feature Width

100

90 .

80 N

o — =

60 ‘\\\‘\\:\

50 \‘\s'
40

30

20

10

0

Imprinted BT Etch TL Etch Oxide Etch

Process Step
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A final process exhibiting both selective and atrigpic character was also
modeled. Figures 4.15 (top feature widths) and 4dase feature widths) show line
width results for this process. This process wameeted to exhibit the best combination
of line width control and mitigation of imprinteddewall angles. Examination of figures

4.15 and 4.16 verifies these traits.

Anisotropic Selective Etch, Top Feature Width

100

90

80 R «

7 o

— —=—85°
—+—80°
50

X/// e 75°
40

70°

—e—65°

70

60

Feature Width (nm)

30

0 /

10

Imprinted BT Etch TL Etch Oxide Etch
Process Step

Figure 4.15 Anisotropic and selective etch, top feature width
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Figure 4.16 Anisotropic and selective etch, base feature width
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4.3 CONCLUSIONS
The modeling work presented in this chapter sitesl@ross sections of features

at each step of the SFIL process. The FEM modetgmted in section 4.1 uses
continuum methods and bulk material properties tml@h the impact of polymerization
induced shrinkage on printed line profile. Dermsifion effects manifest themselves
primarily as a change in the height of printed dea¢. Secondary effects can be seen in
slight changes of sidewall angles for featurestgreaan 200 nm in width.

Etch simulation data offers insight into the imoce of maintaining sidewall
angle control in template features. High seletstigtches and multiple etch masks as
found in bilayer processing serve to mitigate thgpact of sloped template feature
sidewalls on line width control. Etch anisotropyseen to have a dramatic impact on line

width control.
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Chapter 5: Applications, Conclusions, and Future Work
This dissertation concludes with a discussioniLSapplication demonstrations,
conclusions reached from development work, andsafea future work. Application
areas include device demonstrations as well agpdtterning of multiple layers in one
imprint step. Conclusions focus on key pointsiedrduring SFIL development over the
past eight years at The University of Texas, arel fthure work section highlights a

number of opportunities for future projects.

5.1 APPLICATIONS

Once an initial SFIL baseline process was estaddis application and device
demonstrations became a possibility. These dematiwsts have covered a number of
different areas. Given a basic recipe for each stehe SFIL process, one can integrate
individual steps to meet specific patterning needsmpatibility with 11I-V materials
such as gallium arsenide (GaAs) for optical devisean area of interest, and the SFIL
compatibility with these substrates has been detratesl. Early work on the replication
of multi-layer patterns laid the foundation for imp damascene applications, an area
receiving significant attention from industry today More recent work in functional

dielectric materials has also focused on damasagpkcations.
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5.1.1 Gallium Arsenide Patterning
In addition to fabrication on silicon substrateéSFIL technology also has

applications for the patterning of optical devicé&3allium arsenide GaAs is a commonly
used material for semiconductor lasers that emitha infrared. Patterning of GaAs
substrates represents a significant step towards @eduction of functional optical
devices.

To demonstrate fundamental capabilities of SFlintpd structures on GaAs
substrates, patterning demonstrations were perfibrmecollaboration with Motorola
Labs. 4 inch gallium arsenide wafers were coatéth w 200 nm transfer layer of
DUV30J-11 (Brewer Science). Wafers were then inted on a Molecular Imprints
Imprio 100 and etched using the processes deschibsédction 3.2.2 of this document.
Figures 5.1 and 5.2 show sub 100 nm resist poslimesl printed on the gallium arsenide
substrates. This demonstration revealed no fundeheompatibility problems with
SFIL process as applied to gallium arsenide sulestra Templates and substrates for

further demonstrations of etch transfer to the sabesare currently underway.
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5.1.2 Multi-Layer Templates
The ability to pattern multiple layers in one inmprstep capitalizes on the

micromolding nature of the SFIL process. Opticatimods are restricted to patterning
one resist layer at a time. Aerial images can drdycaptured in one resist layer per
exposure step. Imprint methods, however, faceunh gatterning constraints. Multi-
tiered structures written in the template can bgraduced with imprint lithography.
Applications for the printing of multi-layer tempéss include T-gate structures, optical
waveguides, and so called “dual damascene” prosesbere contacts and wires for
interconnect levels are printed two layers at atirithe ability to print multiple layers in
one patterning step promises significant reductionghe total number manufacturing
steps required to make a given device. When cereidin the context of high volume

manufacturing operations, such consolidation gistan offer tremendous cost savings.

