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ABSTRACT

Plasmonic nanostructures have received increasing attention due to their unique ability to
mediate the conversion of light into different forms of energy. This opens pathways for numerous
applications from ultrasensitive surface-enhanced Raman scattering (SERS) materials
characterization to heterogeneous photocatalysis and green energy harvesting. However,
plasmonic nanostructures should meet a number of requirements for their potential to be realized.
In addition to nanoscale dimensions, a high uniformity and compatibility with existing
microelectronics and microfluidics settings are required. Direct-write nanofabrication techniques,
such as electron beam lithography (EBL) and more recently, focused ion beam (FIB) processes
offer unmatched control over nanoscale geometries and also high flexibility to allow for various
designs. However, careful co-optimization of the process conditions is required to fabricate
periodic nanopatterns efficiently. Use of dielectric substrates, which are often required for
nanoplasmonic designs, is particularly challenging for EBL fabrication due to the accumulation of
charge during EBL exposures. In this work, a 10 keV EBL process was optimized to fabricate
periodic arrays of 50 nm pitch holes in positive-tone EBL resist (polymethyl methacrylate or
PMMA) on fused silica (FS) supports. The patterned PMMA was used as a lift off mask to create
50 nm pitch arrays of Au dots on FS. In order to verify the performance of these Au/FS structures,
SERS biodetection experiments were performed. For this purpose, the samples were bio-
functionalized with thiolated DNA aptamers that bind specifically to an important biomarker,
protein interleukin 6 (IL-6). The samples were loaded with IL-6 from a solution and characterized
by SERS. The results suggest that the fabricated Au/FS plasmonic nanostructures are efficient for
SERS enhancement, and potentially also for broader applications. In order to test multifunctional

applications, Au/FS plasmonic substrates created by physical vapour deposition (PVD) deposition



of Au were additionally employed to characterize liquid-liquid phase separation in a solution of
microtubule-associated protein tau, which plays an important role in Alzheimer’s, Parkinson’s,
and several other neurodegenerative diseases. The results suggest that plasmonic substrates may
both facilitate liquid-liquid phase separation in solutions of proteins and enhance the SERS effect,
which makes possible in-situ characterization of proteinaceous phase-condensates. Furthermore,
10 keV EBL was employed to fabricate plasmonic Ag nanostructures on indium-titanium oxide (ITO)
supports in various designs. Currently, the Ag/ITO plasmonic nanostructures are undergoing
characterization in a collaborator’s group. An alternative nanopatterning technique, He-FIB milling,
was also tested. A superb positional control was achieved; however, the He-FIB technique was found
to be slower than EBL for the fabrication of large arrays of plasmonic nanostructures. To summarize,
the results demonstrate that plasmonic nanostructures consisting of nanostructured noble metals
such as Au or Ag on dielectric supports could potentially serve for a broad variety of applications.
The challenges relate primarily to the efficiency and cost of the direct-write processes such as EBL
or FIB. Further optimization would address, in the first place, improvements of the sensitivity of

EBL and/or FIB nanopatterning.
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1. Introduction

Plasmonic nanostructures, which commonly consist of nanometre scale noble metal
structures interfacing a dielectric, possess unique properties. Exposure of such nanostructures to
light produces oscillations of electron density, known as surface plasmons, accompanied by a very
efficient absorption of incoming photons. This leads to a conversion of energy from light into “hot-
spots” — nano-sized regions where electromagnetic energy is accumulated due to the excitation of
the plasmon oscillations. The possibility of additional conversion of the energy of highly localized
hot-spots into different forms!'? opens paths for numerous applications, from ultrasensitive
surface-enhanced Raman scattering (SERS) characterization of the material®*° to heterogeneous

6789 and green energy harvesting®”’.

photocatalysis

In particular, SERS employs the enhancement of inelastic Raman scattering of light by
materials located in the immediate neighborhood of nanostructures where the surface plasmonic
waves are generated, often termed plasmonic substrates. The technique captures unique vibrational
signatures of molecules with an unparalleled sensitivity and allows for selective detection of ultra-
small amounts of materials, down to monolayers and even single molecules**°. Moreover, a
promising emerging application combines plasmonic-driven photocatalytic modification of
materials with ultrasensitive SERS detection in-situ within a single multifunctional design!%-!!:12:13:14,
This could enable the efficient manufacturing of highly specific and valuable compounds at a high
rate and with minimal energy. However, plasmonic nanostructures should meet a number of
requirements to be efficient for the SERS enhancement and other applications. In addition to proper
selection of materials and nanoscale dimensions, a high uniformity and compatibility with existing

microelectronic, photonic, microfluidic and micro-electromechanical systems are required™!>:!®,



Electron beam lithography (EBL) offers unmatched control over nanoscale geometries, and also
flexibility to allow for almost arbitrary structures and designs'>!”. However, careful co-optimization
of EBL exposure and development steps is required to reliably fabricate periodic patterns with deep
nanoscale dimensions'®!?. Usage of dielectric substrates is particularly challenging due to the
accumulation of charge during exposure resulting in defocusing of the electron beam and distortions
of the pattern. In this work, a 10 keV EBL process was optimized to fabricate periodic arrays of 50
nm pitch Au dots on fused silica (FS) supports whose performance was then tested as plasmonic

substrates for SERS bio-detection.

2. Literature Review

2.1. Optical Biosensors

Biosensors are analytical devices, which are used to detect the presence of specific chemical
or biological compounds (analytes) by using biological or bioinspired materials as recognition
20,21,22,23,24,25

elements and ideally generate output signals proportional to the amount of analyte

Commonly used biological recognition elements (bio-receptors) include nucleic acids (DNA/RNA)

26,27,28 31,32,33 34,3536

or aptamers antibodies/antigens®’, enzymes>’, entire cells , and their organelles

Bio-sensing is basically comprised of five different stages, which can be described as follows:

1. Biomolecules or living organisms are exposed to a target substance either in an aqueous
solution or gaseous state.

2. Biological recognition receptors bind the analytes of interest.

3. The acts of binding (recognition) of the analyte by biological elements of the sensor
produce physicochemical responses, which are commonly transformed into electrical or

other signals of recognizable form using proper transduction elements.



4. The signal is amplified, processed as required for conversion into readable format, and
forwarded to display.
5. The processed and converted signal is then displayed and recorded in the form of charts,

data reports and graphs output for the end user (see Figure 1)°7-3839:40:41.42

ANALYTE /
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Figure 1: Schematic diagram of biosensor comprising five different aspects: targeting of analyte,
recognition of elements, transducing system, amplification and electronics, data acquisition and

output-display* (reproduced with permission of University College Cork).

In biological interactions, molecular recognition plays a crucial role. Molecular recognition
is specific non-covalent binding between two or more macromolecules that includes such
interactions as, for example, hydrogen bonding, m-m interactions, and/or various electrostatic
effects**. In biological systems, the non-covalent binding energies vary depending upon the
interacting groups; for example hydrogen bonding energies*’ may be in the range from 2 to as
much as 40 kcal/mol; n- interaction*>*® (n-stacking) may take values up to 100 kcal/mol, although

the most often encountered values are under 10 kcal/mol; whereas salt bridging*>*’ (sometimes



referred to as dipole-dipole interaction) typically has binding energy under 30 kcal/mol. Energies
of most non-covalent bonds are less than those of covalent bonds, which generally are in the range
from 70 to 360 kcal/mol*®. In typical biological systems, energies of non-covalent intermolecular

binding are typically less than 10-15 kcal/mol*

, which is only a marginally stable affinity at
physiological conditions. For the relatively weak non-covalent intermolecular bonding to occur
and remain sufficiently robust, the molecules should possess a geometrical complementarity, also
known as the lock and key principle®. The resulting specific biomolecular recognition is necessary
to life and has many forms. It is involved in almost all stages of biological processes such as protein
synthesis, response of immune system involving antibody-antigen pairing, replication of DNA,

51,52,53,54,55,

and receptor ligand interactions 56, These interactions show high selectivity that offer

significant interest for biosensing technologies.

