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Abstract

Biosensing involves the detection of analytes using biologitsinentsas receptor
agentsfor the specific binding ofmolecules to a surfacé&urfaceenhanced Raman
spectroscopy (SERSH surfacesensitivevibrational spectroscopy technique used
amplify Raman signalsprovides unique advantagésr biosensing Uniqgue Raman
fingerprint spectraof targetedmolecules allows for accuratgentification of unknown
samples Inconsistencies inRaman signalenhancementshowever, due to the
irregularitiesof metallic features at the nanosgasea significantchallengewith SERS
Nanofabrication technologies, includingleetron beam lithography (EBL) and

nanoimprint lithography (NIL), provide resolution capabiliteéghe nanoscale.

In this work, nanofabricatiormethods were used fabricate SERS substratés the
detection of analytesusing various immobilization strategies Control over signal
intensity and detection of biological bondingith analytes in aqueous solutiorgas
demonstrated. Investigations and testing of various aspects in the fabrication processes

allowed for significant control over features at nanoscale dimensions.
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1. Introduction

The ability to design, build, and organize at tf@moscaldas brought into our reach a
new and essentially unexplored field of research that allowsatomter molecular
sized featurethat behave, to a largextent very differenty thanlargerscalal devices
with which we have previously worked. With nanotechnology, referring to dimensions
ranging from 1 to 100 nm, there is amerincreasingenthusiasrmas advances in both
fabrication and understanding at this scptemise profound technologicalchanges
With all that has already been done, ave only still in the beginningsf what impact
this field will have on our livein the short ternand in thefuture [11 3]. Thereremairs
much stillto be discoveredwith many areas of research still waiting to be explored
involving nanotechnologyas Richard=eynmanstatedin 196Q fsimply because we
havenodt vyet 00¢4. The abilitato engimedr athemandscaleprovides
difficult challenges where reproducibilitycontrol, and stability of systemaill require

significant efforts, skills, and collaborations

Concerns regarding outbreaks of infectious diseases, bioterrorism, pollutants, and other
hazardouschemical or biological threats require the need for-tmst, accurate, and
sensitive devices to provide warning of such dangers. Biosensors, which are devices
aimed to detected such hazards as well as for detecting other chemicals or biological
elementssuch as with blooglucose monitors, can be difficult to buil®ne aredn

which nanofabrication has shown great benefits is in biosen¥¥iigy an already
significant worldwide market for different types of biosensors, sdtag benefits of
nanoscalecortrol can be realizeéh such areas agsonator massensorg5, 6], field

effect transistorbased sensor$7], plasmonic sensor$ncluding surfacelasmon
resonance (SPR) for measuring refractive index chaj8e®), and surfaceenhanced

Ramanspectroscpy (SERSWwhich provides a wealth of chemical bonding information



[101 16]. In particular, srfaceenhanced Raman spectroscopy, whililized and
somewhat understood for some time ndwas had limitations for practical use
biosensingthat potentially @n beovercome due to the significant advancements in

nanotechnology.

In this thesis, nanofabrication methods including electron beam and nanoimprint
lithography havebeen used to fabricate surfaeehanced Raman spectroscopy
substrates with nanoscale aahtfor the detection of proteins and other molecules using
varying immobilization strategies. This work involves the testing of different plasmonic
materials, and characterization of aspects of the fabrication process to gain a greater
insight into the cotrol at which features can be madesting of different analytes with
varying metal geometry, material, pitch and spacing, allowed for tuning of the features
to allow high enhancements with control over the intensities obtained. SERS spectra of
different proteins showed that distinct signals could be seen while fluorescence became
a significant problem for other proteins at high frequency excitation. Due to the surface
sensitivity of SIRS, a dopamine binding DNA aptamer was used for specific binding to

allow for detection of binding to the dopamine molecule.

Chapter 2n this thesis presentsliterature review on bioseing, emphasizingurface
plasmonic sensin§ERS This chapter will also cover some of the challenges that need
to be overcome for practt use of such sensors including swdpectsas material
compatibility, nanoscale reproducibility, and immobilization requirements for detection.
Details onsome key aspects of nafabrication involved in building and testing nano
biosensorwill be presnted in this chapter to give a basis for #spectsnvolved in

this research.



Chapter 3discusseghe detailsof the experimentailechniquesdeveloped and used for
the various aspects of biosensor fabricatibiofunctionalization, and detection of
anaktesincluding an overview of some of the key tools for fabrication and analytical

testing.

Chapter 4gives an overvievof fabrication methods and results faanoscalelielectric
SERS substrates using electron beam lithography (EBL) and nanoimprirgréiity

(NIL) with their corresponding plasmonic enhancement

Chapter 5 gives an analysis of the various detection capabilities and results obtained for
different molecules, proteins and aptamer/ligand binding as well as simuledigts of

the Raman spéwm of different molecules

Chapter 6concludesthis thesisby giving an overview ofthe resultsand analysis
focusing on some of the items that seemed most significant in this work. An outlook on

the future work that could be performed is also given.



2. Detecting Biological Molecules and Structures

2.1.Biosensors

Biosensors arenalytical device used forthe detecion or identification ofspecific
analytesusing living organisns or biological elemens ast h e d eecdgmtierd s
component [171 19]. Biological elements used for detectioncommonly include
antibodes/antigeng20], enzymeg21, 22] DNA [23, 24] prokaryotic and eukaryotic
cells [25], organelles[26], and synthetic biomimeticR7, 28] Aspects of biosensors
often involve multiple stages of analg and processing with a flow of information
including (1) exposure to a target in an aquesakitionor gas state; (2) molecular
recognition receptors; 3 transdution systemto transformdetectedsignals intoa
readable or interpretable forif@) amplifiers and electronide give dataproportional to
the detected signaland (5) display and outputto transmitand recordhe datafor the

enduser(seeFigure2.1) [29, 30.
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Figure 2.1 7 Model of a common ensor systenincorporatingaspectsof specific
targeting of analytesising biological elements aseceptor components, transducer
elements signal amplification and electronicsand readout display of signafor
interpretation from the end user



Molecular recognition is defined as nroavaknt binding betweentwo or more
molecules where there is a strong and #wed interactionarising from molecular
complementarity{311 33]. Suchlongstandinginteractiors stem non-covalent bonding
such aselectrostaticforces ion-dipole interactions “-~ bonding, hydrogen bonding,
and/or van der Waals forcdmtweenmolecules[34, 35] Molecular recognition is
essentiato life andinvolved in almostevery stage ofbiological processescluding
DNA replication, protein synthesis, subcellular physiology of recefigand
interactions and immune respons@volving antibodyantigen pairing[341 37]. Such
interactionsoccurring at the wlecular levelprovide a naturabasis for biosensing
technologies due tther highly targeted bindingapabilities A number ofapplications
incorporating molecular recogniticare now commonly usegith a large and growing
market especiallyin self-teding devicedor cholesterol, blood glucose, colon or rectal
cancer, pregnancy, ovulation, and occult blood te$88040]. Molecular biosensing is
usually focused on detection of biological agesiich asbacteria cells and spores,
viruses,metabolitesand toxing41, 42] It is recognized that the mogtal factor in an
effective biosensor idts specific molecular ecognitioncapability, while other factors
such as size, speed of operatiggtime monitoring,sensitivity,cost andaccuracy of
prediction (in avoiding false reportingjeall dependentn the specific requirements of
the device or detection negdd, 43] Thereremains, howevemany difficulties inbio-
recognition or biedetectionwhere signahi r e pr oduci bi lity, -sensitivit

to-n 0 i s e candéinitithe capabilities adetectionfor many differentechnique[44].

One of theother significant challengescommonly involved in biosensings the
immediate detectionf analytesfor reattime sensing. Often, the need for fast analysis
can be crucial for safety and health, where current biosensing modalities are limited.

Quantitative analyis can also be an important aspect for a thorough assessment in some



circumstances, while the mere detection of higher (or lower) than expected values
would be invaluable in other situatiof$l]. The underlying factors in any method
ultimately come downaa t he met hoddés capabilities and t

particular sensing device.

2.2.Surface Enhanced Raman Spectroscopy
2.2.1.Raman Scattering

C.V. Raman in 1928,presentechisdi scovery of fa new- kind of
emission from atoms and moldce $46]. This phenomenonknown as Raman
scattering is an inelastic scattering ofmonochromatidight arising from vibrational
modes of probed molecule&lthough the number photons that are scattered by an atom
or molecule is relatively low, the majboriof photons that do experience scattering are
due toelastic or Rayleigh scattering, where no new wavelengths of light are produced
with even fewer photons scattered by the Raman effedRaman scatteringwhere
photons undergo inelastsratteringand have a resultant change or shift in frequency
with lower frequencies corresponding to a lower enéBigkes shiftor an increase in
frequency or energyanti-Stokesshift), leaving the moleculevith a higher or lower
vibrationalenergyafter excitationdepending on the resultant shigeeFigure2.2) [46,
47]. These inelastically scattered photons provide unique information ofriletuse of
the moleculeln contrasto fluorescence, wheilacident light is completely absorbed by
the molecule and the molecule is transferred moakowed quantum state before
emission ofa photon after a certain resonance lifetiRaman scatterinig mediated by
shortlived virtual stats of electrons Such norresonant scattering is whaftfers the
unique fingerprint information, where shifts in energy remain constant regardless of the

excitation frequency The resulting shifts inthe detected ligh wavelengths



corresponding to different vibrational modese what offer the abundant information

composing unique fingerprisifor molecules (se€igure2.3).
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Figure 2.2 - Jablonskidiagram showing the change in energies depending on the
scattering type(a, c) Stokes andntiStokes shifted Raman scattering) Rayleigh
scattering and (dJdorescent emitted ligh48].