Initial production of multi-tiered templates useégative optical and e-beam
resist to add material to template. Standard tresid oxide deposition processes were
employed along with e-beam exposure of hydrogeesiuioxane (HSQ) to create raised
lines on the template surfateFigure 5.3 shows a dual level template and fighire

shows three level imprints in E4 resist.
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Figure5.4 Three level images printed in E4 imprint resist

5.1.3 Functional Materials
The printing of functional materials represent®ther means of reducing the

number of steps to manufacture a given device. difiomal photolithographic and
imprint lithography processes deposit and pattesaaificial resist. After transferring
the pattern in the resist to an underlayer, thestres stripped from the substrate. The

replacement of sacrificial imprint resists with &tional materials, or materials that
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function in the finished device, eliminates the chéar etch transfer and resist strip steps.
As was the case with the multi-layer templates gmsd in the previous step, this
consolidation of manufacturing steps offers potdrdost savings.

The micromolding nature of the SFIL process makesuse of these materials
possible. Although SFIL resist materials must neeumber of material requirements
such as viscosity, vapor pressure, surface enargycohesive strength, they must meet
relatively few material property requirements to eineoatterning processes needs.
Although optical lithography requires high sensitiy high contrast, high transparency
resists, imprint lithography demands only thatsesiaterials meet minimal transparency
requirements and polymerize in the presence obmiatior radial initiators. The number
of materials suitable for use as imprint resistshiss potentially much larger than the
number of materials suitable for use as photoesist

This wide assortment of potential imprintable miate offers some interesting
possibilities for materials selection. Sol gel enatls, for example, represent an
extensively researched group of materials commarsigd for dielectric or photonic
applications. The ability to incorporate such mats into the SFIL process flow would
open up a new set of extensively studied mateaats processes for SFIL use. Figure
5.5 presents two monomers studied for this appiioat Tetraethyl orthosilicate, or
TEOS, is a commonly used precursor for silicon mlexfilms used as dielectrics.
Substitution of an acrylate or methacrylate pendpoup for one of the ethoxy group

allows the incorporation of these materials int@iimt resist formulations.
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Figure 5.5 Methacrylate functionalized oxide precursor monsngeft)

methacrylated tetraethyl orthosilicate (right) nasttylated tetramethyl
orthosilicate.

These materials may be photocured using traditiSRéL patterning techniques
and then post processed to drive polymerizatiom®topletion. For the materials shown,
the SFIL exposure step initiates polymerization ¥ia methacrylate functionality and
subsequent heating initiates crosslinking as ethgsgups are evolved and silicon-
oxygen-silicon crosslinks are formed. This twopsprocess blends the low cost high
resolution patterning capabilities of SFIL withaaige set of extensively studied materials
with potential applications as functional resist&igure 5.6 shows SEM images of
imprinted resist formulations based on these na#eri Ongoing work in this area
includes the development of post imprint thermalecprocesses and the adaptation of

low-k dielectric monomers for SFIL patterning use.
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Figure 5.6 SFIL printed oxide precursors

5.2 CONCLUSIONS

The development of the SFIL process has focusedpmof of concept
demonstrations of each process step followed byemental improvements in materials
and process capabilities. From initial resistsiged on simple imprint equipment to
highly refined resist formulations printed on coepktep and repeat imprint tools, this
work has always focused on the development a metwrfag process completely
compatible with existing semiconductor manufactgriechniques. The development of
materials, processes, and equipment capable otipirggisub 100 nm features with high
fidelity represents perhaps the greatest achievewfeS8FIL work at The University of
Texas. Proof of concept demonstrations of eacp sifethe process and further
incremental improvements have generated a gredtaleadustrial interest in SFIL
technology.

Given the applied nature of SFIL process develogmenany of the key

discoveries are directly related to resist matsrialPerhaps no other materials have
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received as much attention during the developmeatgss as the set of materials used as
imprint resists. These materials must exhibit lgiscosity for residual layer and
throughput, low vapor pressure to avoid evaporationng dispense, high cohesive
strength to print with high fidelity. For many djgations, they must also exhibit enough
etch resistance to serve as etch masks for pdtarsfer. Transfer layer materials must
exhibit acceptable adhesion to cured resist méderim addition, they must not dissolve
when exposed to resist monomer in the dispense step

Etch process work is highly empirical in natuned &ach developed process must
be carefully tailored to the specific materials atch equipment available for the desired
application. Breakthrough etch applications wilzxygen and fluorocarbon etch gases,
and transfer etch applications use oxygen or amaprocesses. Etch anisotropy can
improved via process parameters that conducivehigh mean free paths for active
species in the plasma. Modeling provides a coitcefe means of shortening the

development cycle of new etch processes.