Depending on the element of recognition used in a biosensor, the most common

3738 including

biologically inspired recognition events can be subdivided into several categories
affinity recognition (for example, antibody-antigen binding)®, catalytic recognition (binding
involving enzymes, or enzyme-containing organelles or tissues)® or hybridization (binding of
complementary DNA or RNA molecules)®' 2. These biological recognition events can be

monitored by using a range of physical and chemical transducers. They can be broadly described

as optical, mechanical and electrical transducers as shown in Figure 1.

The market of biosensing devices is considerable and growing very quickly. This can
involve easy-to-use self-testing devices for monitoring of glucose, oxygen, cholesterol level in

blood; biomarkers for pregnancy or ovulation, as well as for various diseases including diabetes,

63,64,65,66,67,

viral infection and cancer %8 Biological agents that are commonly targeted for detection



in molecular biosensing include pathogens (i.e. bacteria, viruses), toxins (i.e. ricin), metabolites,

and enzymes®-"%71-72,

173,74

Major areas of biosensor applications are medical/clinical "%, agricultural including food

75,76 77,78

testing and food pathogens detection , environmental monitoring , and defence
applications”. Importantly, portability and in-situ measurements enabled by ongoing biosensing
systems’ miniaturization are among current trends in research and development of
biosensors®?:81:82.83.84,

One more of many important challenges in real-time biosensing is timely analyte detection.
Often, quick and reliable analysis is crucial in applications of biosensors®>%¢. Especially in health
and safety applications, the need for fast analysis can be of paramount importance, yet current
speed capabilities of biosensing are often limited. For a thorough assessment, quantitative accuracy
can be an important aspect under some circumstances as the detection of higher or lower than the
expected value would be crucial.

A key challenge in biosensors development is achieving selectivity to a specific analyte in
the presence of interfering species. A high commercial interest has been generated by
combinations of selectivity with sensitivity and additional features such as miniaturization, low
cost, speed of operation and the possibility of continuous real-time measurements®’. Sensitivity in
particular is important, since a low signal-to-noise ratio can limit the detection capability of
biosensors for many different applications®s.

Rational design based upon computational modeling is used broadly to improve binding
affinities of recognition elements and achieve the highest possible selectivity against specific

89,90,91

analytes, as well as optimise other functionalities of biosensors . In particular, the

combinatorial chemistry technique known as the systematic evolution of ligands by exponential



enrichment (SELEX)*? is used broadly to develop DNA and RNA aptamers that specifically bind
to required compounds®>.

Although computation-based rational design of recognition elements has proven to be very
efficient, non-specific binding has remained a challenge, especially when analyzing
multicomponent biological samples®*. Non-specific binding is the binding of untargeted molecules
to the assay surface or detection reagents in affinity binding assays unrelated to the particular
interaction being investigated. The sensitivity and specificity of the test may be impacted by non-
specific binding, which may provide false positives and erroneous interpretations. A variety of
techniques have been attempted to mechanically prevent or eliminate unspecific binding, such as
e.g. using blocking agents or rinsing the sensor’s surface’®. Nevertheless, intense research efforts
have been directed toward continuing the design of lock-and-key and/or switchable recognition
elements that would prevent nonspecific binding due to geometrical selectivity or adaptive

conformational response of the recognition elements**,

An alternative paradigm of multiplex biosensing, which initially has been inspired by the
mammalian senses of taste and smell, uses an array of sensors that do not necessarily all employ
the lock-and-key principle®. The current concept of multiplexing includes the detection of
multiple analytes in a single measurement, or alternatively, detection of a single analyte using
several types of recognition elements®®?’. Either technique offers a way to mitigate the effect of
potential unspecific binding when analyzing realistic multicomponent biological samples. In the
recent years, multiplex biosensing has gained acceptance and recognition, especially when
employing rationally engineered, adaptive recognition elements®®. Importantly, due to increased

throughput multiplex biosensing offers a promise of real-time monitoring of analytes.



Technological challenges to be overcome include the need for transducing techniques that would

allow efficient multiplexing and readout of the results.

2.2. Nanostructures

Nanostructures are objects whose one, two or three dimensions range from 1 nm (molecular
scale) to 100 nm?%-190-101.192 "\with the help of existing lithography and deposition techniques,

nanostructures can be fabricated with a precision often down to the single-atom level'®. Examples

102,103 102,103

of nanostructures include hollow nanofibers'®, nanospheres , nanorods , and other
structures with nano-dimensions!'®!191% These nanostructures may be biological or inorganic;
natural or synthetic. Nanostructures are the basic building blocks of any nanostructured materials

such as nanofibers!%*10,

Properties of nanostructures often depend upon their electronic structure and mobility of free
electrons in various dimensions. In one-dimensional (1D) nanostructures, electrons are confined
only in a 1D quantum well and are free to move in the other two dimensions. For example, an 1D
quantum well represents a material where a thin layer of narrow-bandgap semiconductor is
sandwiched between two wide-gap ones. A two-dimensional (2D) quantum well is usually
represented as a 2D electronic system'%, where electrons are confined in two dimensions and free
to move in the remaining 1D (e.g. quantum wires). Nanotubes, nanowires, and in some cases chains
of polymers are examples of such quantum wires'”"'%, In quantum dots, motion of electrons is
confined in all three dimensions, for example in various nanoparticles and nano-crystals!®%!10-111,
Nanofibres and nanotubular materials are examples of one-dimensional (1D) nanomaterials,

whose length may range from 100nm to 10um''2. Films or coating with the thickness of several

nanometers are examples of two-dimensional (2D) nanomaterials'!'®. Often such nanostructures of



0D, 1D, and 2D are applied on a substrate dispersed in a macroscopic fluid or solid matrix.
Solutions, powders, fibrous and polycrystalline materials are examples of macroscopic materials
in which nano-size structural elements of 0D, 1D, and 2D are contained''4,''. In nanostructured
materials, the important characteristics are the dependencies of certain properties such as electronic
structure, delocalized valence electron spatial confinement, or quantum size effects, on the size of
nanoscale components of the material. Other properties may include high reactivity due to large
surface area; altered nature of equilibrium phases in nanoparticles; or a dependence of diffusion
rates on the size of the nanostructure. Overall, nanostructured materials are of particular interest
due to their unique optical, chemical, mechanical, and magnetic properties!!6-117-118119
Nanostructures differ from both individual atoms or molecules and macroscopic bulk
materials. Their mechanical, electrical, optical, and chemical properties can be altered by
controlling their size as well as the structure of their surface down to the atomic level. To
understand the relationship between the structure of a nanomaterial and its function in a device,
advanced characterization methods are crucial. By varying the size, shape and composition of

nanostructures, their properties can be widely changed'!®, which may result, in particular, in

specific and unique sensing capabilities.