Raman pectroscopyis a powerful techniqudor analytical sciences yet a major
limitation of the methods that the Ramanscattering #ect for moleculesis very low.
When compared to fluorescence, Raman scatteyamgrallyproduces signalseveral
orders of magnitudelower than fluorescencdl10, 49, 50] Cross sectian of the
scattering, which definghe probability of inelastic scatting from a particular
molecule, ardypically in therangeof 10?° m* and lower,whereas fluorescemtross
sectionscan be up to 10%° m?* and higher [51, 52] This low Raman cross section for
most molecules generally requires large concentratiortheoénalyte andexpensive

sensitive detectiomethods and excitations sourcegtoduce noticeable signals.
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Figure 2.3 - Offset Raman spectra aibpaminepowder from own work with 532 nm
(black) and 780 nnired) excitation laserThe shorter wavelengthshow increased
details but with a tradeff of increased fluorescence for some sampdesh as DNA
and some proteingll detected spectra throughout thigds display the Stokeshifted
spectra

Only with advancements in many of the optiosjuding optical filters, lowcost lasers
andchargecoupled devicesGCD9, hasRamanspectroscopy becomeidespreadhs a
reliable analytical too[49]. Usually nolecules with the highest Raman activity are
those susceptible to the highest change in molecular polarizafsiity 53] To
overcome weak Raman signalspoger tagsanalogoudo fluorescentabeling allow
indirect detection, whichhas been shown to beffective at measuringzery small
quantities of analytesThis method however, suffers from compleigs involved in
taggingand may not always be feasilfit@ biosensingvhere certain molecules cannot
easily be taggeddeally, direct detection of analgevithout use of tagallowsthe most

effective detection method for biosensimghich normally requires a molecule to &ie

leastslightly Raman active

Anotherchallengewith traditional Raman spectroscopy is thaak Raman signals are
often Duvasbegd f | oftenrliming wonkaoenprfluorescent samplesr

working at longer wavelengths for improved detection with the tradfe of lower



signalsfor most peaksRaman scattering efficiency has loosely been stated to decrease

inversely proporonal to the fourth power of theavenumber differencaccording to

the correspondingormula of the Raman intensity,O® '[ '[ where’[ is the
spectroscopic wavenumber of the excitation souy@e (), and’ [is thewavenumbepf

the vibrationalmode of a molecul@ 7c) [49, 54] As seen irFigure 2.3, peaks above
2500 cnt disappear with a 780 nm excitation laser soufdeis can be attributed
partially to this relationshipbut more likely a low quanturefficiency of the CCD at
longer wavelengths Another disadvantage of longer wavelength excitation is the
increasedhermal and electrinoise. Methods such as Fourier TransfoRaman and
improved CCD detectors havenabled Raman spectroscopy at longer exton

wavelengthdut still signals can be weak and more difficult to work 4t®, 55]

Simulation work predicting the vibrational modes of molecules usiragtumchemical
computationmethods allows for an added understanding of Raman peaks and their
corresponding vibrational modedhe General Atomic and Molecular Electronic
Structure System (GAMES$ one example of ahemicalcomputation software which

allows for the prediction of such vibrational modssealsosection3.1.10 [561 58].

2.2.2.Surface-Enhancement of Raman Signals

In 1974,a publishedRamanexperiment of pyridinedsorbedon a silver surface was
reported [59]. Later, two groups independentlypresentedand highlightedthat the
signalsobtainedwere muchstronger than expecteahd could not be explained biye
regular Raman effectTheir argumentsattribute the enhancement both a chemical
[60] and electromagneti€l] interaction These disgssions were the first contributions
to a technique now known as surfamghanced Raman spectroscopy or scattering

(SERS) Although the exact causes for enhancement are still under debate, it is



generally accepted that the overall enhancemerduis to theinteraction of the
moleculeswith plasmonic waves in the met@2], and to some extent, the chemical
chargetransfer of the molecule with the surfac®ERS involves the enhancement of
scattered light from a probed sample due to plasmonic waeased ahanostructured
surface Plasmonics involves the interactidetweenelectromagnetic fields and free
electrons in metal. Electronsan interact with the electric component of ligland
oscillate collectivelydue to the light wave€nhancements well abod#’ can be seen

with some claiming enhancements of as much a%[8, 64]using SERS. One of the

key advantages of SERS is that it provides chemical bonding information of analyte
materials and identification of samples, but recent effodigate a ptential to provide
gquantitative analysis as wdll2]. Biosensing using SERS in the last few decades has
become an area of intense research wigaificantincreasg64] in studies involving
SERS since the early 198[® 13, 65] There a¢ a number of reasons why SERS has
been suggested as such an effective methodology for biosensing. Many biological
recognition materialsequire aqueous solutions to be stdbi& 67] Because water, and
other components found in complex buffers often ehaxeak Raman scattering
background noise can be reduced by properly focusing laser light on SERS surfaces
where analytes can be attached through an aqueous sofERS is highly dependent

on metal substratéabrication precision, so to a large extehe challenge of creating an
effective SERS biosensor has ultimately come down to a-eagimeering problem,
where reproducibility of Raman signals depends on factors such as petteirn
geometry, spacing, size and position of metallic structurest alireoscale dimensions

[9, 10]. This nanoscale control requires innovative nanofabrication techniques. The
SERS effect also relies on thmo-functionalizationof surfaceswith the molecular

recognitionmaterial, whichis anothersignificant biochemistry foblem[11, 12]. The

10



many aspects of SERS biosensors invatwdti-disciplinary studies acrosamong a

number of research fields.

2.3.SERS Substrate Fabrication Methods

A number of different methodsr producing SERS biosensdrave been demonstrated

with increasing complexityin fabrication ashigher control overthe consistency in

signal enhancement igquired Metallic spheres in solution offer unique abilities to
detect analytes in the solution with-iivo monitoring, but the method idimited in
reprodwibility of signal enhancementee Figure 2.4. Changes ininter-metallic

particle gapsan result in large fluctuations in Ramsignals of adsorbed analytdge

to regions of intense electmagnet i ¢ signals between particles
s p o. Signals aritng from hot spots between particlean give misleading resulthie

to the random nature of their moti¢h2, 63, 68, 69] The ability to control such hot

spots on a flat surface offers a number of advantages includipgs$silityto control

metallic feature sizes and geometry[10]. Roughened metal surfaces, metallic
nanospheres on a surface, and nanosphere lithography have been used extensively to
provide high signal surfaces for SERS measurements. However, wslecostrol over
features such as metal particle sjzpich, and proximity to neighboring metallic

featureds crucial to validating SERS for reliable biosensj7Q].

In order to fabricate highly reproducible SERS substrates, nanofabrication technologies
such as electrobeam lithography (EBL) and nanoimprint lithography (NIL) both offer
advantages of nanometsrale resolution with each having certain advantages and
challenges in fabricatiorkElectron beam lithography, a standard for fabricating features
with resolutiondown tobelow 10 nn{711 78] offersan effectivemethod for fabrication

of SERS deviceslue to the nanoscale control over features and flexibility in testing

11



different device designs. A major limitation in electron beam lithography, however, is

the slow patterning or exposure.

Another emerging technology, which has quickly become an important nanofabrication
technology, is nanamprint lithography (NIL). NIL offers both highesolution

fabrication, and the potential for high throughput fabrication of devices. This technology

requires the use of a mold or stamp, which is fabricated by EBL but can be used for the
fabrication of a |l arge number of subsequent
shown to also provide sub 10 nm resolution, with theoretical lower limits than what has

already been demonstratg®, 80] Figure2.5illustrates the periodicity of features that

can be fabricated at the nanoscale ferdbtection of biological agents.

Dielectric substrates hawaso been showrto significantly increase théntensites in

SERS due to localized and focused fields existing at the surface between the metallic
features[81]. Also, high quality fused silicaa clear glass with high transmission of
optical wavelengths and excellent dielectric properties, previdasparency for SERS
imaging with a very low background spectrum compared to many other substrate

materials such as silicdé2, 83]

Fabrication ondielectric substratesespecially at the nanoscalgroducessignificant
challengeswith nanofabricationprocessing Issues regarding charge builg during
fabrication, adhesion, and other factors need to be considered when working with glass
or any typeof insulating substrate.These difficulties can be overcome but require
attention The ability to fabricate on transparetielectric materials could prove to be
critical for fabricating SERS biosensors for detection of analytes in solwtiene the

potential for microfluidic channeling would be benefic[84].

12



Figure 2.4 - Some common SERS platforms for signal enhancement. (a) Roughened

silver surfae, (b) metallic spheres in solutigd5], (c) nanosphergarticle array$86],
and (d) EBL fabricated periodienetal dot array. Images (b, c¢) published with
permissionlmages (a, c) obtained from experimental work.
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Figure 2.5 - lllustration of a laser beam focused on napatterned metallic dots with
immobilized protein. The green arrows represent the scattered Raman light.
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2.4.Electron Beam Lithography

Electron beam lithography (EBL) is an invaluable enabling technology for
nanofabrication due to its flexibility for direct writing of sub 10 nm featuvdsch is

used for direct lithographgs well asmaskgeneration fodeep ultraviolet PUV) and
extreme ukaviolet EUV) technologies. In EBL, beamof electrons, focused down to a
spotassmall as a few nanometdrs diametey scars across the surfacaf an electron

beam resisto generata specific pattern, causing a change in the solubility of the resist
in patterned or exposed regions. Electron bearbe@dn) resists that incur a higher
solubility after exposure are known as positiveeresists whereas negatit@neresists

have a lower solubility after exposur&or many positive tone resists, such as
poly(methyl methacrylate) PIMMA), ZEP520, and SML, electron beam exposure
results inscission of the polymer chains composing the resist. The segmentation of the
polymer chainsnto smaller fragments is whatlows the resists tbecome solublén

the devéoper. For negativéone EBL resists, such &ydrogen silsesquioxan&l$Q),

Ma-N, and UVN30, low solubility is caused by crdsiking reactions creatintarger,

less solublestructureq73, 87] The process of electron beam lithography includes: (1)
Spincoatingof a uniform layer of electron beam resist on a substrate; (2) exposure of
the resist material in a vacuum chamber with an electron beam patterned across the
resist; and (3) development of the sample with a specific developer to remove the

solubleregions (se&igure2.6).

Ultimately, the resolution attainable is limited not entirely by éhectronbeam spot
size but rather fnrm a number of factors including resist chemistry, resist development
after exposure, substrate charging due to poor charge dissipétedactrons during
exposureas well adrom both forward and baescattered electrons and their resultant

generation okecondary electrorg3, 74, 77, 88]Sac-called poximity effects in EBL

14



occuroutside directly exposed aredge to forward and baedcattering.The effects of

the beam energy play a major role in the EBL process with different energies being
advantageasdepending on the application. High energy ~100 keV electrons are able to
penetrate deeper into the samples with less forward scattering of the [8@am
allowing higher resolution feature®roximity effects are more prevalent for high
electron beam emngies as theébackscattereelectronstravel a further distancén the
substrate before they reach the resist. Tt of lower pitch resolution due to
increased backcattering, higher doses as most of the electrons penetrate deep into the
substrate aspposed to the resist, and possible damage to underlying features have also
given rise to fabrication of features with lower energies in the sub 10 keV range

[76,90].

Mechanisms involved in resist development gogiosure also play a critical role ireth

quality and resolution of EBpatterned devicegCollapse ofthe resiststructurecan

occur during development and drying due to intermolecular or capillary forces between
the liquid and the resistnd depending on th@echanicaktrength of the resisHigh

aspect ratio features can be challenging to fabricate due to poor adhesion, and the resist
structure.Resist swellingduring development, internal stress due to rgmdtbake

cooling and thermal mismatchinigetween the resist and substrf@d], ard other
developer properties are some of the many factangch control the resolution

attainable in EBL73, 92]
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Figure2.6 - EBL Process for positive (left) and negative (right) toned resists involving:
(a) spin coating of resists; (b) electron beam exposure of patterned regions; and (c)
development of resist to remove soluble regions.

Useful for testing different aspects BBL, exposure dose scales can be helpful in
determining the ideaparameters for the EBL exposure and developm€ator
variationsof features seen with an optical microscope can gaeful feedback about
overexposure, ovedevelopment, and clearaneeen though nanoscale features cannot
be seen directly at low magnificatioridgure2.7 shows an example of a 100 nm pitch
array of dotswvhere the dosper dotincreases from left to rightith the base dose being
multiplied by the corresponding dose factdhe applicable dose window is referred to
as a range of doses that allow wadifined features without degradation or combination

between adjacent patterns.
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Figure 2.7 - CAD illustration of a 100 nm pitch dose grating with scale numbers and
colors corresponding to different dose values (dose factors) of individual dots
composing the arrafxperimental results showed that the dot size of patternaddsa
increased with higher dose factors, which varied depending on the fabrication process.