5.3 FUTURE WORK

Opportunities for future work fall into two bro@adtegories: development of new
imprint materials and fundamental analysis of psscgeps. Resist material development
could include new classes of functional materiaigprint resists with improved etch
resistance, adhesion promoters for substrates, raatkrials to enhance template

separation. Analysis of specific process stepsdaoelude fundamental mechanisms for
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template-resist separation as well as an analyisitieo contribution of specific resist

components to overall mechanical properties.

5.3.1 Functional materials
Recent work has demonstrated the use of methaergattionalized TEOS and

similar molecules as imprint resist components. OBEwas selected for use in these
studies because of its widespread use as an osedarpor and its applications in sol-gel

chemistry. Sol-gels in general represent a lagjeosextensively researched materials.
If protocols for high fidelity imprinting and poptocessing of these methacrylated TEOS
materials can be established, they provide a measampling numerous other sol-gel

chemistries for SFIL applications. Sol-gel-SFILbhg functional resists could serve as
precursors for optical and ceramic materials.

The use of composite resist materials also reptesa opportunity to expand the
set of materials used in SFIL applications. Th®usion of secondary materials such as
silicon nanopatrticles, 4 “buckyballs”, or carbon nanotubes in standard Spditterned
resists could provide the means to augment curdtngroperties with minimal changes
to liquid resist composition. The ability to combi SFIL patterning capability with
properties of these materials may facilitate usehete materials in new applications.
For example, current methods of depositing carba@amotubes on semiconductor
substrates include individual placement by AFMdipgrowing nanotubes from catalysts
previously deposited on the substrate. Developroéran SFIL patterning process to

deliver these new materials could enable cost ®ffecpplications of their unique
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properties. Silicon nanopatrticles provide a secapylication for immediate work in this
area. Patterning imprint resist material laderhwition nanoparticle quantum dots could
both broaden the process window used to producentmparticles and facilitate
precision placement at low cost. Research inteeffexts of quantum dots on optical or

photonic systems could be of particular interest.

5.3.2 Improved Etch Properties
Current imprint resists have been optimized fapdnse control and imprint

fidelity. Many resist formulations, including th&d resist discussed in this dissertation,
bear a very close resemblance to polymethyl meytater(PMMA) a common electron
beam resist known for relatively poor etch resistéanincorporation of cyclic or phenyl
groups into the resist structure could yield imgaetch properties quickly.

Transfer layer materials could also benefit from examination of their etch
properties. Anti-reflective coatings, such as DIOY31 (Brewer Science), have served
as convenient yet functional transfer layer makerfar SFIL development. Other
materials such as hard baked photoresists may tfersame ease of coating and
adhesive properties as well as improved etch eegist Improved transfer layer etch

resistance could expand the overall SFIL processlow.

5.3.3 Adhesion Promoters
Resist-to-substrate and resist-to-transfer laydresidn promoters offer another

area for research. Although spin coated transfgrk often meet adhesion requirements,
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future applications, particularly those utilizindgpet direct imprinting of functional
materials, may benefit from more knowledge regaydadhesion promoters. As SFIL
applications spread to various functional matergald across various substrates, one can
imagine a library of adhesion promoters capableoobling particular resist formulations
to particular substrate materials. Research is #nea could be particularly useful to
industrial SFIL users who often posses the capgbib develop highly controlled

manufacturing processes but have minimal expedrtifendamental materials research.

5.3.4 Resist mechanical properties
To date, much work has been done to develop impdsists with sufficient

mechanical properties for high fidelity imprintingAcrylate systems, in particular, have
received a great deal of attention as SFIL techyyloatured and expectations for resist
imprint fidelity have increased. As patterning heclogy improves and imprinted

samples are scrutinized with ever increasing legktetail, a thorough understanding of
the effect of imprint resist structure on mechahipeoperties may facilitate more

informed decision making in the resist formulatiprocess. Although mechanical

properties and their impact on pattern fidelity nteeythe most important resist material
property, they are not the only resist material pprty that must be considered.
Viscosity, vapor pressure, etch resistance, andenoms other properties must all be
considered in conjunction with mechanical propsriiden developing new imprint resist

formulations. A better understanding of the impattspecific resist components on

114



mechanical properties will facilitate more sopluated decision making when faced with
conflicting resist requirements.

At best, polymer structure-property correlatioms difficult to identify. Some
simple guidelines such as correlations betweensbnb®r composition and imprint
fidelity have been observed, but more such coioglatwould be valuable. For example,
extent of polymerization and its impact on mechanproperties could be an important
area of SFIL study over the coming years. Sméiédinces in extent of conversion can
result in large differences in molecular weighthwabrresponding changes in mechanical
properties. As SFIL lithographers begin to underdtthe underpinnings of imprint resist
mechanical properties, they can make better infdrehecisions when developing new

resist materials.