2.3. Nanoplasmonics and its Applications

2.3.1. Surface Plasmons

The interaction of metallic structures with the electromagnetic radiation is largely defined by
free conduction electrons in the metal. When light strikes metal nanostructures, a phenomenon
known as surface plasmon generation is triggered'?’. This includes coherent collective oscillations

of delocalized electrons of the metal and a buildup of electromagnetic field at the interface of the



materials around the nanostructures, as depicted in Figure 2. These collective oscillations of
electrons are called surface plasmons (SPs). The SPs exist at an interface of a conductor (i.e. a
metal, generally) and a dielectric. According to Gauss’s Law, surface charge density is inversely

120 This means that the strongest electromagnetic fields occur

proportional to its radius of curvature
near regions of accumulation of localized charges, such as sharp edges at the interface. The

electronic charge-density oscillations associated with surface plasmons can give rise to strongly

enhanced electromagnetic near-fields, which are confined near the metal surface!?’.

E-field Metal
sphere

gl

'

Figure 2: Schematic diagram for the movement of the conduction electron charge cloud relative

¢ cloud
to the nuclei during plasmon oscillations in a sphere as light propagates from left to right'*!

(reproduced with permission from American Chemical Society).

Electromagnetic responses that accompany the generation of plasmon oscillations on the
surface of a material depend on the frequency of the oscillations. Enhancement of these responses
at certain frequencies is known as the surface plasmon resonance''®!?°, Resonance that occurs in
an array of separate nanostructures is termed localized surface plasmon resonance (LSPR) The
resonant frequencies depend on the material and geometrical characteristics of the nanostructures
where plasmonic waves are induced by incoming light. If the material-dependent resonant
frequency is close to the frequency of the incident light, resonant absorption of the light takes place.

In addition, scattering of incident light is also enhanced in the presence of LSPR. Alternatively, if



the resonant frequency is different from the frequency of the incident light, the resonance would
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Figure 3: Broad spectrum of the SPR and other sensing applications that use surface plasmons!?*

(reproduced with permission from Elsevier).

Increase in the absorption and/or scattering of incoming light that accompanies the LSPR
is employed for a label-free technique used for many applications such as photo-detection,
characterization of materials, bio-detection, environmental and food monitoring sensors, and
security detection purposes. LSPR sensing devices commonly use gold, silver, copper and

aluminum as the plasmonic materials. Currently, the most often used plasmonic material is gold

10



due to its great biocompatibility, chemically inertness and stability. Figure 3 shows the

multifunctional applications of surface plasmons for various sensing applications!'?>123124,

2.3.2. Surface Enhanced Raman Spectroscopy (SERS)

Surface enhanced Raman spectroscopy or surface enhanced Raman scattering (SERS) is a
method of ultrasensitive chemical detection that employs the enhancement of Raman scattering in
the presence of plasmonic nanostructures. The Raman scattering, or Raman effect, was discovered
by Chandrasekhara Venkata Raman in 1928 when observing the emission of light from atoms and
molecules using basic optics tools such as color filtering of the sunlight and visual detection!?>126,
The Raman effect is an inelastic scattering of photons from an atom or molecule, resulting in the
energy of photons being altered. This shift in a photon’s energy matches the difference in the

molecules’ vibrational energy levels involved in the scattering!?”:1%%,

In Raman spectroscopy, the altered frequencies that arise from inelastic scattering of
initially monochromatic laser light are detected. These altered frequencies are representative of
unique vibrational modes of probed molecules. The inelastic scattering which was initially
observed by C.V. Raman is currently termed the anti-Stokes Raman scattering, when the energy
of photons scattered inelastically is increased, whereas the vibrational energy of the molecules is
decreased. In contrast, the Stokes Raman scattering results in a decrease in the energy of the
scattered photons!?*13%131.132 However, the vast majority of photons that interact with a molecule
experience the Rayleigh or elastic scattering, whereas only a tiny minority of photons are scattered
inelastically. The two kinds of Raman scattering!??, as well as the Rayleigh scattering, are shown

in the schematic diagram in Figure 4.
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Figure 4: Schematic diagram illustrating the interaction of light with molecules via the three

different types of scattering'? (reproduced with permission from Edinburgh Instruments).

Due to the direct relation of Raman scattering with differences of vibrational energy levels
of molecules, the Raman scattering spectra are representative of distinctive vibrational fingerprints
that identify the molecules, as illustrated by Figure 5. In that, Raman scattering differs from
fluorescence, when the energy of incident photons is absorbed by atoms or molecules'** and the
emission of photons occurs after the molecule relaxes to a lower electronic level. As the difference
of molecular vibrational energy levels is constant, even with a different frequency of the excitation,
similar vibrational fingerprints of molecules can be obtained which carry information about
molecular vibrational modes. The Jablonski diagram in Figure 5 shows the transitions between
molecular energy levels that result in a Raman effect. Since the incident photons’ energy is not
sufficient for the molecule to get excited from the ground state up to the lowest electronic state,

virtual energy levels are involved in Raman scattering instead of the electronic quantum states of

12



the molecule. After scattering, the photons acquire lower energy in the case of Stokes Raman
scattering. In terms of the wavelength, the photon is shifted toward the red end of the spectrum.
Since at room temperature most molecules are in their lowest vibrational states, Raman scattering
is predominantly a Stokes scattering. The anti-Stokes Raman scattering is quite weak in
comparison with the Stokes Raman scattering. The reason is that a relatively small number of
molecules are found in higher vibrational levels, which might result in the photons acquiring higher

energy leading to a blue shift after the scattering.

Cross-sections of Raman scattering are low in comparison with fluorescence'*>!3¢, Whereas
cross-sections of fluorescent emission are typically around 102 m? and often even higher, cross-
sections of Raman scattering are of the order of 10% m? and lower!3”-138:13%:140  Therefore, to
produce significant signals, high-end sensitive detection methods and a large concentration of the
analyte are required. Despite the relatively low cross-sections, Raman spectroscopy has been
established as a widely employed analytical tool, especially due to recent advances in both
excitation and detection hardware'*!. Overlaps of Raman spectra with fluorescence is another
challenge that limits the applicability to non-fluorescent samples or alternatively, requires

improving the detection by using higher excitation frequencies.

To understand Raman spectra and to interpret them in terms of modes of molecular vibrations,
quantum chemistry methods are used to predict the vibrational modes of molecules. Among many
computational quantum chemistry software applications that are used to predict the vibrational
modes, the General Atomic and Molecular Electronic Structure System (GAMESS) is particularly

142,143,144,145,146
popular - H#2-HH A1
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Figure 5: The Jablonski diagram showing the transitions between electronic states for anti-Stokes
Raman scattering, Rayleigh scattering, and Stokes Raman scattering'* (reproduced with

permission from Edinburgh Instruments).

A dramatic increase in the probability of Raman scattering near metal surfaces was
discovered accidentally by Fleischmann and co-workers in 1974 while doing measurements of
Raman scattering for pyridine on silver electrodes!'*’. A similar phenomenon was described in
1977 by two independent groups, Jeanmarie and Van Duyne, and Albrecht and Creighton, who

observed the enhancement factors of 10°-10%, which could not be explained by the Raman effect
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alone!*®-1% Earlier it was suggested '*° that interaction with roughened metal surfaces might
induce resonant Raman scattering from adsorbed molecules. Together, these observations have
contributed to the advent of a technique that is currently known as the surface-enhanced Raman
spectroscopy, or alternatively surface-enhanced Raman scattering (SERS). It was discovered that
the enhancement is due to the interaction of metal-absorbed molecules with plasmonic waves in

the nanostructured metal'4®

, which in particular may include charge transfer transitions in the
molecules 1>!-152 The interaction between free electrons in the nanostructured metal and the
incoming photons results in the generation of plasmonic waves which, in turn, are coupled with
vibrational modes of molecules adsorbed on the metal nanostructures. In SERS, the inelastic
scattering of photons from adsorbed molecules is enhanced due to the interaction of the molecules
with plasmonic waves. It was found that the SERS enhancement depends strongly on
electromagnetic fields near the surface of plasmonic nanostructures. This dependence is often
referred to as an “E* enhancement”, due to the fact that SERS enhancement scales approximately
as a fourth power of near-field enhancement of electromagnetic fields due to plasmonic

oscillations!?!