2.4.1.1.Cold Development

Cold development was employed to improve resolution for fabrication of features
requiring greater resolution than possible at room temperaturg pssitive tone resists

[6, 73, 77, 9B95]. As the developer surrounds the resisiginents, a gel region is

formed at the resissolvent interface see Figure 28). By cooling the developer, the

solvent is less able to penetrate the partially exposed rehigslimiting the size and

width of the gel regior{96]. With the cooler temperatures, this reduttess ol vent 6s

ability to penetrate in unexposed resist af@@aproving the resolution.

solvent gel
resist resist
\  §
partly ‘exposed substrate
exposed

Figure 2.8 - Crosssection illustration of positive tone electrbeam resist during
development. Gel formation occurs from interaction between the solvent and resist.
Cooler temperatures during development prevent the gel region, which contains
partially exposed polymer from being dissolvgdickly, allowing increased resolution

for electrorbeam lithography. (Reproduced fr¢@v]).
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2.4.1.2.Anti-charging Conductive Layers for EBL

Charging effects during EBL processing can severely degrade the quality of phtterne
features during the exposure process, as beam defgcdstortion, and displacement
limit the resolution obtainable. Conductive layers, placed either above or below the
resist layer have been shown to extend the resolution and quality of EBL byngllowi
discharging of the samples during expos(see Figure 2.9and Figure 2.10[74,
991 101]. Figure 2.11 shows an image of a fused silica substraltéch requires
conductive layers placedither aboveor below the resist layer, however, placement
above he resist layer allows for no modification to underlying processes. Due to the
complexity of working with conductive layers, simulation of the EBL proedissved
for comparison with experimental results to determine the effects of electron beam
broadeningdue to the conductive layef$01]. Figure 210 shows a schematic of the
overall fabrication process using electron beam lithography ardfflifo produce the
nanastructures for SERS.
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Figure2.9 - 50 nm pitch gold dots fabricated on a fused silica substrates using a PMMA

lift -off process and an artharging layer of aqguaSAVE conductive polymknage
obtained with permission frofi74].
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Figure2.10 - Schematic of EBL fabricated substrates including simulation stage where
the EBL Simulator was used to compare with experimental results for silicduse
silica substratemvestigatingthe effects of the conductive layers for different doses of
100 nm pitch holes in PMMA. Lifoff processing was done on fused silica substrates
with aquaSAVE conductive polymer to obtain dot pitches ranging from 4€r200

nm with varying gap sizg34].
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Figure2.11 - Image of a fused silica sample used as a substrate material for fabricating
SERS devices. Fabricati on fused silica substrates was done with both &R1LNIL
as fused silica had excellent optical and electrical properties helpful for SERS.

2.5.Nanoimprint Lithography
Since the initial demonstration of nanoimprint lithography (NIL) in 1gB®], it has
quickly gained ground as a viable nanofabrication technologycamdidereda next
generation lithography (NGL) possibility for microelectronics to replace
photolithography agtegrated circuifeaturesreducebelow 14 nm [103]. The potential
low costs, simlicity and resolution of NIL have presented this technology as a viable
solution to the semiconductor and other nanotechnology industhes2 commercial
applications are beginning to emerg®4r 106]. NIL is the process of transferring
features froma high-resolution, patterned surface of a mold (or template) by pressing it
into a deformable material (nanoimprint resist), and leaving a replicated copy of the
original pattern in the new samp[80, 104, 107] A number of variations on this
processhave leen shownwith common methods includintpermal, ultraviolet (W)
(used with stefandflash), and soft lithographyimprinting (seeFigure 2.12) [83, 104,

108]. Some of the challenges involved with NIL include proximity effedire to
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neighboring features displacing resisiticking between the mold and sample,
alignment, contamination after several imprints, and mold wear oragafd0,

107 110},

One of the challenges to overcome for NIL is reducing the adhesion or sticking between
the mold and sample, where contamination and mold damage often occur after a number
of consecutive imprints. Methods to reduce the sticking have evolved, usoradligting

of some type of chemical modification to theld or to the resist material itsedir to

both in order to lower their surface energies, improving sepafdidoh 111, 112]
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Figure 2.12 - Process steps for the three basic nanoimprint lithography (NIL)
techniques: (a) thermatanoimprint lithography (b) soft lithography (microcontact
printing), and (c)ultraviolet (UV) (step and flashnanamprint lithography (SFIL)
(Reproduced with permissigfh04])



2.6. Motivation

As a major challengavolved in SERS, control over features at hanoscale diowens

is critical forreliable detectioffior biosensing applicationsn thiswork, nanofabrication
methods includinghoth electron beaniithographyand nanoimprint lithographwere
used tofabricate SERS substrates which wetested for their capabilities as SERS
biosensors. Aspects of fabrication, with variations in plasmonic structurexcfenged
signaland control over Raman sigreshhancementsequired significanadjustmentsn

the various stages of fabricatido improve consistency and signal enhancement
Testing of the SERS signals from different analytes to determine the\effexss of the
devices was critical to this worlDifferent metals geometriesfeature spacingand
pitch, as well asother aspectsf substrate preparation required continual analysis and
feedback from the measured SERS spectra of different analytefousesting SERS
spectra of differenbiological elements including proteins, DNA aptamers, small
molecules were used for benchmartesting andeventual demonstration of bio

detection using targeted molecular complementarity.
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3. Experimental Methods
This chapter provides a summary of some of the key fabrication tools and software used
in this work. Measurement and imaging tools used for evaluation and analysis of

experimental work are also included in this chapter.

3.1.Thermo Scientific Nicolet Raman Analysis System

The Thermo Scientific Raman systarsed in this workallows both microscope and
macro imaging with microscope magnification to 100X. This capability has allowed
accurateanalysis to determine which regions of substrateslyme the highest Raman
signal down to 540 nm resolution. The system allows for imaging with both 532 and
780 nm wavelength excitation witthargecoupled device@CD) cooling down to-100

°C for improved signalo-noise imaging, especially at 780 nm wargjth excitation.

The software provided also allows for advanced subtraction of sigsadg custom
databases as well as imported Raman spectra libfariesffective signal processing
and interpretation. The system is also capable of remote sensm@gmwitptical fiber
cable, which although not useth this work, would be beneficial forthe

commercialization ofuture SERS deviceflL13].
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Figure3.1 - Thermo Scientific Nicolet Almega XR Micro and Macro Raman Analysis
System used for Raman spectroscopy of signals from SERS substrates and other spectra.
The system has both 532 and 780 nm excitation sources with CCD coolit@0téC

for low noise detean of Raman signalevww.thermoscientific.com)

3.2. Raman Imaging and Sample Preparation

To allow Raman imaging of sensitive analytes, an aqueous enviromaedsto be
maintained for both immobilization and imaging of analytésus substrates were
placed in a buffer solution and capped with a thin glass cover, Wh&low impuries

to avoid addingbackground to the Raman specffie samples were submerged in a
compatible buffer andealedin the solutionusinga hydrophobic vacuum seal&see
Figure 3.2) which did not appear to result in any noticeable contamination to the
samples. Raman measurements of difieonebasedvacuum sealantwere done and
compared with every run to assuhatt contamination from the sealant was not seen in

the spectra.
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Figure 3.2 - Samples were kept in a buffer solution during Rarimaaging, as many
biological analytes require specific conditions to prevent degradation. The samples were
sealed in the buffer solution with a transparent microscope cover.

3.3.Raith 150™° Electron Beam Lithography System

The Raith 150"° system offers ta flexibility of providing high-resolutionpatterning
with a range ofow accelerating/oltages from 0.keV i 30 keV.It offersload locking
of samples with up torgwafer handling and stitching errors below 25 rand is

capable ofub10 nm featue patterning.

Figure3.31 Image ofthe column and detector components ofRfaéth 156" electron
beam lithography system which is usgthe Univesity of Alberta(www.raith.com).
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3.4.NINT Electron Beam Lithography Simulator

Our group has developelde NINT electron beam lithography simulatehich allows

both the visualization and analysis of EBL structures with mater resolutionThe

tool allows of high accuracy predictions, with significant control over a number of
parameters to allow adjustments to theoretical calculations of both the exposure, and
development stages. Variouptons includechoice oversubstratematerial, resist
thicknessfor both ZEP and PMMA, development timemperatureand a number of

other featureg6, 114] The simulator predicts thepatial distribution of theield of
scission of polymer chains occurring frothe impact ofprimary, secondary, and
backscattered electronghis then issmployedio determine the development parameters

for different developers IPA4® (7:3) for PMMA, ZEDN50 for ZEP and MIBK:IPA

(1:1) for both[6, 95, 101, 114]

% 900 1800

| | .
000 025 050 075  1.00

Figure 3.4 - Top view (left) and 3D (right) visualization of the yield of scission for
PMMA 95K using the NINT Electron Beam Lithography Simulatbhe software is
able to predict both exposure and developrpatterns in PMMA and ZEResists The
units displayed are in Angstroms.

3.5.Nanonex NX2500 Nanoimprint Tool

The nanonexNX-2500 nanoimprint systenoffers both UV and thermal imprint

capabilities wi tahdsub LiObnm tesokitran imdrintiggnTines umigue
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air cushion prss systems allows for a range of different sample sizes and shapes. In this
thesis all samples were-1x1 cm diced square€xperiments in this work included

thermal imprints using a NXR025 thermal imprint resist (Nanonex Corp.)

Figure 3.5 - Nanonex NX2500 Nanoimprint system used faanomprinting. The tool
allows for both thermal and UV imprintifgzww.nanonex.com)

3.6. Oxford Instruments PlasmalLab 100l CP Etcher

The Oxford Instruments PlasmalLab system israluctively coupledplasma etching
system that allows for anisotropic etching which is ideal foofiftand nanoimprinting
as sidewall coverage during evaporation can prevent propaffliftom oacurring.

With liquid nitrogen coolingthe system also gives improved anisotropgtabed resist
in deep trenches is more likely to bedeposited orsidewalls, whichfurther improves

the lift-off of metal.

27



Figure 3.6 - Oxford Instruments PlasmalLab System used for etching of NIL molds and
NIL substrategwww.oxford-instruments.com)

3.7.Cee 200X Spinner and Cee 1300X Hotplate
The Cee 200X spinner and hotgla(Brewer Science), allows for spin coating of
samples with a high torque for fast ramp rates and spin speeds of up to 10 000 rpm. The
top coverdesignimproved consistency of the resist thickness from run to run compared

to other spinars that were used where rates were inconsidtento varying air flow

Figure 3.7- Cee 200X spinner (left) and hotplate (right) from Brewer Sciersed to
spin and bake substrates for EBL and Kilww.brewerscience.com)
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3.8. Filmetrics Thin Film Measurement Tool

The filmetrics thin film measurement taates spectral reflectance information from a
range of wavelengths to determine thin film thicknesBks.tool wasised extensively
to measure the differetitickness othermal oxids, EBL and nanoimprintesiss, as

well as to determine thetch rates needed for Nihold fabrication and clearance
etchesThe tool was also able to measure resist thiclesess fused silica substrates

with 10-20 nm accuracgind 0.01 nnaccuracyon opague substrates swadsilicon.