5.3.5 Template r elease mechanisms
Fundamental mechanisms for template-resist separafter exposure offer an

opportunity to apply engineering analysis to im@rdhe imprint process. Given that
device yields will be one of the most important nest in determining SFIL printing
success, an investigation of the fundamental mesimsnof template separation and
resist mechanical properties is warranted.

Current thought is that the template delaminatesfthe cured resist via the
crack propagation method described previously imdissertation. Ongoing work in this
area should yield valuable insight into the natofethe separation process. As
researchers determine the physical and chemicahané&ms that govern template

separation, they should be able to design impriattenals and processes that print with
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the highest possible fidelity. Both this area e$garch and an investigation of resist
mechanical properties offer numerous educationpbdpnities for university students to

learn analytical and fundamental problem solvirgpteques.
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Appendix A: Adhesion of Acrylic Elastomersto Patterned Glass
Substratesin Step and Flash Imprint Lithography

Frank Palmieri and Stephen Johnson

Abstract

Step and Flash Imprint Lithography (SFIL) is a lgwessure, low temperature
nanoimprint process designed for use in semicoonducanufacturing. A key step in the
process involves the separation of a topograplyiqadterned quartz template from a
photocured elastomer. The separation of thesentat@rials must occur completely at
the quartz-polymer interface (adhesive failure)féom a viable print. This paper
explores mode 1 and 2 separations given a commuplagee geometry. The model
applies both the ideal work of adhesion and plastck of adhesion assuming adhesive
failure occurs by crack propagation. The minimuepasation force calculated was
0.25MPa for mode 1 failure. The minimum mode 2asafion force was 0.15MPa.
Contrary to the model, mode 2 separation forceseapected to be greater than mode 1
forces. Finally a model showing the friction fascassociated with shearing mode 2
surfaces once the mode 1 surfaces have undergtsiael failure is presented. The
total resistance to shearing a mode 2 interfaceWH3MPa over an interface separation
of 0.3-1.0nm. The separation force can be decdebgeintroducing larger defects or
cracks at the interface. The plastic work of adiresnay be decreased by using a more

brittle polymer.



I ntroduction

Step and Flash Imprint Lithography (SFIL) is ataah printing technique capable
of producing nano-scale features. An importanp dte the SFIL process involves
contacting a patterned quartz template with a pyawyonerizable acrylate liquid and
subsequently curing the liquid with ultraviolet i@ibn. Clean separation of the glass
template from the cured polymer is essential tacassful print. It is the purpose of this
project to explore the characteristics of this safpan through an approximate model of
adhesive energies, cohesive energies, and topagrgebmetry. A basic understanding
of the behavior of this adhesive interface wilballthe intelligent design and analysis of
future photocured materials and templates to mirendiefect rates in the imprint process.

Figure 1 illustrates the SFIL process.

. template

etch bamer relaase treatment

Dlspense *
T transfer layer

Imprint _‘-l-u—u—%

LI Chure

Expose

Sepa]"ate *

Breakthrough Etch ——
Transfer Ftch—— i i i il

Figure A.1 SFIL process
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The separation step is dictated by the mater@bgmties of the etch barrier (to be
discussed later) and the geometry of the samplecorAmonly printed pattern for
semiconductor processing is nested lines and spathe model template for this
case is shown in figure 2. Nested lines and spathsan aspect ratio of one result in
equal amounts of surface in tension and in sheangla separation process. Mode 1
separation occurs at tensile interfaces, and Modsefaration occurs at shear

interfaces.

— Glass Templa

\ Photocured Acrylic Elastom

Figure A.2: Region of interest with mode 1 and mode 2 s@dac
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M ethodology

A vast amount of information on the subject of eaitwe failure has be
accumulated in the past several decades, howevenamy cases investigators were
forced to use empirical methods. The most comrheary on the mechanics of adhesion
failure is based on the propagation of a defe¢ch@adhesive interface. A crack at the
interface will propagate under the condition whenergy released by relaxing the strain
is equal to or greater than the energy gained kwatitrg new crack interface. This

criterion results in

0
—Gc-U)_ =0
ac )J—JF eq(1)

where G is the energy per unit length of the crack integfaU is the strain energy
released by crack propagation, c is one half thgtkeof an interior crack angk is the

fracture stres§The strain energy per unit volume is given by
Us=-2 eq(2)

whereo is the applied force and E is the elastic modoluthe strained material. The
strain energy released by relaxation around thekasathen given by Ymultiplied by

volume relaxed material per unit length of crack.

u=ugm2="7
2E

eq(3)

The relaxed volume is assumed to be cylindricahwitharacteristic radius equal
to the crack length c. The energy released bykcextension is the driving force for

crack propagation, and the energy stored by cratdnsion restricts crack propagation.
12C



The energy stored upon crack propagation consfsteeoideal work of adhesion, W
(due to the formation of two new surfaces) and pit@stic work, VW (due to the
permanent deformation of a region around the ctigyk This is given by = W, + W,.