. Although even single nanoparticles of such metals as Au or Ag have been reported
to produce SERS effect!*?, the strongest enhancement factors, up to 10°-10'!, are achieved when
there is an interaction (coupling) of multiple plasmonic nanoparticles'**!>*155 For example, SERS

was used successfully to detect a fluorescent dye, rhodamine 6G, by Le Ru'*

, using periodic gold
nanostructures that include arrays of dots, squares, and triangles. Although the authors have not
reported specific enhancement factors, they showed that the Raman amplification can be controlled
by adjusting the gold particles’ shape, size and spacing. SERS using similar Ag structures on a

silicon wafer were investigated by Gunnarsson'>” for the same target molecule, and they observed

improved results compared to nano-roughened Ag film. By creating various Ag structures between
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100 and 200 nm in size using electron beam lithography, they investigated how the size and
geometry of the structures influences SERS. Measurements using rhodamine 6G on gold periodic
nanodot arrays and grating structures have showed an order of magnitude superior SERS
enhancement versus metal-island film substrates, as reported by Kahl'®,

Strong enhancement of Raman scattering by plasmonic nanostructures is very helpful to
detect small quantities of molecules'*>!33!% However, near-field electromagnetic enhancement
decays with the distance from a nanoparticle’s surface'>!'*°, This is the reason why SERS
enhancement is noticed exclusively in the proximity of plasmonic nanostructures. To achieve a
strong SERS effect, the analyte molecules must be located near the surface of the nanostructures,
within at least 10-20 nm.

The SERS effect also depends on the excitation wavelength. When the excitation
wavelength matches the localized surface plasmon resonance (LSPR) conditions of a nanostructure,
resonant near-field electromagnetic enhancement occurs. This causes a considerable increase in
the Raman scattering signal. The Mie theory can predict the excitation wavelength that produces
LSPR based on the size of the nanostructure.!?"!115° In particular, the excitation wavelength for
gold LSPR is between approximately 600 and 1200 nm, and that for silver it is between 400 and
1000 nm'33. When the excitation wavelength does not match LSPR conditions of a nanostructure,
the SERS effect is weaker, albeit still present!>!:!33,

Since LSPR excitation wavelength depends on nanostructures’ material, the SERS effect
depends on the material as well. Different LSPR excitation wavelength ranges of the often used
Au and Ag plasmonic nanostructures can significantly impact their SERS enhancement
capabilities!?>!?3 Ag has stronger plasmonic properties than Au , and therefore Ag nanostructures

160

have a potential of greater SERS sensitivity *". However, Au nanostructures are more chemically
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stable and less reactive than Ag nanostructures. For these reasons, as well as due to better
biocompatibility of gold, nanostructures of this material are commonly used for biosensing.
SERS spectra typically represent the intensity of inelastic scattering of light as a function
of Raman frequency shifts expressed in cm™'. These spectra carry information about transitions
between electronic states of molecules, which are based on the molecule's vibration properties,
chemical composition, and interaction with surrounding materials. Importantly, SERS allows
capturing Raman vibration signatures of samples in broad frequency regimes, typically from ~300
to 3000 cm™ in a single measurement. This makes possible the simultaneous detection of multiple
analytes present in a sample, positioning SERS as a natural fit for multiplex biosensing'!.
Challenges yet to be solved relate to the development of efficient spectrum recognition techniques.
Promising roadmaps, currently under intense exploration, include multivariate statistical methods
to increase the accuracy of the analysis and machine learning to identify patterns (fingerprints)

characteristic of specific compounds in large datasets'®,163,

2.3.3. Plasmon-Driven Chemical Changes and Detection Combined

Conversion of the energy of light into collective oscillations of electron density
accompanied by a buildup of enhanced electromagnetic fields at the interface of a metal and
dielectric material results in various physico-chemical effects including local heating and
excitation of hot electrons and holes. The last process ultimately may drive photocatalyzed
chemical changes in materials located nearby!:6-7:8:164.166.167.168.170.17L172 " Qince the excitation of
plasmon waves due to exposure to laser light can both enhance the Raman scattering and induce
catalyzed photochemical changes in materials, ultrasensitive in-situ spectroscopic characterization
for the induced chemical changes is possible!%!1:12:13:14.165,166.167 ‘That positions SERS as a unique
tool for the investigation of plasmon-driven chemical reactions'®®. For example, Shattique et al'®
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have reported SERS detection of a reversible reduction-oxidation process in DNA-bound dye
methylthioninium chloride, or methylene blue (MB). To do this, they created a conjugate
nanobiological system that links plasmonic gold nanostructures to thiolated single-stranded DNA
that carries MB molecules'®. Exposure of the conjugate system to laser light in buffer solution at
a neutral pH resulted in a reversible reduction-oxidation process mediated by surface plasmons,

which was monitored in-situ by SERS.

Water
Methylene Blue DNA

Wl wd g

Thiol groups Glass Au coating

Figure 6: Conjugate nano-biological system comprising a plasmonic substrate (Au-coated glass)
decorated with thiolated DNA carrying in MB molecules'® (reproduced with permission from

Springer Nature).

Summarizing, combining SERS ultrasensitive chemical sensing with heterogeneous photo-

catalysis at the interface of plasmonic substrates with chemically responsive materials promises
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unique pathways for selective photo-catalytic synthesis or materials modification®® !70- 171

Importantly, most plasmonic substrates that exhibit a strong SERS enhancement are also efficient
as photo-catalysts and vice versa. This multifunctional nature of nano-plasmonics enables the
combination of photocatalytic functions with ultra-sensitive characterization of molecular events

within the same device!%!1-1213.14.172,

2.4. Methods to Fabricate Plasmonic Substrates and Imaging

Various methods have been reported to fabricate plasmonic substrates. For SERS and other
nanoplasmonics applications, position and size control is required to achieve the consistency of
enhancement of Raman signals!’>!74173:176.177 ‘The best position control is achieved by employing
such techniques as photolithography and direct-write methods to fabricate SERS substrates
178,179.180.181 T particular, electron beam lithography (EBL) and focused ion beam (FIB) techniques
provide superior resolution 182183.184185.186.187 "Thege techniques offer unique abilities to control
both the shape and size of the nanostructures, which is critical for achieving high SERS
enhancement and sufficient reproducibility of SERS measurements on these substrates!8818%:190.191
Complementary to direct-write techniques, other methods such as for example, nanosphere

102 or self-assembled metal islands!® from physical vapor deposition (PVD), are also

lithography
employed to produce plasmonic substrates; however, validation of their reliability for SERS
biosensing and other applications is required!?. Two direct-write methods, EBL and FIB milling
are addressed in greater detail below.