B

Figure3.8 - Filmetrics measuraent system used for measuring thin film thicknesses on
various substrate3hickness measurements were obtained with resolution and accuracy
less than one nanometer for many resists thicknesses measured.
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Figure3.9 - An example of the measurement dispiatgrfaceof the filmetrics thin film
measurement system. Accuracy of the measurements was within a few nanometers.

3.9.Kurt J. Lesker Electron Beam Evaporaor

The Kurt J. Lesker evaporator is a physical vapor deposition tool for electron beam
evaporation olarious materialsThe system allows loading of up to four metals, held

in crucibles, allowingmultiple material layers to be added, which is often ndefde
adhering some metals such as silver or gold to a surface using a metal such as chromium
or titanium as an adhesion promoter. The system is a bell jar setup which allows a
significant distance between the samples and the metal crucible which provides
improved directionality for liftoff. The crucibles are water cooled from below and give

a uniform temperature gradient within the heated metal allow for consistency between
runs. The system is able to reach a base pressure of below Pa185x10" Torr)

within 2 hours
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Figure 3.10 - Kurt J. Lesker watecooled, bell jar, electreaheam evaporation system
with cryo-pumped chamber and fepocket cucible holder.

3.10.Hitachi S-4800 Field Emission Scanning Electron
Microscope

The Hitachi $4800 field emission scanning electron microscope offers a maximum of 1
nm resolution with acceleration voltages betweernk@¥ and30 keV.The system has
both seconary and backscattered electron detectesich can be used in parallel to
provide both surface and atomic variation imagifigis was utilized for imaging of the
metallic features on fused silica due to the contrast in atomic number between the metal
andthe SiQ glass.The system is cooled using liquid nitrogen for improved resolution

and stability.
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3.11.General Atomic and Molecular Electronic
Structure System

The General Atomic and Molecular Electronic Structure System (GAMESS), is a
simulation tool usedo give approximations of thelectronwave function and energies
of stationary molecule§56-58]. In this work, GAMESS software was used for the
prediction of Raman bands in molecules. Although the Raman spectrum for
immobilized species can change, esgigcdue to the surfacenhancement of Raman
signals, simulatiorgives helpful insights into both the Raman activity of molecules as
well an understanding of chemical interactions that ofLli]. The basic components
in determining the Raman speagtr used in this work involvedhe stages of(1)
geometry optimizatiomnd nuclear gradient calculatiorf®) Hessiarmatrix calculation
based orpredicted potentiaknergies of moleculeg3) calculation of thevibrational
modes of the moleculassing theHessian matrix calculationand (4) determination of

the intensities of the different vibrational modes.

Geometry optimization was done using a cleskdll, restricted Hartreock (RHF)
method for allmoleculesas their valence shells were all fidiitially. lons or radical
molecules would require a restricted ofsrell Hartree~ock calculation (ROHH)L16].

The basis set for each molecule was chosen3B3d,p) basis satvhere the lower

core orbitals remainestationary for the calculatio$17-119].

The Hessian matrix, which is the order derivative of thepotential energy of the
molecule is calculated with respect to the nuclear or Cartesian coordinates of the
moleculesandis used to determine the vibrational modes of the mole¢uR 121]

The Raman intensities were then calculated using a numerical differentiation procedure

where electric fields are applied in various directions towards the molecule with electric
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field strength of 0.002 N/Go determine intensity of different Rean modes arising
from different angles of lighfl22]. One limitation of the Raman package provided is
that the excitation laser wavelength is not incorporated into the calculations causing

some discrepancy in the obtained Raman intensities of the nedecul

3.12.Molecule Building and Visualization

Preparation of simulated molecules for GAMESS was done using the Simplified
Molecularlnput LineEntry System (SMILES)123] for input into Avogadro, an open
source molecular builder and visualization tddR4]. Proteins and their crystal
structures were also imported into Avogadro for visualization Gigere 3.1).
Modeling of resultant simulations and visualization of the Raman vibrational modes was
done using MacMolPI56] and Facid125, 126], which both offer molecular modeling

and visualization for GAMESS.

Figure 3.11 - Avogadro: an opesource molecular builder and visualization tool was
usedto build and visualize different molecules and proteins. This image contains a
simple wireframe and cartoon view of the recombinant B domain of staphylococcal
protein A obtained from the RCSB Protein Data Bank (1B[RY]. Modified protein

A was uséd for benchmark testing for SERS Hletection.
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4. Substrate Fabrication

Variability in the signal enhancement from SERS occpredominantly from
irregularitiesin shapeand positioning ofnetallic featuresat the nanoscale. Regions of
high signal enhancemt or fhot spoté that exist in nanoscale gaps between metal
features, due to highly localized electromagnetic figldhe gapghatarisefrom laser
irradiation, can be difficult to control and reprodusgformly with manyconventional
fabrication methds. In this chapteraspectsof fabrication using electron beam and
nanoimprint lithography argresentedfor the fabrication of SERS substrates with
nanoscale control for reliable signal enhancemé&he requirement for placing anti
charging layers on $strates to allow fabrication on dielectric substrates is included

with a detailed study on various aspects involved in the application of such layers.

The work towards these goalscludes substantial efforts from previous and current
group members inctling Mustafa Muhammawho establishednany of the methods

for EBL fabrication on dielectric substrates, Luis GutieiRézera, who | worked with
closely throughout in testing numerous aspects of design, and fabrication of different
featuresand Marium Japawala who assisted in designing and fabimgahoneycomb

and other structurefigure 4.3lwasprovidedby Luis GutierrezZRivera,as an example

of the gold honeycomb structures fabricated on fused sflioasiderableollaboration

with Taras Fito in usig the EBL Simulatgrinterpreting data, angreparing graphe/as

done,includingassistance in preparifigures4.4,4.7-4.8, and 4.13101].

4.1.EBL Fabricated SERSSubstrates

Substrates of fused sili®@ere used as a base structure to allow fabricatiqgasimonic
features that could be used for detection of analytes using SHR&n Substratesvere

also used for testing at different fabrication stefps (1) measureand adjustresist
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thicknessgs; (2) determin¢he effects of amttharging layers duringBL exposure on
non-dielectric substrat including electron beam broadenimye to the additional
layers and (3) evaluatethe effects of postxposure processing on resist thickness,
adhesion, angurface roughnes®iced 1 cmx 1 cm samplesvere clearedto remove
organic and metallic contaminantsa piranha(H,SO,:H,0, 3:1) bath for 15 minthen
rinsed in deionized watemd dried in nitrogerSamples were then baked on a hotplate
at 180°C for 15 minas a dehydration step to improadhesion of the resist and the
subsequent metal layeis the surface of the sample$he sibstrates were then cooled
to room temperaturespin-coated with PMMA 950KMicroChem)and baked at 180 °C
for 3 minto drive out the solvent and reduce str&epending on the age of the PMMA
used, film thicknesses varied from @éh to 100 nmdue to solvent evaporation over
time. It was found that a-8 ramp to a range between 35€fm and 4000 rpm was
needed depending on the condition of the resBMMA thicknesswas verified using

the Filmetrics thin film measurement tdot each batch

4.1.1.Anti-charging layersin EBL

Samples of both silicon and fused silica were smated according to the previously
stated parameters with 100 nm thick PMMA 950K anadcwtive layers were added on

top. Physical vapor deposited aluminum apéh-coatedpoly-aniline baseatonductive
polymer aguaSAVE (Mitsubishi Rayon Co.) were used as demonstrated elsewhere
[74,128 to compare the results of the two conductive layersfandomparison with

the simulated result€onductive layers can be placed both above and below the resist
layer; however, placement above the resist layer allows underlying processes to
remain unmodifiedlt was found that for the aluminum lay deposition using a planar
magnetron sputtering system danmathe top layer of resist, resulting in up to arzf

reduction in the resist thickness after development. Electron beam evaporation did not
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appear to have any effect on the thickness of ékestr after development. Evaporated
aluminum films were deposited at a pressure of ~7xI@r and a deposition rate of
0.020.03 nms using the Kirt J. Lesker evaporation system for all the samples used in
the testing. Aluminum thicknesses rangfngm 10nmto 30 nm were used to compare

the effects of conductiwitand beam broadenirigom varying thicknesses

Samples using the conductive polymer for @hkirging were sphcoated with
aquaSAVE at 3000 rpm for 49 with a 2s ramp. To allow proper coang of the
aguaSAVE layer, the liquid needed to be spread across the swiface dropper to
prevent streaking of the polymer during the spin process. The thickness of the

aquaSAVE was estimated to be approximately 70 nm.

4.1.2.Exposure and Development

Patterns used for fabrication of SERS substratese createdusing computeraided
design (CAD) software, to generate GDSII forneigments that weratilized by the

EBL software tdransferthe design to the substraby exposing theesistlayerwith the
electron beamEBL exposuredoseinvolves the number of electrons to be appliea to
singlespot oran overallareaor line andis measuredéh units of electic chargeapplied

to aregion Higher beam energies require a higher doseadarger percentage of
energetic electrons pass through the resist into the substrate with a lower yield of
scission. This can be described by aoptimal area, line, or dotexposuredose,
depending on the structyresually measuredn units of C/cnf, C/cm and C/dot
respectively. Area and line doses aoenmonlycomposed of individual datsvhich are

spaced close enoughatiow thedotsto combine creatinglarge features.

Developmenibf the samples was domsing a cesolvent of IPA:HO (7:3) which has

been shown to provide better developntban eithesolelyIPA or H,O which are both
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weak developerfr4, 95] For both silicon and fused silica substrates, there was found
an applicable dose windowyhich was larger at higher beam energies. This window
greatly depnds on the development process as seéigiimre 4.1 which shows darge

area of 100 nm pitch dots or pits in developed PMMA resist which gradually increase in

size dependent on the increasing dot dose factor

Honeycomb and other structures for SERS devices were fabricated at both room and
cold temperatures with the ide& allowing for increased surface coverage, and narrow
gap SERS hotspofd29]. Compared to MIBK:IPA (1:3) which is often used for cold
development at temperature below 0 °C, IPAH7:3) has been shown to give more
reliable nanoscale fabrication resutis features while providing reduced lheelge
roughnes$95]. IPA:H,O (7:3) has also been shown to offer up to 40% better sensitivity
and 20% higher contrast than MIBK:IPA (1:3) under certain condifib88]. In order

to provide the highest resolutiontemperature of12 °C was used and samples were
developed for 60 .sTemperatures below12 °C are not advantageous as long
development times and higher doses can both cause increased resist awellaxger
effective radii of gyratiorof the polyner in the solvent, which can limit the ultimate

resolution attainablgL30].
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Figure4.1 - Arraysof 100 nm pitch dots in PMMA on fused silica substrategeloped

using an IPA:HO (7:3) development process. Gmendred nm pitchdots or pits in
developed resistver a large area can Iseen in: (a) an optical image of a substrate
developed at 12C; and (b) a SEM image of a sample developed at room tetupee

higher magnification showing collapse at high dose factors close to 50 in the central
regions due to a higher effective dose. Values on scale bar correspond to a dose factor
with a base dose of 0.6 fC/dowhich gradually increase to the rigtiExperimental

results found an approximate 5 raweragedot size variation for every 1m distance

for cold development

Prolonged development times are also known to result in degradétiesistsubstrate
adhesion, which can also lead to collapse. It efzserved that the stir sticks could not
be operated prior to development as bubfdesedin the developer and remaicfor

up to a minutg73, 131] It is likely that the bubbles are due to a higher evaporation rate
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of IPA than HO at cool temperates[132]. If the bubbles were not allowed to rise

prior to development, bubbles would adhere to the surface of the substrate and cause
circular regions of undeveloped resist where the bubbles atta@hedmportant aspect

of cold development for SERS lsstrates is that with an increased applicable dose
window for varying doses, increased consistency and control over dot size over a range
of doses was observed (see Figure 4.1). This is important, as small inter feature gap
variations between metal strupts is knownto have a substantial impact on Raman

signal intensities.