Combining equations (1) and (3) we have

ac 2E eq4)
o+ 2 -
a p E - eq(5)
=15
O = [@Va +Wp)g} eq(6)

To understand how eq(6) dictates adhesive failuthe SFIL process, it must be

applied to a model system. A uniform interfaceenteénsile load is the simplest case.

Material 1

<«— Crack

Figure A.3: Separation of an interface under normal tersédd
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Assuming that material 1 is infinitely more stiffan material 2 that is;BE>E,, all of the
strain energy will be stored in material 2 as ifod®s under the load. This system is
analogous to the SFIL system where material 1aguked silica template and material 2
is the highly crosslinked elastomer.

For a perfectly brittle solid, i.e. no plastic defation, W, is zero ands = W,
For most real solids, Ys significant and is often several orders of niagie greater
than W, That is, for real solid& ~ W,. Accepting that Wp>>Wa, it is important to note
that W, is often be a function of W That is, plastic work often cannot be performed
without ideal adhesion or MWs=0) = 0. Plastic work arises from the permanent
deformation of a material about the crack tip. &ee the material has yielded and
cannot return to its original geometry, the plasti@in energy will be stored even after
crack propagation. This stored energy increasesiiergy of the interfac°’e.Wp is not
well understood nor easily obtained by theoretexguments. Other factors that may
influence G are polymer entanglement, electrostatic attrachod covalent bonding.
These phenomena can result in a significant adbdsmwd with no dependence on the
ideal work of adhesion, W

Research performed to characterizg M/largely empirical and results depend
greatly on the material properties and the geometrg system. For this reason, an
empirical value foiG must be applied to the SFIL adhesion. For the$Fbcess Wp is
minimized by highly crosslinking the etch barrieHigh crosslink density is known to
decrease ductility and should promote a brittleifaiof the interface. Even with the etch

barrier is as much as 50% crosslinking materiaivieyght, W, still greatly exceeds W
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For a brittle materiaG = 10° erg/cnf. (3) Gcan also be obtained for thin films and from

material properties by
G =0t eq(4)
whereay is the tensile strengthg is the fracture strain and t is the film thicknegsom

equation 4G = 130erg/crfi for cyanoacrylate, a material similar to etch tearr> The
tremendous disparity between these numbers isuligt inderstood. The later value is
very similar to the ideal work of adhesion measufed the SFIL interface, W=
70erg/cm.*

Crack length, c is another parameter of great téebdt is generally a safe
assumption that defects will always be presentnaa@hesive interface. The intrinsic
flaw size is said to be about|s®.> For the SFIL interface, the defect size is nailga
defined. SFIL templates are wetted by the etchiidtacompletely, leaving no gas
bubbles at the interface. It is difficult to assua crack could extend B along the
interface, crossing over 10 or hundreds of nandsdepatures. It is more reasonable to
to assume defects are smaller than the printedrisapproximately 5 to 10 nm in size.
These cracks are extremely small and should reslétrge separation forces. A crack
may also initiate at the template edge.

Edge crack initiation may be more likely than otkases due to a phenomena
effecting the etch barrier photocure process. h Btrrier is photocured by free radical
polymerization. The free radical which cause pdyzation of the etch barrier
prepolymer are also reactive towards oxygen. Tdgee of the template are exposed to

atmospheric oxygen, and due to Fickian diffusiods50um of etch barrier cannot be
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cured. The liquid ring of etch barrier prepolyna¢rithe template edges may constitute a
mechanical crack. Table 1 shows the results modfl@cture given potential surface

energies and crack lengths.

TableA.1: Mode 1 fracture stress

E (Mpa) c (um)  |W, (erg/lcm?)|W, (erg/cm?)| Gr (Mpa) | ok (psi)
50 0.005 130 70 25.23 3659.5
50 10 130 70 0.56 81.8
50 50 130 70 0.25 36.6
50 0.005 100000 70 564.39 | 81857.7
50 10 100000 70 12.62 1830.4
50 50 100000 70 5.64 818.6

A very similar evaluation may be performed for thede 2 separation shown in

Figure 4.