The resolution that may be reached in imaging or patterning employing beams of particles
or radiation is fundamentally constrained by the principle of Abbe’s diffraction limit. It states that
the relationship between a minimal resolvable feature size and the wavelength of the radiation used

for this is linear. In other words, the system's resolution improves as the wavelength of light
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decreases. More specifically, the resolution can be described by the expression'®?, 1/(2NA), where
A 1s the excitation wavelength and NA is the numerical aperture of the imaging system. All forms
of radiation including electrons, protons, and photons, obey this relationship.

The numerical aperture (NA) of a lens system determines the range of angles over which
the system can accept or emit the radiation. Its value varies depending upon the type of lens and
application. However, for approximate estimates of the resolution, N4 is often assumed to be close
to 1 by the order of magnitude. With this assumption, the resolution of optical techniques, such as
photolithography, can be estimated as roughly a half of the wavelength of the light. On the other
hand, due to the wave-particle duality, particles such as electrons also have a characteristic
wavelength. According to the de Broglie relation, a particle's wavelength 4 is inversely

proportional to its momentum!*4,1%:

A==, (1

where 4 is Planck’s constant and p is the linear momentum of a particle (such as electron). For
example, the de Broglie wavelength of 20 keV electrons is less than 0.01 nm. This makes it
possible to create a highly focused electron beam that could be scanned over a substrate to generate
ultrafine patterns. For comparison, in optical projection lithography, the resolution is limited by
Abbe’s diffraction relation. The often-used deep ultraviolet (DUV) employs exposures of
approximately 190-250 nm. For this reason, the ultimate resolution limit of electron beam
techniques remains far greater than that of photons-based methods, despite recent improvements

of photolithography techniques'*®,'7,
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2.4.1. Electron Beam Lithography (EBL)

Electron beam lithography (EBL) is a very sophisticated and high-quality tool used for
nanofabrication research and development purposes due to its reliability and flexibility in direct
writing of sub 10 nm structures, which can be used for both direct lithography and mask
generation'*®, The working principle of EBL has similarities with photolithography. In particular,
in EBL surface of a substrate is covered with electron-sensitive material (resist) and exposed to a
beam of electrons focused to a diameter as small as few nanometers. Inelastic collisions of
electrons with the resist cause physico-chemical changes in the resist, which depend on the energy
of the electron beam and the number of incoming electrons (exposure dose) on the patterned
regions'®1%%. There are two types of resists used for EBL: positive tone and negative tone resists.
After electron beam exposure of positive tone resists, the exposed or patterned parts acquire a
greater solubility in developers. In contrast, electron beam exposure of negative tone resists leads
to lower solubility properties of exposed parts**’. Common examples of positive tone resists are
polymethylmethacrylate (PMMA)!'#-20!1 ZEP202:203 and SML?*. The positive tone resists contain
long chain polymers, and upon exposure of electrons, the polymer chains are broken into smaller
fragments making the resist soluble in proper developers'®. For negative tone resists, the resists
undergo cross linking reactions that create larger structures that become insoluble in developers.

The classic examples are hydrogen silsesquioxane (HSQ)?%, Ma-N?%, NEB22 and UVN30%"’.

Although the theoretical resolution limit based on de Broglie wavelength of electrons is
extremely high, other limiting factors come to play in practical applications of electron beam
lithography. First, electron beams undergo electrostatic broadening in the beam and random
scattering in the resist as well as backscattering from the substrate!8. This broadens the area of
focus for the electrons and leads to exposure of resist regions that were not supposed to be modified,
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resulting in less precise patterning. In addition, diffusion and mechanical deformation may occur
during resist’s development. To minimize these impacts, careful co-optimization of EBL
exposures and development is required'®. With that, EBL can offer a resolution of fabrication down
to a few nm?°2%_ Moreover, when applied to fabricate SERS devices, EBL allows flexibility in
testing and control over nano-features for differently patterned designs. However, this comes at

the expense of slow patterning and long time required for large-area exposures>!%2!1:212,

2.4.2. Focused Ion Beam (FIB) Milling and Imaging

Focused ion beams are employed for an alternative class of particle beam techniques. In
particular, ion beams can be used for imaging of a broad range of materials including metals,
semiconductors and dielectrics. The principle of FIB imaging is similar to that of scanning electron
microscope (SEM), except that electrons are used in SEM, whereas ions such as He", Ga" or Ne*
are employed in FIB. Figure 7 compares the penetration of focused 30 keV Ga" and He" ion beams
in a substrate to that of 1 keV electrons. Since the interaction volume created by focused He" ions
beam within the escape depth of secondary electrons is much smaller in comparison with electrons
and Ga" ions, helium ion microscopy (HiM) provides a better resolution for imaging in comparison
to both SEM and Ga" ion microscopy. A typical helium ion microscope consists of a sample stage
in a vacuum chamber, an ionization source, an ion focusing column, detectors and a gas delivery

system213,214,215,216_

FIB milling employs erosion of surfaces due to sputtering of the impacted surface material.
Due to the small interaction area, FIB can be used as an ultrahigh-resolution fabrication tool to
produce pits of a diameter less than 10 nm. Furthermore, unlike EBL, there is no need of a mask.

Another advantage of FIB milling over electron beam lithography is less proximity effect. When

22



using He" ions, there is also a gain in resolution. FIB milling with He ions allows creation of pits
of 5 nm in diameter. The main limitation of helium FIB is related to relatively longer exposure

time and slow patterning?!7-218:219

, resulting in relatively low throughput. In contrast, the large
beam diameter of gallium ions is often considered a disadvantage in terms of resolution, surface

damage and contamination due to the ion implantation??°. However, Ga ions can be used to

fabricate larger structures.

30 keV Gallium 30 keV Helium

100 nm
100 m

Figure 7: Comparison of the interaction volume of charged particle beams in a Si substrate with

the escape depth of secondary electrons used for imaging®*! (reproduced with permission from

AIP Publishing).

2.4.3. Challenges of Plasmonic Substrate Fabrication

In the last 15 years, techniques that allow tuning nanostructures’ size and shape have
undergone rapid development. However, further developments are expected in the upcoming years
as nanoplasmonics applications are still in early stages??>. Due to the enhanced focused and

localized fields existing primarily at interfaces between metallic nanopatterns and dielectrics, a
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significant increase in intensities of SERS have been achieved when metallic nanostructures are
fabricated on dielectric substrates. For SERS detection of analytes in solution employing
microfluidic channels or chambers, transparent dielectric substrates would be potentially beneficial
as well. In particular, fused silica (FS) possesses excellent dielectric properties, a very high
transmission, as well as a low background spectrum for SERS imaging in comparison to other
substrate materials. However, nanofabrication on dielectric substrates comes with significant
challenges. Especially when using EBL, build up of charges during electron beam exposure leads
to distortions. Adhesion factors also need to be considered while working with certain common
plasmonic metals such Au and Ag on substrates such as glass. To overcome these challenges,

special nanofabrication designs are required.
2.5. Objectives of the Work

This research work pursued advancement of both the fabrication of plasmonic nanostructures
and their multifunctional usage. The target design of plasmonic substrates included
nasnostructures of noble metals on planar dielectric supports which are compatible with both
microelectronic and microfluidic settings. The applications focused on SERS detection and
characterization of biological compounds in solution. Specific objectives of the work include the

following.

e Improvements of existing protocols developed earlier in this group!® for EBL based
fabrication of periodic arrays of Au nanodots on fused silica supports. These included, in
particular, the usage of a 10 keV acceleration voltage combined with an improved design
for anti-charging coatings when doing EBL exposures of a resist on FS supports in order

to fabricate arrays of Au nanodots with a 50 nm pitch.
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Diversification of nanofabrication methods for metallic plasmonic nanostructures. Tests
of helium FIB milling for the fabrication of periodic arrays of pits in Au films on FS
supports.