Simulation work involving honeycomb and other structures was donbdgrediction

and interpretation ofhe experimental workin order to obtain narrow gaps between
metallic featuresfor producing Raman hot spotadjustments tdhe electron beam
exposure dose, developmetamperatureand time allowed for the fabrication of
consistenmnarrow resisfeatureswith honeycombshapedstructures Comparison with
simulation for samplesusing cold development showed accurate predidifor test
samples with silicon and fused silica substratégure4.2 shows an examplef PMMA
honeycombstructures fabricatedn a silicon substrat&Simulation of the honeycombs
withal 50 &’ @veragearea dose showed that a residual layer of resist remained
after development, which wadsoseen inexperimenta s 1 5 0 wasGhe starting
thresholddosefor clearance on most chip§his was confirmed after lift-off in many
casesas insufficient clearance during developmemeventedgold from adhering
directly to the underlying substratdoneycombs made with 90 nm thick PMMA had
features with widths down to ~20 nm. Howevemeaching aconsistencywith
honeycomb shaped structures was difficult for producing gaps between structures below

30 nm.
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Figure4.2 - SEM images of PMMA honeycomlas observe(eft) and predicted (right)
on a silicon substrate with (a) 30 PVIMA structurewidths using a 150 uC/charea
dose and (b) 22 nmtructurewidths using a 170 uC/charea dose with 90 nm thick
PMMA resist and developed using a cod? °C IPA:H,O (7:3) developer for 6G.

4.1.3.Comparison of Conductive Layers
As mentioned earlier,wt to the charge buidp that occurs during EBL exposures on
dielectric substrates, conductive layers are needed to allow patterning of features with
high resolutionComparson between such layers, with the assistance of simulation, was
done to provide greater insight into the capabilities and advantages of suctil@gérs
The conductive layers were placed on top of the resist as their removal prior to
development allowedor metal deposited by electrdieam evaporation to enter into
patterned regions directly onto the substrate surfdeee, aluminum metal filmsyhich
are commonly used for armtharging in EBL. and a conductive polymer material,
aquaSAVE (Mitsubishi RayoCo.), werecomparedThe conductive polymer was spun

to a consistent thickness according to the recommended pararbBédfersnt aluminum
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thicknesses were used to determine the effectEBL patterning and for comparison

with the predicted simulationati

Exposure and development 830 nm pitch dotsvasachievedn PMMA using a range

of dot doses from GC/dot to 20 fC/dot over an area of 85 0 % @nnmultiple

samplesof silicon and fused silica Sampl es were exposed at 30
aperture usingdifferent conductive layeref aluminum andaquaSAVE conductive

polymer with varying conditionsSimulation of thelithography was also doa for

analysis and interpretation of the resulising the EBL simulatorOnehundred nm

pitch dots allowed for the most feasible analysis as a large applicable dose window gave

a large range of doses prior to feature collapssver pitches, down to 40 nnvere

fabricated successfullyhowever, their applicable dose windewveretoo narrowfor

thorough analysis

After exposure, samples coated with aluminum were placed in a
TMAH (trimethylanilinium hydroxidepased etchant MF-CD-26, that removed the
aluminum at a rate of approximately 10 nm/mat room temperaturé\fter removal of
the aluminum, samples were rinseddeionized water and dried prior to development
for consistency and to determine the effects of the etchant on the PBatdplesising
theaquaBAVE conductive polymer were dipped in water for theemd placed directly
into the developewithout drying Samples were all developed in IPAGH(7:3) for 20
sthen quenched in deionized water prior to dryifige patterns were visualideising a
Hitachi S4800 field emission SEM instrument. Samples were spotigted with 3.5
nm of chromium prior to imaging to limit charginDeveloped holes it00 nmPMMA
resistcan be seen ifrigure 4.3 from a side anglef a cleaved silicon substraigth a

dot dose of 12 fC/dot showing the profile of the holes from the Ispaeading
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Figure4.3 - 100 nm pitch developed holes in PMMA resist on a silicon substrate using a
co-solvent IPA:HO (7:3) developer for 28 at room temperatureith a 12 fC/dot dose
with a 30 leV accderating voltagd74, 101]

To compare different samples, the diameters of the opened holes was measured for
various doses usinglanview SEM images. Measurement of the dot diameters in
PMMA was done in the center of each array to account for proximigctsffrom
surrounding dotdmageJ softwarfl33] was used to analyze the images for comparison
with the predicted valuewhere averagedot diametes were taken fronthe multiple

dotsat each dosdrigure4.4 shows a example oathreedimensionabnd coss section
simulationwhich process was used for predicting the widtdenfelopeddotsin PMMA

which allowed forthecomparison between expeemtal and predicted dot sizes.
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(b)

Figure4.47 (a) Simulatedthree dimensional and (b) cressctiondevelopment profile

of 100 nm pitch dots in PMMAn a fused silicasubstratevith aquaSAVE conductive
polymer anda 12 fC/dot doseusing a 30 keV accelerating voltagwith 20 s
development in IPA:KD (7:3) at room temperatur®leasurement of the minimum gap
width of features was done using the simulated cross sections. Here, the remaining resist
is in red and regionwith clearanceare shown in blueThe anticharging layerand
substrate araot shown in the simulatiolistances are (a) 3000 Angstroms total width

in the X and Y axis and 1000 Angstrom for thexds and (b) 400 Angstrom arrow
width.

Figure4.5 and Figure 4 illustrate he variation irthe size andjuality of featuresof the
dots exposedwith the same dosesing differentanticharging schemewith different
substratesOverall the results obtained show that the relative dot size véredost
for cases using aluminum laye®EM images (a) and (b) frofeigure4.5 compare the
dots obtained usingquaSAVE and 10 nm aluminum conductive layerdused silica
substrate. It can be seen tfat matching dot doses, thiot diameters variedly about
20 nm Whereas dr silicon substratesas seen irFigure 45 (d, e, f), there was little
variation regardless of the inclusion of the conductive layére conductive polymer,
aquaSAVE, hadloseconsistency with predicted values as seen in Figutéod fused

silica samples, while aluminum layers variadre substarally as seen in Figure &.

Inclusion of thickey 30 nmaluminum layers, as seen in Figuré &), resulted in only
slight variations in the dot diameters when used with fused silibatratesFor silicon

substrateshowever,30 nm of aluminum resultein larger than expected dot diameters,
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with dots combining together dbsesaroundl13 fC/dot as seen ifigure 46. Feature
roughness angoor adhesion wereseen for all samples withluminum etchingime

above2 min with silicon samples

Fused Silica Silicon

aquaSAVE

Figure4.5 - SEM images of 100 nm pitatiots in PMMA with different antcharging
schemes with fused silica samples on the left and silicon samples shown @hthe r
The left column(ac) shows tised silica substrates with (a) 70 nm of aquaSAVE
conductive polymer, (b) 10 nm of evaporated aluminum conductive layer, and (c) 30 nm
of evaporated aluminum conductive laystigmation of dots was during imaging and
not part of the original pattern)rhe rightcolumn (d-f) shows 8icon substrates with
(d)70 nm of aquaSAVE conductive polymer, (e) 10 nm of evaporated aluminum
conductive layer, and (f) no conductive lay&l. samples were exposed at 30 kehth

a 7.5 fCtot exposurelose and developed for 2in IPA:H,0 (7:3) at room temperature
with 90-100 nm thickPMMA.
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Figure4.6 i SEM image of 100 nm pitch doin ~100 nm thick PMMA using a 7.5
fC/dot exposure dose on a silicon substrate with 30 nm of aluminum used for
measurement of the effects of using the thick layer. Resist roughness and poor adhesion
were seen for all silicon samples exposed to the alumietchant for longer than 3
min, with and without aluminum.

Comparison opredicted and experimental 100 nm pitch dots in PMMA obtained using
agquaSAVEconductive layersn both silicon and fused silica samples as se&igure

4.7 shows that there @very closeagreementAlthough comparable to the thickness of
the PMMA the 70 nm aquaSAVE conductive laykd not have a significant effect on
resolution of featuresEffective charge dissipation using the conductive polymer can
also be concluded asehaverage dot diameters were very close regardless of the
substrate material.hese results suggest that chabgédd up and beam broadening due

to the conductive polymer were both unsubstantial, with limited beam broadening

correlating with the low densitand average atomic number of the conductive polymer.

Comparable dose requiremertfows for the translation of processonditionsusing
fused silicasubstrates compared to silicon when using the conductive polyher
delicateremoval process in dei@ed water is alsbeneficialfor processingas it has no

noticeable impact to the resist layshowing an additional benefit of aquaSAVE.
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Figure 4.7 - Comparison between simulation and experimental 100 nm pitch dots in
PMMA on fused silica and silicon samples with aquaSAVE conductive polymer and
silicon with no conductive layers using a 30 keV accelerating voltage witls 20
development in IPA:KD (7:3) at room temperaturé&Standard deviation was within

3 nm for each sample.

Work involving aluminum conductive layers was more complicated as a number of
factors were found to affect the quality of EBL exposed patterns in this case. Thin metal
films havetraditionally been used as one of the methods to mitigate the effects of
chargebuild up during EBL exposurkargely due to the availability and cost of this
method [134]. Comparisonof measured angbredicteddot diametersdisplayedin

Figure 48, showsthe discrepancywith experimental resultasfeatureswere seen to be
larger than predicted\s seen in Figure 4.9, high quality narrow dots with 100 nm pitch
spacing were successfully fabricated using aluminum on a fused silica substrate,

however, a narme dose window was observeSiuch as a significanhcrease in the dot

46



diameterswas not seen on the silicon substrates however, as the dot diameters between

samples with and without 10 nm of aluminghowed little variation.

The contrast between fused adli and siliconsubstratessuggests that thé0 nm
aluminum layer does not completely eliminate the effects of charging during the EBL
process. It is generally known that conductivity sharply diminishes for metal film
thicknesses below 280 nm. This has den attributed to a number of factors, but

predominantly to the neaniform nucleation of deposited filnj$35, 136]
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Figure 4.8 - Comparison of dot s&s for 100 nm pitch dot arrays in 100 nm thick
PMMA for a range of exposure doses on fused silica, using a 30 keV accelerating
voltage and 23 development in IPA:ED (7:3). Lines correspond to simulated results
and symbols correspond to experimemtaia. Standard deviation was withinrdn for

each sample.
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Figure4.9 - SEM image 100 nm pitch dots in PMMA resist on a fused silica substrate
using a 10hm evaporated aluminum film as a conductive layer exposed at 30 keV with
a 6 fC/dot dose and developed forsdf IPA:H,O (7:3) at room temperature.