T Crack

Material 1

FigureA.4: Mode 2 separation
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The analogous governing equation for shear fragsure
a4
Ie = (Wa +Wp)E eq(7)

where G is the shear modulus given by

-_E
= 2(1+v)) ea(®)

Equation (8) relates the shear modulus to the leemsbdulus by Poisson’s ratio,

Poisson’s ratio for most brittle elastomers is ket 0.35 and 0.45. Table 2 shows the

results for mode 2 fracture given system propedissussed above.

TableA.2: Mode 2 fracture stress

E (Mpa) v G (MPa) [c (um) W, (erg/cm?) W, (erg/cm?) [tr (Mpa)  [t¢ (psi)
50 0.39 18.0 0.005 130 70 15.13 2194.8
50 0.39 18.0 10 130 70 0.34 49.1

50 0.39 18.0 50 130 70 0.15 21.9

50 0.39 18.0 0.005 100000 70 338.50 49095.0
50 0.39 18.0 10 100000 70 7.57 1097.8
50 0.39 18.0 50 100000 70 3.38 490.9

The separation of any real template will always bora both mode 1 and mode 2
surfaces. The separation of mode 1 loading almlesys results in substantially lower
fracture energies than mode 2. The results showrables 1 and 2 do not necessarily

agree with this statement unless mode 1 and 2ampared for different crack lengths.
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A system like that shown in Figure 2 with nesteted in spaces will be extremely
complicated by the stress distribution due to gkcigeometry.
After initial separation has occurred at mode Ifasies, mode 2 surfaces will

shear until the printed features are fully separftem the template as show in Figure 5.
Resistance to further separation is due to both ®anWaals (VdW) attraction and

surface energy. VdW forces are normal to the ntbdarfaces which induces a friction
force in the opposing the direction of template iorat Surface energy will resist

separation due to the increasing air interface dadreasing elastomer and quartz

interface.

I

Figure A.5: Looking at sidewall ‘drag’ after initial adhesibneaks down.

The force due to VdW interactions per unit areaofle 2 surface is given by

F(h) = 6’;;; eq(9)

where A, is the Hamaker constant (~6.5x20) for elastomer contacting quartz, and h is
the interlayer spacing (~0.3nm-30nm). A plot af friction force is shown in Figure 6

assuming the kinetic coefficient of friction is apgimately 1.
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VdW Friction Forces
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Friction force (Pa)

Interlayer spacing (m)

Figure A.6: Log-log plot of friction forces due to VdW intetsons

Figure 6 indicates friction forces will fall of dgarithmically as the distance
between surfaces is increased. For gaps largerdbhaut 10nm, the friction force is
approximately zero. At atomic level spacing ne&r te friction force can be enormous.

The work contribution to resist the shearing moi®given by
yE+yQ_yEQ :Wa eq(10)
where surface energies aye for the elastomer-air interfacgg for the quartz-air

interface andyeq for the elastomer-quartz interface. This is id=itto the work of

adhesion found earlier, Y 70erg/cmi. The force needed to shear the surfaces apart is
simply the work divided by the overall feature HeiglOOnm. This force isF=
7x1Pdynes/cri which scales linearly with the amount mode 2 sigfan a template. 4F

can then be added to the friction force in Figues&hown in Figure 7.
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Total Shear Forces
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Figure A.7: Total shear force (B Fy + F/qw)

Conclusions

Evaluation of adhesive failure in the SFIL procésdicates several areas for
further investigation. Separation forces at thepkate-polymer interface can be reduced
tailoring the material properties of the etch kerri Material properties influencing the
separation forces include modulus of elasticityaistto break and Poisson’s ratio. A
brittle material is favorable to reduce plastic kwoalthough brittleness is usually
accompanied by high modulus. A lower Poisson’mnauld also help to decease the

plastic work required for separation.
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Adhesive fracture most likely occurs by crack @gation. The initial defect size
in the sample will greatly impact the observed sajien force. Because the SFIL
process is inherently defect free, it would be atwgeous to introduce some form of
controlled defect into the template. This couldaghieved by variations in topography,

surface treatments or motion at the interface.
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Appendix B: MATLAB Codeto Import Pro/Engineer 2001 Data for Use
in Solid-C

This appendix lists MATLAB m-files written to coaxt Pro/Engineer 2001 finite
element model output files for use in Solid-C etohdules. Output files listing node,
element, and displacement data are read into MAT,Lé&ddiverted to lists of initial and

final node locations, and saved to a text file fatted for direct input into Solid-C.