Diversification of plasmonic substrate designs. The target designs included periodic
arrays of Au nanodots on FS supports and periodic arrays of Ag nanodots on indium tin
oxide supports; the latter in collaboration with Dr. Karthik Shankar’s group. In addition,
self-assembled Au nanostructures on FS supports created by physical vapor deposition
(PVD) method were adopted for some of characterization experiments.

Diversification of multifunctional nano-biological designs that interface plasmonic
substrates with biological materials. The main focus here was on an immobilization of
analyte molecules on the substrates via specific binding to dedicated anchor compounds.
However, a more flexible design that interfaced a solution containing protein molecules
with a plasmonic substrate was also employed to induce and characterize liquid-liquid

phase separation in the solution.
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3. Equipment

This chapter introduces key instruments used for the research.

3.1. Raith 150™° EBL Instrument

CHIPSCANNER150
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Figure 8: Image of the Raith 150™© EBL system (https://raith.com/product/raith150-two/)

present at the fabrication and characterization facility nanoFAB, University of Alberta.

The Raith 150™° (Figure 8) is a powerful electron beam lithography tool with ultra high-
resolution capabilities. Acceleration voltages are available in broad regimes of 0.1 — 30 keV for
both exposure and imaging. This system has a capacity of handling a wafer size from a few mm to
8 inches through a load locking function and provides robust capability of writing features smaller

than 5 nm, overlay alignment better than 40 nm, field stitching errors about ~25 nm, and can pattern
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nanostructures over a wafer with a 150 mm diameter. Furthermore, this tool also allows handling
of up to 7-inch masks and doing fixed beam moving stage (FBMS) exposures. Automated wafer
scale e-beam writing, focus correction, and beam tracking with increased e-beam stability are

available. The system is equipped with an environmentally controlled enclosure.

3.2. Zeiss ORION NanoFab Ion Beam System with Ga*/He" FIB

Figure 9: Zeiss ORION nanoFab lon Microscope (https://www.zeiss.com) present at the

University of Alberta.

The Zeiss ORION NanoFab microscope (Figure 9) is a unique and powerful tool for both
microscopic imaging and nanofabrication employing He" and Ga* focused ion beams. When the

instrument is employed as a helium ion microscope (HiM), it provides large depth of field and
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superb surface sensitivity with the ion beam energy range from 10kV to 30kV and beam current
range from 0.1 to 100 pA. That enables the HiM to provide very high resolution down to sub 0.5
nm on insulating materials and devices. Ultra-high resolution of nanofabrication can be achieved
by direct milling (patterning via material removal) or by lithography (resist exposure and pattern
transfer). In particular, the focused He" ion beam allows milling of very delicate nanometer
structures with sizes down to 10 nm with ease, whereas the Ga" FIB can be employed for bulk
micromachining at larger scales. Moreover, this sophisticated system also provides, direct imaging
of insulating materials (no need to prepare the surface), and controlled patterning and imaging by
using the NanoPatterning and Visualization Engine (NPVE) software system — an integrated

hardware and software control system.

3.3. Scanning Electron Microscopes (SEM)

A scanning electron microscope (SEM) is a type of electron microscope broadly used to
visualize surfaces of materials. SEM images of samples are produced by raster-scanning the

samples®*?

with a focused beam of electrons and measuring the backscattered electron current to
provide an image contrast. Information about morphology, orientation of grains, surface
topography, and composition of a material can be provided. Crystallographic analysis is also
possible. Importantly, SEM provides a very high resolution of imaging down to 1 nm and better.

Although traditionally SEM instruments have operated in a high vacuum mode, some of recent

systems allow wet conditions (environmental SEM) and variable pressure in the vacuum chamber.
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3.3.1. Zeiss SIGMA Field Emission SEM System

ZEINS)

SIGMA /P

Figure 10: Zeiss SIGMA field emission scanning electron microscope (https://www.zeiss.com

/microscopy/en/products/sem-fib-sem/sem/sigma.html) present at nanoFAB, University of

Alberta.

The Zeiss SIGMA field emission scanning electron microscope (Figure 10) is equipped
with a dedicated system that allows the SEM tool to offer high quality imaging with excellent
surface sensitivity while operating at low kV regimes. Furthermore, this SEM tool is equipped

with an in-lens secondary electron (SE) detector and a backscattered electron detector (BSD) to
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ensure efficient signal detection. In addition, this instrument simultaneously combines energy
dispersive X-ray spectrometry (EDS) and electron backscatter diffraction (EBSD) acquisition with
the Oxford AztecSynergy system. This provides accurate phase identification and fast mapping.
In the present work, this SEM instrument was utilized for imaging of metallic nanostructures on

silicon, fused silica and ITO substrates.

3.3.2. Hitachi S4800 Field Emission SEM (FESEM) System
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Figure 11: Hitachi S-4800 Field Emission Scanning Electron Microscope (FESEM) system

(https://www.hitachi-hightech.com/global/products/science/appli/em/fe-sem/) present at

nanoFAB, University of Alberta.

The Hitachi S4800 field emission scanning electron microscope provides a resolution of 1-
2 nm depending upon the accelerating voltage (Figure 11). This FESEM system is configured for
imaging with different detectors for secondary and backscattered electrons and is equipped with a

cold field emission gun (c-FEG). These detectors can be used in parallel for visualization of both
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surface morphology and composition of the sample. Additionally, the Hitachi FESEM system’s

cryo-holder is cooled down by employing liquid nitrogen for better stability and resolution.

3.4. Renishaw inVia™ Confocal Raman Microscope

Figure 12: Renishaw InViaTM Raman Microscope (https://www.renishaw.com/en/invia-

confocal-raman-microscope--6260) present at the nanoFAB, University of Alberta.

The inVia Qontor confocal Raman microscope (Figure 12) is a powerful and flexible
Raman instrument with the capabilities of focused analysis of samples in both two and three
dimensions. Various surfaces i.e. smooth, rough, flat or round can be probed. This instrument is
well suited for both microscopy and macro-imaging as it is equipped with four objective lenses:
5X, 20X, 50X, and 100X. Three lasers with excitation wavelengths of 532 nm (50 mW), 633 nm
(17 mW) and 785 nm (300 mW) are available. The instrument allows the user to identify the
regions on a substrate which are providing the highest Raman signal. Importantly, this Raman
microscope is equipped with the LiveTrack™ focus tracking technology that automatically
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maintains optimum focus during data collection. All the features combined provide a high signal

throughput, high spectral resolution, high sensitivity and stability.

3.5. Kurt J. Lesker Electron Beam Evaporator and PVD Method

Figure 13: Kurt J. Lesker electron beam evaporator (GOMEZ) (https://www.lesker.com/) present

at the nanoFAB, University of Alberta.
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A Kurt J. Lesker electron beam evaporator (Figure 13) is used for physical vapor
deposition (PVD) of a variety of materials via the electron beam heating process. This e-beam
evaporator has 4 pocket holders for loading of 4 crucibles that allow deposition of multiple layers
of different materials. The base pressure can go below 7x107 Pa (5x1077 Torr) within 1 hour. The
crucibles’ cooling system provides a uniform temperature gradient within the metal, allowing for
a consistency between deposition runs and minimum contamination by the crucible material.