However, he described charge buildup arguments do not explain the observed
difference of measudeand predicted dot diameters employing 30 nm thick aluminum
layers SEM imaging of 20 nm and 30 nm aluminum films PRIMA on fused silica
substratesonfirmed increased chargaild-up for thinner aluminum films anahinimal
charging for30 nm thicknesses (séegures4.11 and 4.2). Elsewhere thesffects of

the aluminum etchant on PMMA causing poor adhesion baea reportedl37]. To
investigate the influence of the aluminum etchant on the observed morphology, samples
of PMMA on siicon with no aluminum layers were treated by the etchant for different
durations before EBL processing. Etching of samples for 30 sec. showed no effect on
the development of the holes. As seen in Figui®) these samples produced similar
results to othesamples with accurately predicted dot diameters. Longer etch times of 3
min, however, created significantly larger dot sizes and a narrow dose range before

collapse between dots occurred for dot doses abovaletfC
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Figure 4.10 - Comparison of dot sizes for 100 nm pitch dot arrays in 100 nm thick
PMMA for a range of exposure doses on silicon, using a 30 keV accelerating voltage
and 100 nm pitch de with a 20s development in IPA:ED (7:3). Lines correspond to
simulated results and symbols correspond to experimental data. Results marked with an
X represent a silicon sample with no aluminum layer and developed after being placed in
the aluminun etchant MF CER6 for 3 min Standard deviation was withinrn for

each sample.

As seen in Figure 40, comparison between samples with 30 nm of aluminum and
samples withoutaluminum on siicon, using threeminute etch times,showed
comparabledot diametersindicating that PMMA resist performance is significantly
altered by th@luminumetchant. Despite the thickness of the aluminum layer, it seems
to provide limited protection to the resist from the aluminum etchant. The effects of

using prolongecetching of the aluminum verify that not only adhesion to the silicon

substrate is affected, but also the resolution and quality of the pattEr8ifig
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Figure4.117 SEM images demonstrating the variation in grain size and charge build up
between (a) 20 nraf aluminum onPMMA on afused silicasubstrateand (b) 30 nnof
aluminum onPMMA on afused silicasubstrate20 nm aluminum films experienced
significant chargebuild up when imaged at 10 keV amdth a 5.9 mm working

distance.

Figure4.12i Cross section image of 100 nm thick PMMA on a silicobstrate with a

30 nmtop coating ofaluminum showing a continuod8m. Chargebuild up during
SEM imaging of30 nm films whereas 20 nm and thinner aluminum films on fused silica
substrates did experience charging.
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4.1.4.Summary of EBL fabricated devices

Significant control over substrate patterning was obtaiwél variations in exposure
dose, development temperature and timeluding extensive studies done comparing
the effectiveness of conductive layers which were needed for EBL expasufased
silica substratesThe conductive polymer, aquaSAVE, provided exceptional process
latitude which allowed for comparable processing conditions for both silicon and fused
silica substratesAluminum, although capable of providing quality dots, Wasted in
processing latitude with difficulties arising from both chabgéd up during exposure

and prolonged etch times of the aluminum layer on siliEanther, demonstration afn
increaserocessexposure dosktitude using cold development alled for increased
consistency inNSERSsubstrate fabricatignwhich is advantageous for consistency in

SERS biosensing

Figure4.13 - Overlap of predietd and simulated dot diameters using the EBL Simulator
tool for prediction of dot diameters and gaps needed for subsequent evaporation and lift
off. This sample was with a fused silica substrate and aquaSAVE conductive polymer
at 30 keV accelerating volia with 100 nnpitch.
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4.2.Nanoimprinted SERS Substrates

Nanoimprint lithography (NIL) offers both higtesolution fabrication, and the potential

for high throughput fabrication of devices at low costs compared ta BB&pite the
simplicity of NIL, it onsetcompared to EBL was much later, and hence, new methods
and aspects of NIL will continue to develop as it has quickly been shown to be an
effective method for mass fabrication of micemd nanedevices.Due to the need for
low-cost, highly reproducible substrates for SERS, NIL offers many possible
advantages navailablein other methods. The initial costs for NIL mold fabricatie
relatively high when using EBL, howevdratch processing has the potential to
significantly reduce codbr plasmonic biosensors. Here NIL substrates were fabricated
to demonstrate the feasibility of this technology for control over nanoscaleefeur
different SERS devices. Demonstration of a thermal NIL was done on samples of both
silicon and fused silica for comparison and for ease of processing when using the silicon
substratesAlthough ultraviolet imprinting was possible, a thermal imprigtprocess

was done for simplicity and greater control over the resist thicknéxssh needed to be

precisefor accuratestching.

4.2.1.NIL Mold Fabrication

One of thecritical aspect®f fabricatingNIL SERS substratesas theproductionof a
master moldcontdning the desired features to transfédetrics such as feature
resolution, geometry, and pitcteeded to be incorporated on the méldLO cm silicon
prime polished wafer was @ged in apiranha(7:3 H,:SO,:H,0,) solution for 20min
and rinsedn deionized water, then dried with nitrogek.thermal silicon oxide layer
was thermally grown (wet oxidatiorip ~63 nmusing the Minibrute furnace in the
NanoFab at 900C and the thickness verified using a filmetrias,optical thin film

measurementool. Samples were then diced into 1 cm x 1 cm pieces for ease of
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processing. The samples were then cleaned agaiinainha, spun with 90 nm of 950K
PMMA, and baked at 18T prior to application of magquaSAVEconductive polymer
layerwhich was found tdnelp with consistencand resolutiorin EBL exposuresiue to

the presence of thalielectric oxide layerEBL patterns with various dot arrays of
varying pitch, and other geometries were patterned in the resist similar to those done for
EBL fabricated SER$8evices Proper spacing of up to 50 um between differamays

was done to prevent proximity effects that can occur in both EBL and NIL. In NIL,
neighboring features can cause resist to be displaced and result in variations in the resist

thickness acroghe wafer.

Development of EBtpatterned molds was done using eithers20 IPA:H,O (7:3) at
room temperature with a water rink® 40s with the same developer at 12 using a
cold platewithout drying After development, 10 nm of chréaumm was deposited using
electron beam evaporatiavhich was needed as atch mask. After evaporation, lift
off was performed by soaking the samples in acetone for approxir&t2ly minprior

to sonication ofthe sample without drying. The presoak wa found the assist in the
lift -off process as the small grain siné chromium made liftoff more difficult
compared to using other metals suclt@gper silver or gold.Samples were then rinsed
in IPA and waterthen dried in nitrogemfter lift-off. Figure 4.14 gives a schematic

overview of the mold fabrication process
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Figure 4.14 - Nanoimprint lithography process flow for mold fabrication. Silicon
substrates underwent a thermal @tidnto provide the pillar material as silicon dioxide
is known to be less brittle than silicon, allowing for improved lifetime after multiple
nanoimprints.



4.2.2.Mold Etching

After performing liftoff, a chrome masking layesn top of the thermal oxide layer
remained. An inductively coupled reactive ion etch (RIE) Oxford Instruments
PlasmalLab system was used to etch into the oxide layer creating the structures of the
nanoimprinted molds. Etching was done usirg,Fg/helium etch recipe a20 °C using

abase pressure dfPa,a 25 sccm flow rateand a forward power of 150 W were found

to be idealfor an etch rate of approximately 2 nm/sec. The underlying silicon layer

acted as an etch stop which could be seéiigares 415 and 416.

Figure4.1 i SEM images of thermally grown silicon dioxide pillars on a base silicon
substrate with 10 nm of chrome fta) 50 nm pitch ad (b) 100 nm pitclarrays Etch
time for these samples was 20sing a GFg/helium. Images were taken at a 30° angle.
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Figure4.167 SEM imageof 100 nm pitch thermbt grown silicondioxide pillars with
10 nm chronium capsof a NIL moldand narrow gapg£tching parameters allowed for
improved feature dimensions and more vertical sides to assist-aiffliftnages were
taken at a 30° angle.

4.2.3.Anti-adhesionCoating

An antradhesion layer was applied usingsalf-assembled monolayelSAM) of
trichloro (1H,1H,2H,2Hperfluorooctyl}silane on the nanoimprintmolds (see Figure

4.17) [138]. This was done by placing tisaibstratesn a vacuum for two hosrwith a

few drops of the silane in a beaker to eventually evaporate and form a SAM on the
surface othe silicon Such SAM on silicorareknown to be resistant to many acids and
alkali solutions but can be easily removed with oxygen plagi®®]. It wasfound that

the adhesion layam the moldvas effective as up to 10 runs could be performed before
requiring cleaning and +fapplication of the adhesion layeSamples with the
nanoimprint resist were also found to benefit with the same process, altiheugkatt

mechanisim of attachment to the surface of the resist is unce@aimact angle
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measurements before and after application of theaalhtsion layer on bothe molds
and samples with the nanoimprint resist showed increased hydrophobicity thes to

antiradhesion layefseeFigures 418 and 419).

Cl
CF3(CF2)sCHoCH,—Si—Cl
Cl

FgC/ F.C / F2C/ FgC/ F C/ cm/ FgC/
\ AN \ N\ \ \Cl_| N\
VALV /CH2 o

H,C H,C H,C H2C HgC H,C H,C
AN AN N AN AN N\ \ AN
-5 =-0-=5—0-S5i—-0-S—0—SIi—-0=5I—0—S5i—-0-=Si—
| | | |
© o o o o 6 o ¢
I | | | | | I |
Silicon substrate
Figure 417 -  Sel-assembled monolayer of trichloro(1H,1H,2H,2H

perfluorooctyl)silane gerfluorodecyltrichlorosilane) which binds to the native oxide
layer on silicon.Tests also confirmed that the silane bound the surface of the
nanoimprint resist (selgures 418 and 419).
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Figure 4.18 - Comparison bcontact angle measurements on silicon mold matéajal

before, and (b) after application of SAM aatihesion layer of trichloro (1H,1H,2H,2H
perfluorooctyl}silane.

(a) (b)

48.9° 107.9°

Figure4.19 - Comparison of contact angle measurements on {IBZS5 NIL resist (a)
before and (b) after application of SAM aatihesion layer of trichloro (1H,1H,2H,2H
perfluoroocyl)-silane.

4.2.4.Nanoimprint ResistProperties

Thermal imprints were done with both NXR25 and 95 PMMA resists However,
NXR-1025 was used for the majority of experiments as it gave better results and
consistency compared to PMMA due to the lower pressndetemperature needed for
imprinting due to its glass transition temperature of around 60 °C as oppo#s to
value forPMMA 950K which is between 95 °C and 106 {?9, 140] Imprints using

PMMA also resulted in damaged molds, likely due to the increaesture needed for
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imprinting. NXR-1025 was thinned in-finethoxy-2-propyl acetate to achieve ~90 nm
resist thicknesses spun at 3000 RPM/sec with astvéonp then baked at 160 °C for
three min One advantage of using a thermal resist fouwoffftis that only a single layer
of resist is requiredandthe procedurean be performed on both silicon and fused silica

or transparent samples with a silicon mlél].