convertnodes.m
This m-file reads an initial node location data fnto memory, converts it to a

MATLAB memory efficient format, and saves the dagalisk for further processing.

clear all;
clc;

disp('Loading data file. Please wait.....");
fullfname =
fullfile('D:','cdsidewalls','Shrink1','Shrink1','Sh rink1l.neu’);

data = textread(fullfname,'%q");

disp('Data file loaded succesfully.");

disp (' ;

disp (*);

disp('Processing NODE information:");

disp(");

numnodes = str2num(char(data(2)));
disp('Number of nodes: ',num2str(numnodes)]);

disp ();

for i=1:numnodes
for j=1:13
index = 2+j+(i-1)*13;
node(i,j)=str2num(char(data(index)));
end
if mod (i,1000)==0
disp(['numnodes: ',num2str(numnodes),’ index: ,numa2str(i)]);
end
end
disp('Node information processed.");
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disp(' );
disp('Saving node data to disk.")
nodefname = fullfile('D:','Analysis1','Analysis1',

save('D:\Analysis1\Analysis1\nodedata.mat’,'node");

disp(['Node data saved to files ',nodefname," and
D:\Analysis1\Analysis1\nodedata.bin.");
clear node;

disp (*");

disp (*);

disp('Processing ELEMENT information:");
disp(* );

i=i+1;

=L

index = 2+j+(i-1)*13;

disp(['Check that "h-elements" appears here ---->"
char(data(index))]);

holder = index+1;

disp(" );

numelems = str2num(char(data(index+1)));

disp(['Number of elements: ',num2str(numelems)]);
disp (*);
for i=1:numelems
for j=1:10
index = holder+j+(i-1)*10;
elem(i,j)=str2num(char(data(index)));
end
if mod (i,2000)==0
disp(['numelements: ',num2str(numelems),’ ind
end
end
disp('Element information processed.");

disp(* );
disp('Saving element data to disk.")

save('D:\Analysis1\Analysis1l\elemdata.mat','elem’);
elemfname = fullfile('D:','Analysisl’,'Analysis1',

disp(['Element data saved to files ',elemfname," an
D:\Analysis1\Analysis1\elemdata.bin.");

convertdisp.m

NodeData.mat’);

ex: ',num2str(i)]);

ElemData.mat");

d

This m-file reads a node displacement data file memory, converts it to a

MATLAB memory efficient format, and saves the dagalisk for futher processing.

clear all;
clc;
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disp('Loading data file. Please wait.....");
fullfname =
fullfile('D:",'cdsidewalls’,'Shrink1','Shrink1','Sh rink1.d01";

data = textread(fullfname,'%q");

disp('Data file loaded succesfully.";

disp (*");

disp (*);

disp('Processing DISPLACEMENT information:");
disp(' );

numnodes = 2035;

disp(['Number of nodes: ',num2str(numnodes)]);

disp (" );
for i=1:numnodes
for j=1:4
index = 9+j+(i-1)*4;
disp(i,j)=str2znum(char(data(index)));
end
if mod (i,1000)==0
disp(i)
end
end
save('D:\Analysis1\Analysis1\dispdata.mat','disp");

edges.m

This m-file reads the data processed in convedsma and convertdisp.m into
memory. It then opens a window and allows the tsétentify all edge nodes in a two
dimensional profile by clicking on them. FigurelBhows the window in which the user
can identify all edges nodes. A list of all edgeles including initial and final locations

is then formatted and saved to disk.

clear all;
load('D:\Analysis1\Analysis1\nodedata.mat’);
temp=sortrows(node,4);

temp=temp(;,1:4);
temp(:,4)=temp(:,4)-temp(1,4);

zmax = min(find(temp(:,4)));
nodes=temp(1:zmax-1,1:3);

nodes=sortrows(nodes,[2 3]);
nodes(:,4:7)=0;

numnodes=size(nodes);
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numnodes = numnodes(1);
checkrad = 200000;

currentnode = 2;

nodelist = zeros(1,4);

counter = 1,

for neighbornode = 1:numnodes

incircle(nodes(currentnode,2),nodes(currentnode,3),

,nodes(neighbornode,3),checkrad)
nodelist(counter,1:3)=nodes(neighbornode,1:3);
counter = counter +1;
%end

end

hold
scatter(nodelist(:,2),nodelist(:,3))
hold

buttonpress = 1;
counter = 1;

while not (buttonpress == 2)
[X,y,buttonpress] = ginput(1);

if buttonpress ==
holder = 1e9;
for i = 1:numnodes
check = (x-nodes(i,2))"2+(y-nodes(i,3))
if check <= holder
holder = check;
closestnode = nodes(i,:);
end
end
hold
scatter(closestnode(2),closestnode(3),'q");
hold
edgenodelist(counter,1:7)=closestnode;
counter = counter + 1;
disp(['Point ',num2str(closestnode(1))," at
",num2str(closestnode(2))," y = ',num2str(closestno
EdgeNodeList");
end
end

save('D:\Analysis1\Analysis1\edgenodelist. mat','edg
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Figure B.1 Edge selection user interface.