The instrument comprises a bell jar shaped to improve directionality in the deposition
instrument with a significant distance between the sample holder and the metal crucible. Electron
beam evaporation is a “line-of sight” process where atoms travel from the source to the sample in
a straight path and only can reach locations in direct view with no obstacles along the path??4,223,
Directionality is particularly important when this technique is used for metallization of high-
aspect-ratio EBL resist patterns, when a possibility of "flagging" may interfere with subsequent
liftoff and negatively impact the ultimate resolution of the patterning process. “Flagging” is
unwanted retention of metal when lift-off does not occur properly. This may happen when the
edges of resist are covered by metal without a gap between the metal on top of the resist and the
metal on the substrate’?®. To prevent "flagging", re-entrant profiles can be used. A re-entrant
profile is a resist pattern that has undercuts or is concave-shaped. Such a shape can help to prevent
edges of the resist from metallization. Concavity or undercuts often arise naturally after
development of EBL resists, especially when the resist was exposed with low-kV electrons beams
that broaden due to scattering'®. Alternatively, double layer resists can be used to create undercuts.
A double layer resist involves depositing a second layer of lower sensitivity resist material on top

of the first layer, which can help to hold the edges of the resist pattern in place®*%?’.
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When fabricating high-resolution nanostructures, it is important to carefully choose the
deposition technique out of many available options. Alternatively to line-of-sight electron beam
deposition, conformal coating methods such as, for example, chemical vapor deposition (CVD)
produce a uniform film over the entire surface of 3D features without requiring a direct-view
geometry?>>228, Although conformal CVD methods are used broadly for uniform coating of high-
aspect ratio 3D nanostructures, they are not suitable for metallization of EBL resists. For this

reason, the Kurt J. Lesker’s PVD system was employed for metallization in the present work.

3.6. Brewer’s Cee 200X Spinner and Cee 1300X Hotplate

Cost Effective Equipment

Figure 14: Brewer Science Cee 1300X hotplate (left) and Cee 200X spinner (right)

(https://www.brewerscience.com/) present at the nanoFAB, University of Alberta.

The Brewer Cee 200X spinner is used for spin-coating the samples at a high spin speed up

to 10,000 rpm and fast ramp rates with a high torque. The consistency in the thickness of spin-
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coated resist is enhanced due to the top cover design of the spinner. The Cee 1300X hotplate is
used for baking samples right after the spin-coating. The top cover of the hotplate also helps in
providing the consistency in baking the resists samples. Figure 14 illustrates the spinner and the

hotplate at the University of Alberta’s nanoFAB.

3.7. J.A. Woollam M-2000V Spectroscopic Ellipsometer

Figure 15: J.A. Woollam M-2000V spectrometric ellipsometer (https://www.jawoollam.com/

products/m-2000-ellipsometer) present at the nanoFAB.
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Ellipsometry is an optical technique that is used to measure the thicknesses of thin films and
characterize surface roughness through measurements of dielectric properties of materials. The
J.A. Woollam M-2000V ellipsometer (Figure 15) offers fast data acquisition, wide spectral range,
and an advanced optical design. The spectral range of 370-1000 nm comprises 390 wavelengths
that can be measured at different angles of incidence. In particular, the instrument can determine
the thickness of a polymer coating on opaque substrates such as silicon with a 0.01 nm accuracy,

and on transparent substrates such as fused silica with a 10-20 nm accuracy.
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4. Results and Discussion

4.1. Fabrication of Plasmonic Nanostructures

This research work pursued the fabrication of periodic arrays of plasmonic Au and Ag
nanostructures on two dielectric substrates: fused silica (FS) and indium tin oxide (ITO). Electron-
beam lithography (EBL) was used as a primary nanofabrication method. For comparison, Si
substrates were also employed in some EBL designs. To broaden the nanofabrication capabilities,
the helium FIB milling was employed to fabricate periodic arrays of pits in Au layers on FS
substrates. In addition, self-assembled Au nanostructures on FS substrates were created by the

physical vapor deposition (PVD) method to perform some of characterization experiments.

4.1.1. EBL Fabrication of PMMA Masks on FS, Si and ITO Substrates

Nanostructured masks consisting of periodic arrays of dots (pits) in a layer of positive tone
electron-beam resist polymethylmethacrylate (PMMA) on FS, ITO, and Si substrates were
fabricated over an area from approximately 2,500 um? to 14,400 pum? using EBL. The EBL
fabrication of PMMA masks on FS substrates included the following steps: (1) deposition of
PMMA resist and an anti-charging layer of a conductive polymer on the substrate via spin-coating;
(2) electron beam lithography exposure; (3) removal of the conductive polymer; and (4) removal
of soluble regions of the resist (development) as shown in Figure 16. In contrast to the FS
substrates, the fabrication of PMMA masks on ITO and Si substrates did not require an additional

conductive coating on top of the PMMA resist due to the inherent conductivity of the substrate.
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Figure 16: Nanofabrication scheme for PMMA masks on FS substrates using EBL.

To prepare the samples for EBL exposures, the FS and Si substrates were cleaned in piranha
(H2S04:H203, 3:1) solution. The ITO substrates (from Guluo Glass) were provided by Navneet
Kumar (Dr. Karthik Shankar’s group). The ITO substrates were rinsed with de-ionized (DI) water

and then placed in a sonication bath with acetone and methanol solutions for 10 minutes each. The
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cleaned substrates were spin-coated with a 90 nm layer of PMMA 950K A2 resist. To avoid
degradation of the writing pattern during EBL exposures on FS substrates, an additional 60 nm thick
protective layer of water-soluble conductive polymer Electra 92 (Allresist GmbH) was applied on
the top surface of PMMA as schematically shown in Figure 17(a). As already mentioned, in the case
of Si and ITO substrates, no anti-charging layer was needed on top of PMMA. The corresponding
samples after spin-coating are shown in Figure 17(b, c). The thicknesses of both PMMA and Electra

92 layers were verified using a J.A. Woollam VASE® Ellipsometer, M-2000V (Section 3.7).

E-beam

Fused Silica

[ Electra 92, 60 nm
(a) B PMMA, 90 nm

E-beam

Silicon

B PMMA, 90 nm
(b)

E-beam

Indium-tin-oxide (ITO)

E PMMA, 90 nm

(c)
Figure 17: (a) — Scheme of samples for EBL fabrication of periodic arrays of dots in PMMA on

FS (a), Si (b), and ITO (c) substrates.
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Figure 18: SEM image of dose gradient testing bar for a periodic array of single-pixel dots with a

50nm pitch in PMMA.

For EBL exposures, the Raith 150TV© instrument (Sect. 3.1) was employed. A relatively low
accelerating voltage of 10 keV was selected to achieve a greater sensitivity. An optimal exposure
dose of 2.7 fC/dot was identified from a dose gradient test for the periodic pattern consisting of 50
nm pitch dots in PMMA as illustrated in Figure 18. Following the EBL exposure of the samples on
FS, the conductive layer was removed by placing the samples into deionized (DI) water for 60s. The
samples on Si and ITO substrates did not require additional conductive coating, whereas the other
process steps were the same. The samples were developed during 20s in a solution of isopropanol
with water (IPA:water, 7:3) followed by rinsing in IPA for 10s at ambient temperature. The resulting
pattern in PMMA of a FS substrate after development is presented in Figure 19(a). For comparison,
similar 50 nm pitch arrays of dots fabricated in PMMA on Si and ITO substrates are shown in Figure
19(b, c).