4.2.5.Nanoimprint Process

Prior to alignment of the mold and sample, the edge bead aothersand edge®f

the sample that occurred from spinning the nanoimprint resstreraoved. This was

done by using the corner of a folded cleanroom wipe that was soaked in acetone and
allowed to evaporate until it was slightly danipptoo much acetoneemainedon the

wipe, theacetonevould wickinto the center of the substrateforming the resist where

the features were to be transferred was f ound that i f the edge
removed, air bubbles would get trapped between the mold sample, causing
inconsistent imprintsAfter the samples were prepared for the imprint, the mold was
placed on top ofte sample over the thermocouple (Bagire 4.20

Clearance after imprinting to remove resist from imprinted openings where metal could
be deposited was performed using an inductively coupled plagesctive ion etching
(ICP-RIE) proess to achieve anisotropic etching of the resist which was needed to
allow lift-off of the resist. Variations with oxygen and helium concentrations were
tested as helium allowed for a sufficient pressure while limiting etch rates. Successful
processing waslone for 100 nm pitch regions consistently after adjusting the etch

process to a low power etch for 4¢ee Figures 4.13.15).

). The recipe used for the imprint involved a 5 minute chamber pump down, followed by
a preimprint at 110 C with a pressure placed on the mold and sample of 620 kPa

followed by the imprint process where the sample and mold were heated to W86 °C
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a pressure of 1450 kPa for 80After the imprint the chamber was slowly ventatla
temperature of 50C. To improve the separation between the mold and sample, the
chips were frozen using liquid nitrogen cooling and then allotwedeturn to room
temperature. The sample, which was made to be slightly larger than the mold, was
fastened and higpressured air was blown between the sample and mold while

separation was done using a scalpel.

Figure4.20 - Placement of mold on top of sample after a nanoimprint run. The sample

and mold are placed between two sheets of transparent film, which allows a uniform
pressure. Temperature wasasured on the sample using a thermocouple as seen in the
center of the image. After the imprint, a small bubble around the substrates as well in
other regions between the films remained.

Silicon samplessed to allow ease afispectionand processing ifNIL, with results

transferred tdused silica sampleafter the process had bedavelopedVariations in

feature sizes, such as periodic dot arrays of different pitches could be seen optically, as

in Figure 4.4, which shows darker shaded regions corredpw to dots with narrow

interrd o t gap distances, corresponding to the mo

with silicon appeared to generally give better yields compared to samples of fused
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silica. No exact measurements of the yield were conductedebenythe mismatch in

both thermal conductivity and expansion compared to the silicon mold may be one of

the causes for different yieldsFurther, wen imprinting fused silica samples, it was

found that resist contamination occurred more readilyr 1 an samples, the expansion

at 130 °C of silicon is 260 nm across the substrate whereas fused silica only changes by

55 nm across the wafer, a difference of approximately 20Qsem Table 1)Although

across the patterned region of 300 em, this o

which did not seem to have any major effect on the feature traRifare 4.22 shows a

schematic overview of the thermal nanoimprint process used in dis w

Figure 4.21 - (Flipped) optical image of nanoimprinted 50 nm pitch regions on a
transparent fused silica substrate. The darker shaded boxes aodésplarger dot
diameters transferred from the master mold. The values here are the dose factors used
which were multiplied by 0.6 fC/dot.

Tablel - ThermalConductivity andExpansion oBulk Silicon andFusedSilica.

Material Thermal conductivity | Thermal expansion, linear
Silicon[141] 130W/m*°C* 2.640°°C™*
Thermally grown silicon | 1.4 W/m*°C™* 0. 224€10

dioxide[142, 143]

Fused silicd144] 1.38 W/m'°C* 0. 08°&™
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Figure 4.22 - Thermal nanoimprint process used for fabrication of SERS substrates
including (1) sample alignment; (2) thermal imprinting and separation process; (3)
oxygen plasma; (4) mdtavaporatior(e.g. copper, gold, silverand (5) resist lifoff.
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Clearance after imprinting to remove resist from imprinted openings where metal could
be deposited was performed using an inductively coupled plasesctive ion etching
(ICP-RIE) proess to achieve anisotropic etching of the resist which was needed to
allow lift-off of the resist. Variations with oxygen and helium concentrations were
tested as helium allowed for a sufficient pressure while limiting etch rates. Successful
processing waglone for 100 nm pitch regions consistently after adjusting the etch

process to a low power etch for 46see Figures 4.13.15).

7.0kV 3.9mm x300k SE(U) 121172012 15:52 100nm

Figure 4.23 - 50 nm pitch dots imprinted -85 nm thick NXR1025 thermal
nanoimprintresist using a 1 cm x 1 cm mold and fused silica sulkstifter an etch
processMinimum gap size between dots was approximazélym.
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Figure 4.24 - 100 nm pitch dots imprinted in ~85 nm thick NXR25 themal
nanoimprint resist using a 1 cm x 1 cm mold and fused silica substrate with ~20 nm

diameter features.

r %
200nm

7.0kV 3.9mm x250k SE(U) 12/11/2012 15:56

Figure 4.25 - 100 nm pitch dots imprinted in85 nm thick NXR1025 thermal
nanoimprint resist using a 1 cm x 1 ¢cm mold and fused silica substratanw20 nm

gap distancédetween opened hole&n etch process was done on this sample to gain
clearance in openatbtsfor subsequent lifoff.
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500 nm

Figure 4.26 i SEM image showingnisufficient clearance after the etching process
resulted in partialield of dots during liftoff. Here, gold was evaporatedmoa fused
silica substrate using electron beam evaporatianmetal thickness of ~10 nm

Insufficient clearance of the pattern regions and isotropic etching resulted in metal
features being removed during the-6ff process as seen in Figure 4.Z@. improve
substrate lifoff for high-resolutionfeaturesabi-layer method was attemptéaallow a

top surface with a lowesensitivity to etchingwhich would improve undercut after
plasma etchingHowever, after testing multiple resistxcluding HSQ, ZFP520, and
PMMA on top of the NILresist it was found that thdispensingsolvents removed the

NIL resist during spinningThe ability to imprint features down to 50 nm pitch were
observed routinely, however clearaneariation in etch rates between op&megions,

and undercut profiles from the imprinting made-tiff only possible down to 100 nm

pitch regions.

Overall, NIL was found to include various processes of nanofabrication that needed
adjustments in order to achieve repeatable imprints and ddio proper liftoff for

fabricating SERS devices. Despite many of the challenges seen, consistency in
fabrication was obtained for features down to 100 nm pitch. Several aspects including

mold design, and fabrication, application of eadhesion coatirggy modifications to the
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temperature, pressure and time of imprints, and theoffiftprocess all required
significant planning and reiterative modifications. The results obtained show the
potential feasibility of using nanoimprint lithography for scalapilihn manufacturing of
SERS and other devices requiring nanoscale resolution. Although this field of NIL is
continuing to develop, already the control over resolution has allowed for fabrication of

devices testable using SERS.

4.3.Electron Beam Evaporation L ift-off, and
Fabrication of Metal Nanostructures

Deposition ofthe metal used for the nanostructufedtures for both EBL and NIL
fabricated substrates was done usidjft-off process.For fabrication of all SERS
devices,10 nm films of metalweredepogted on the surface of the sample by electron
beam evaporationlThicker metal filmsabove 10 nndid not allow for proper lifoff
processingvith EBL or NIL due to liftoff process usedResist patternechmples were
placed in the Kurt J. Leskelectronbeamevaporatosystemand the toolvas pumped
down to a base pressubelow 1x10* Pascal.Deposition of the metal layersas
performedat rates between 0.1 and 0.4 nm/sec for total thicknesses of Fdlms of
chromium, silver, copper, gold and nickehcluding various combinations of the
different metals were used depending on the requirements of the test. Silver, copper, and
gold were all used as plasmonic materialsereaschromium was used to improve
adhesion ofhe silver to the fused silica. Was found that no adhesion layer was needed
for copper orgold to the glass. Nickel was usegdsome casefor immobilization of
proteinsexploiting the strong binding between nickel ahidtidine tags used on some
proteins. Patterned regions in the residlowed for metal to enter into the opened
regions of the resisto adhere to the underlying surfadeéigures 4271 4.29 show

periodic dot arrays fabricated using both EBL and NIL.
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6.0kV 3.9mm x451k SE(M) 8/21/2013 11:15 Y 100nm

Figure4.27 1 EBL fabricated 100 nm pitch gold dots on a fused silica substrate after
lift -off. The nucleation of the gold layer can be seen with the individual dots.
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Figure 428 i SEM image of 200 nm pitch 10 nm thick gold periodic dot array
fabricated after a NIL process and subsequentfifto form metal uniform dot arrays.

Lift -off using was done by soaking the samples heated NMethyl-2-pyrrolidone
(NMP) solvent prior to sonicating the samples in the solvent. It was found that NMP

offered improved results compared to acetone forofiftfor NIL fabricated SERS
substrates

67



‘L

3.0kV 3.0mm x35.1k SE(U) 9/19/2012 10:.02 1.00um

Figure4.2917 SEM image of 100 nm pitch 10 nm thick copper dots on a fused silica
substrate fabricated using NIL aadift -off process. Liftoff was done by soaking the
samples in a heated NMBlgent prior to sonicating the samples in the solvent.

Figure4.301 Array of 100 nm pitch copper dots on a fused silica substrate fabricated
using NILwith lift -off done using a heated NMP solvent.

Because of th directionality of the evaporated metaidewall coverage was limited,
which is critical for liftingoff of the resist, which acts as a sacrificial lay#re lift-off
processncluded soakinghte samples i strong solvenof acetone for PMMA resist or
NMP heated to above 50 4Gr the nanoimprint NXRLO25 resistand then sonicated
for oneto two min. It was found that soaking samplesthe solvents reduced the time
needed for sonicationwith EBL-patterned substrates requiring 5 minute soaks in
acetone while NIL substratewere soaked for20 min in a heated NMethyl-2-
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pyrrolidone NMP) solvent The solventxause the resist to swell which assists in the
lifting-off process. Metal EBL-patterned substrates were fabricated withrious
features including honeycombs, athat pitches down to 40 nandmetalthicknesses of

10 nm(seeFigures 4.27 and 4.31These various geometries were tested using Raman
spectroscopy to determine thiéeets on signal enhancement based on aspects known to
give the highest enhancements[1Ehr nanoimprinted substrateB)0 nmand higher
pitches were consistently obtainduwwever lower pitchesproved to be too difficultor

lift -off, despitesome sucassful imprints observed down &0 nmpitch. The variation

in rate for lower pitches, lack of undercut, and adheswere some of themain
challengesn obtainingthe lower pitchesvith NIL. It was also found that chrome fift

off used for fabricating NIL mlds required a longer soak in acetone prior to sonication,
which was attributed to the smaller grain size of the chroffigis limited the solvent

from removing the top layer of chrome in some cases.