final.m
This m-file reads the data processed in edgedamuemory, it then formats the

data to be read directly into Solid-C and savesfitinimatted data to a text file.

clear all;

load('D:\Analysis1\Analysis1\dispdata.mat’);
load('D:\Analysis1\Analysis1\edgenodelist. mat");

edgenodelist = edgenodelist(:,1:3);

numnodes = size(edgenodelist);
numnodes= numnodes(1);

check = 0;
for i = 1:numnodes

index = find (disp(;,1) == edgenodelist(i,1));

fnode(i,1)=i;

fnode(i,2:3)=edgenodelist(i,2:3)+disp(index,2:3 );
end
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xmin = min(fnode(:,2));
ymin = min(fnode(:,3));
ffnode(:,1)=fnode(:,1);
ffnode(;,2)=(fnode(:,2)-xmin)/1000;
ffnode(:,3)=(fnode(:,3)-ymin)/1000;

scatter(edgenodelist(:,2),edgenodelist(;,3))
hold

scatter(fnode(:,2),fnode(:,3),'q")

hold

output = [‘etchprof (' num2str(ffnode(1,2)) ' ' num
l\ l].

for i = 2:numnodes
output = [output ‘(' num2str(ffnode(i,2)) ' ' num2
I)I].

ena

x(:,1)=ffnode(:,2);
x(:,2)=ffnode(:,3);

fid = fopen(‘output.txt','w"); % write permissi
working dir

for i = 1:length(x)

fprintf(fid,'%6.3f;, %6.3f\n",x(i,:));

end

fclose(fid);
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Appendix C: Etch Simulation Profilesand Line Width Data

This appendix organizes a number of simulated ptoffiles and collected line
width data into one document. Simulations preskmtethis appendix include: etch
process calibrated to experimental samples, pamlgotropic etch, high selectivity etch,
and high selectivity, anisotropic etch. Line widtata presented in the charts
accompanying each set of profiles includes bote Vindth vs. process step data as well
as line width vs. sidewall angle data that provisese insight into the sensitivity of each

process to variations in imprinted feature sidewatjle.
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Figure C.1 Calibrated etch: imprinted profile
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Figure C.2 Calibrated etch: breakthrough etch
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Figure C.3 Calibrated etch: transfer etch
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Figure C.4 Calibrated etch: oxide etch
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Figure C.5 Calibrated etch: Top line width v process step
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Figure C.6 Calibrated etch: Base line width v process step
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Figure C.7 Calibrated etch: Top line width v sidewall angle
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Figure C.8 Calibrated etch: Base line width v sidewall angle
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Figure C.9 Anisotropic etch
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Figure C.10 Anisotropic etch
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Figure C.13 Anisotropic etch: top line width v process step
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Figure C.14 Anisotropic etch: base line width v process step
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Figure C.15 Anisotropic etch: top line width v sidewall angle
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Figure C.16 Anisotropic etch: base line width v sidewall angle
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Figure C.17 Selective etch: imprinted profile
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Figure C.18 Selective etch: breakthrough etch
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Figure C.19 Selective etch: transfer etch
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Figure C.20 Selective etch: oxide etch
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Figure C.21 Selective etch: top line width v process step
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Figure C.22 Selective etch: base line width v process step
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Figure C.23 Selective etch: top line width v sidewall angle

Bottom Feature Width v Sidewall Angle

—e— Imprinted
—a— BT Etch
—a—TL Etch
—— Oxide Etch

90° 85° 80° 75° 70° 65°
Sidewall Angle (degrees)

Figure C.24 Selective etch: base line width v sidewall angle
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Figure C.25 Selective anisotropic etch: imprinted profile
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Figure C.26 Selective anisotropic etch: breakthrough etch
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Figure C.27 Selective anisotropic etch: transfer etch
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Figure C.28 Selective anisotropic etch: oxide etch
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Figure C.29 Selective anisotropic etch: top line width v prezstep
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Figure C.30 Selective anisotropic etch: base line width v pescstep
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Figure C.31 Selective anisotropic etch: top line width v sidévangle
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