Figure4.311 EBL fabricated gld honeycomb shaped nanostructures on a fused silica
substrate used for SERS. Gold nucleafrmm depositioncan be seen in the&ructures
from the evaporation proce®8MMA development was done usiaggoom temperature
IPA:H,0 (7:3) development procesmagewasprovidedby Luis GutierrezRivera
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5. Biosensor Results and Discussion

Tests to determine the effectiveness of the rmatterned SERS substrates in

controlling sgnal enhancement as well as determining the effectiveness of the substrates

for SERS are presented here. Experiments dem
signal enhancement based on pitch, and antiparticle spacing are shown. Further,
demonstration fospecific bonding between and immobilized recognition element, a

dopamine binding aptamer and dopamine is shown using honeycomb gold

nanostructures fabricated using EBL.

Assistancavith SEM imadng, fabrication and other hefpom Luis GutierrezRiver and
Marium Japanwalavas vital to this workOf note,Figures 551 5.6 wereobtained from

Luis, as well aghe spectrum of proteif in solution used in Figure 5.4.

5.1.SERS detection of Protein A

Protein A is a unique protein known to have a strong bindingiigftio the heavy chain

of immunoglobins or antibodies of many mammalian spettiés.a part of a group of
proteinsthat bind antibodies with different specificitiegl45, 146] Protein A was
discovered originally in the bacterium Stafgopccus aureusand is commercially
available along with a recombinant fusion protélimked to protein G of the same
family, due to its potential for a number of sensapplications(see Figure 5.1)147,

148]. The ability to measure the binding of protein A on a sarfmingSERS prior to
sensingof analytescan be beneficial to confirming the immobilization of the protein
directly. Although SERS requires analytes to be within a short range of the surface,
makinganalyteantigen detection difficult with SERS, tkendl size of protein Amakes

it a useful protein to measure and use for testing of the nanofabricated SERS substrates

[149].
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Figure5.1 - 3D model ofProten A from solutionNMR spectroscopypbtained from the
RCSB Protein Data Bank (1BDDD)129. The protein was rendered using the Avogadro
software.

SERS sbstrates withmetal dots of 50, 100, and 200nm pitch with varying interdot

gap sizeswere fabricéed on fused silica substrates using electron beam lithography
(EBL) as described in chapter @ap sizes were controlled based on the relative dose
used and verifiedusing SEM images in correlation with opticaages taken during
RamanmeasurementsSanples withcopper,silver, andgold nanostructuresvere used

to determine the corresponding enhancement from the different méigiste 52
showsan example 0100 nm pitchsilver dots fabricated on a fused silica substifadd

was used for detection pfotein A using SERSEvaporated films on fused silica were
also used throughout to allow for comparison between the Raman signal of different

tests and for faster processing.
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Figure5.21 SEM image of 100 nm pitchilger dotson a fused silica substratgith an
averagel5 nm gapdistance between dots. This sample and others wsed for
obtaining SERS spectd immobilizedprotein A.

Protein A moleculs were modified tdvavemultiple thiol groups on the outer surface of
the protein by attaching thidérminated linkers to the surface of the pratdihese
linkers take advantage of the strobgnd between thiol groups and noble metals
allowing for incraased yields of immobilization of the protein to thetal Unmodified

and thiolated protein A was obtained from ProteinMods, where the protein was
estimated to have approximately8 sulfhydryl groups per protein on the surface which

were known not hindehe functionaproperties of the proteifi50].

Drops ofprotein Aandthiolatedprotein A(4 9 0 welé)placed oseparate samples
for 72 hours at 4°C. The unthiolated protein A was in a ndvuffered water solution
with a pH of 7and the thiolated protein was in a buffer of Na Citrate with a pH of 5.5
The stability of protein in a range oHpvalues was confirmed by the manufacturer,
where changes pH changes from acidic to basic andveisa were not expected to
cause unfolding of the proteinéfter the protein was allowed to immobilize to the
surface samples werégnsedthoroughlyin aphosphatéufferedsaline (PBS) with a pH

of 7.4 and sealedin the same bufferaccordingly to the procedure outlined in
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section3.21 Control samples were alstested using the PBS buffer solution for
comparisonNo tests were conducted with the Na cerauffer, however comparison
betweenunmodified protein A in wateand the thiolated protein showed comparable
SERS spectra.Samples with both silver and gold nanostructures Viewnad to be
compatible with theNa citratebuffer, while ests wih copper found that the buffer
reacted with thenetal removing features from the devic&ilver and gold films were

used to obtain the basic spectra of protein A, while silver 100 nm pitch dots offered the
highest signal enhancement overBiéaks seerrdm the PBS buffer at 602, 790, 1063
and 1632 cm were unobserved with SERS, however the Raman active spectrum of Na
citrate buffer had a number of peak which did overlap with the protein, although the

spectrum of usbuffered Protein A gave important arfnation[152].

Raman spectraf immobilized protein A orl0 nm metal films of both silver and gold
using thiolated and unmodified proteiniA Figure 5.3 show the variation in Raman
signal intensity between the differesamples Comparison of the ghak shows that for

both silver and gold films, the Raman signal from the thiolated protein is much higher
than those witbut, although the spectrum of protein A is visible in each.chke
stacked spectra in Figure 5.3 also shows that the silver fihes gncreased Raman
enhancement for many of the peaks obserReanan spectra were obtained using a 12
mW, 532 nm excitation wavelength with as@cquisitiontime. It was found that
although the signal could be detected frprotein A, the laser pogr needed to be
reduced to 10% to not damage the protein and sample due to the high energy and
focused spot size of the tool. The reduced laser energy was calculated to be
approximately 1.2 mW compared to the full powaympared to the 12 mW full power
Repeated exposures on a single point verified the damage as the diignirzilshedafter

various runs at full power (see Figure 5.4). This was attributed to damage or denaturing
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of the protein as well as damage to the metallic structures, ifisdieising SEM when
high energies were utilized. No such damage was observed for sampling using a 10%

power[153]. Figures 5.45.6 show the morphology of both silver and gold pads as well

as the focusing tool used for Raman imaging.

Comparison of the Raman Signal Intensity of Protein A

Silver Film - Protein A (Thiol)
Silver Film - Protein A
—Gold Film - Protein A (Thiol)
=Gold Film - Protein A
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Figure 5.3 - Comparison of the signal intensity pfotein A using thiol mediated
binding on silver and gold pads. Immobilization of the thiolgiexdein A on pure silver

films gave the strongest SERS signals compared to other films. For these samples, a 1.2
mW, 532 nm excitation wavelength was used for the Raman samplingdat all
wavelengthsSpectra are offset vertically for easier comparison.
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Figure5.4 - Laser induced damage to a 10 nm silver film after Raman imaging at full
laser power. Reduction of the laser power to 1.2mW was found to allow sufficient
signal enhancement without damage to the underlying material.

Figure 5.5 - Optical microscope image showing the method of measuring the Raman

intensity fran a single spot. Here the arrowcismposed o& 10 nm thick silver filnon

fused silicaf abri cated using EBL with aZahdoat al area
focus in the range of 1 em at 50X magni ficati ¢
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Figure5.61 SEM images of a 10 nm films of (a) gold and (b) silver evaporated on fused
silica substrates at 130 000 magnification. Thin metal films were used to compare
Raman intensity variations beaten silver and gold films with immobilizgmlotein A.

Figure 5.7 shows thRaman spectra dmmobilized protein A orsilver and goldfilms,

as well as protein odh00 nm pitch silver dotsThe spectrum of the protein in water is
also shown for comparisoriThe nanepatterned dotsnhanced theRaman signal
approximatelymore than theilver or gold films of the same thicknesRaman spectra

were obtained using a 12 mW, 532 nm excitation wavelength witfs acGuisition

time, except in the ase of the protein in solutiomhich acquired using a longer time
Other tests were performed with lower laser powers and similar results were obtained

but with increased noise due to the lower power.

From these results, it was demonstrated that Hpattened SERS structures gave
substantially higher Raman enhancements compared to bare metal structures, with
control over integap distances and pitch allowing for precise signal enhancement
based on the plasmonic structur€me of the most significaiRaman peaksfrom

protein Aobserved are recorded Trable 2compared with published data protein A
Variatiors in the Raman peak®&tween immobilized proteiand protein in solution was
seen, which is can occur for certain analytes, especially when itwedbon a surface

[115, 154]
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Immobilized Protein A Using Thiol Mediated Binding

3,000

= 100 nm Pitch Silver Dots with 15 nm Gap

— Protein A in Solution at 2 mg/ml (No Thiols)
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Figure 5.7 - Comparison of the SERS spectra of immobilized protein A on silver and
gold films and on 100 nm pitch silvepts with 15 nm intedot gap distance with the
Raman spectrum of the protein in solution at 2 mg/ml. Tests were done with a 532 nm
excitation wavelength at 10% power except for the protein in solution which was
obtained at full power. A significant diffeanee was seen in a number of peaks after
immobilization of the protein.

Table 2 - Observed Raman Peaks of Protein A Compared with Published Data and
Interpretation of Peaks

Published Dataf Raman Raman Peaks (cih) Postulatedsource of Peak
Shiftsin Solution(cm-1) Observedrom SERS [14, 149, 155, 156]
[14, 149 Structures

563 560

781 - Tryptophan
- 865

950 930 C-C Stretching

1000 1020 Phenylalanine

1091 1090

1150 1144 lysine

1272 - glutamine and asparagine
- 1230

1316 1305
- 1380 CH; sym. Bend Tryptophan

1450 1450

1505 1505 lysine

1605 -

1640 - C=0 stretching

2426 - Cysteine sulfhydryl groups
- 2790

2890 2860 C-H stretching

2931 2929 C-H stretching
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To furthertest the capabilitiesf nanepatternedSERS substrates for controlling signal
enhancementomparison othe SERS signalfrom thiolated protein A on 100 nm pitch
dotswith varying interdot gapdistance was performed. Figusé.8 and 5.9showthat
varying gap distances from the SERS strietoad a significant effect on the intensity

of the signal obtained.he highest Raman signal was seen as the gap size reduced to 15
nm, which produced signals substantially higher than the silver film with the same

parametergsee Figure 5.2)
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Figure5.8 - Spectra ofrotein A immobilized on 100 nm pitch silver dots with various

inter-dot gaps taken with a 532 nm excitation wavelength and tts@degrations of
the Raman shifted wavelengths
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Figure5.9 i Comparison of the intensity of the peak at 1380'¢drom immobilized
protein A on silver dots with 100 nm piteimd varying intedot gap distances as well as
comparison of the Raman signal protein immobilized on a silver film.

Sharpened peaks of the signal can be attributed to the increased signal enhancement

arising from the small intedot gaps, which are knovin produce high intensity Raman

signals or fAhot spotso. These r-mmicated s vali dat
SERS substrates in providing high signal enhancement, as well as control over the

signal intensity based on fabricated structures sighificant control.

The ability to ntal SERS devidessingvaryqgdotpitchandensi ty
inter-dot distancess seen in Figure5.8 and 5.9.This validates that signal intensities,

which arenot always predictablevith SERS, carbe controlled to some extent by

regulating the plasmonic structures used for enhancemaiinilar experiment with a
silver/copper base layer gave comparable results, with an approximate 4:1 signal
enhancement comparing the intensity of the metal filiits the 15 nm gap sections at

1380 cn. Raman peaks in these regions were sutistly higher than in regions with

silver films, also demonstrating that the high signal was not due to increased

concentration of the analyte.
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