As can be seen in Figure 19(a), EBL nanopatterning with a 10 keV accelerating voltage allows
the fabrication of high-quality periodic arrays of dots with a 50 nm pitch in PMMA on FS supports.
To fabricate this periodic pattern, a 60 nm thick conductive coating of Electra 92 polymer was
applied on top of the PMMA resist. Exposure doses from 2.1 fC/dot to 2.7 fC/dot were required to
produce a successful periodic pattern in PMMA under these conditions. This exposure dose

window is close to the doses of 2.4-3.0 fC/dot employed earlier to fabricate arrays of dots with a
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similar 50 pm pitch in PMMA on fused silica supports using a different conductive polymer,
aquaSAVE (Mitsubishi Rayon) with a 30 keV accelerating voltage'*?**2%. Also, the required EBL
exposure doses are 2.5-2.9 times higher than the doses of 0.72-1.10 fC/dot needed to fabricate 50
nm pitch dots in PMMA on Si substrates without the conductive layer with a 10 keV accelerating
voltage (see Figure 19(b)). To better understand the reason of the difference, the EBL simulator

231:232 was used to calculate the yield of main-chain scission in PMMA with and

developed earlie
without the Electra 92 coating. Figure 20(a) and Figure 20(b) present cross-sections of the
predicted 3D scission patterns in the periodic, 50 nm pitch arrays of dots for the samples’ designs
as depicted in Figure 19(a) and Figure 19(b), respectively. The exposure doses and other
conditions used in the simulations matched the experimental settings. As can be seen in
Figure 20(a), the 10 keV electron beam undergoes a significant broadening and absorption when
it travels through the layer of conductive polymer before reaching the PMMA resist. This
broadening may explain the relatively high exposure doses required to fabricate the dots in the
Electra 92 coated samples with 10 keV accelerating voltages. Nevertheless, the broadening of the
electron beam has not prevented the fabrication of high-quality periodic arrays of nanodots in
PMMA. Unlike different anti-charging schemes reported earlier'®**!:>32, the usage of Electra 92
conductive coating has allowed the fabrication of highly regular 50 nm pitch dots in PMMA on
fused silica substrates using electron beam exposures with relatively low accelerating voltages of
10 keV. Although this comes at the expense of certain loss in sensitivity in comparison to similar
nanopatterning on Si supports without the conductive coating, the capability to fabricate periodic

arrays of nanodots in PMMA on dielectric supports is instrumental for the subsequent fabrication

of plasmonic nanostructures.
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Figure 19: (a) — HIM image of an array of 50 nm pitch dots (pits) in PMMA on a FS substrate
after a 10 keV, 2.7 fC/dot exposure, subsequent development and deposition of 10 nm layer of Au;
(b) — SEM image of a similar array in PMMA on Si after a 10 keV, 1.0 fC/dot EBL exposure and
subsequent development; (c) — HIM image of 50 nm pitch arrays of dots in PMMA on ITO

substrate with exposure dose at 0.96 fC/dot right after the development.
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Figure 20: Simulated®*!**? yield of main-chain scission per monomer for a periodic dot array with
a 50 nm pitch, in 90 nm thick PMMA resist on a FS substrate with a 60 nm coating of Electra 92
(a) and on a Si substrate (b) without additional coating, using a 10 keV accelerating voltage and
the dose of 2.7 f{C/dot (a) and 1.0 fC/dot (b). In the images, X is width and Z is depth in the PMMA

layer. The legend bar annotates the yield of main-chain scission.

In order to fabricate similar 50 nm pitch arrays of nanodots in PMMA on ITO substrates, the
exposure dot doses were tested through the EBL simulator’!. According to the simulations, the
predicted optimal exposure dose for ITO substrates is approximately 1.0 fC/dot, which is close to
the corresponding optimal dot dose for the Si substrate, as shown in Figure 21. Subsequently, the
doses were tested experimentally using the gradient dose bar presented in Figure 18. According to
the experiments, the exposure doses required for the fabrication of the 50 nm pitch arrays of dots
were in the range of 0.6 — 1.20 fC/dot, with an optimal dose about 0.95 fC/dot. A pattern exposed at
a dose of 0.96 fC/dot is shown in Figure 19(c). Therefore, both the experiments and the simulations

indicate that the optimal exposure doses are similar for Si and ITO substrates.
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Figure 21: The EBL simulation®! results for main-chain scission yield after exposure (left) and
for clearance profiles after development (right) in a 90 nm thick PMMA resist on Si and ITO
substrates. For EBL exposures, 10 keV accelerating voltage was used with the dose rate of 0.9
fC/dot for Si and 1.0 fC/dot for ITO. The development conditions were as in the experiments. For
the scission yield (left), the color coding is as in Figure 20. For the clearance profiles (right), red

color indicates the remaining resist and blue color shows the locations where the resist is removed.
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4.1.2. Fabrication of Plasmonic Nanostructures Using PMMA Masks

The patterned PMMA was used as a mask to fabricate periodic 50 nm pitch arrays of Au
nanodots on FS supports. For this purpose, a 10 nm layer of Au was deposited on top of PMMA by
electron evaporation using a Kurt J. Lesker system (Sect. 3.5). The samples were subsequently
immersed in acetone for 10 minutes and then lift-off was performed by sonication in acetone for 1
min to remove the PMMA and overlying Au as illustrated in Figure 22. The resulting array of Au
nanodots with a 50 nm pitch on a FS substrate is shown in Figure 23. The fabricated arrays contained

1000x1000 Au nanodots in total.

Patterned PMMA Fused Silica

Metal deposition Fused Silica

Lift-off Fused Silica

Figure 22: Illustration of the metallization and liftoff steps to obtain periodic arrays of Au
nanodots on FS substrates where yellow color shows the PMMA resist and pink color represents

Au metal.
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Figure 24: (a) — HIM image of a periodic 1000 x 1000 array of Ag nanodots with a 50 nm pitch
on an ITO substrate; (b) — SEM image of a periodic 120 pm x 120 um array of Ag nanodot
heptamers with a 400 nm pitch and a 50 nm distance between the dots within each heptamer (also
on an ITO substrate). To fabricate the corresponding PMMA masks, the exposure dose rates of

1.04 fC and 1.2 fC were used, respectively.
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In a framework of our collaboration project with Dr. Karthik Shankar’s group, arrays of
plasmonic nanostructures on the ITO-substrates were fabricated following similar procedures.
Specifics of this collaboration required Ag nanopatterns in place of Au. A 10 nm layer of Ag metal
was deposited over PMMA masks on the ITO substrates using electron evaporation; the Ag-coated
samples were placed in an acetone-filled beaker for 10 minutes; and then lift-off was performed by
sonication in acetone for 1 min. Figure 24 illustrates two designs, a simple square array of Ag
nanodots at 50 nm pitch (a) and a periodic array of heptamer structures with a 50 nm inter-dots
distance and a 400 nm pitch (b). Large arrays extending 120 pm x 120 um were created for the

heptamer structures for future testing.

4.1.3. Improved Protocol of EBL-Based Nanopatterning on Dielectric Substrates

Initially, the protocol developed in the group earlier'® was selected for the EBL-based
fabrication of nanostructures on dielectric substrates. However, modifications of the protocol have
been required in the course of the work. As described in Sect. 4.1.1, new conductive polymer,
Electra 92, was employed for anti-charging protection during EBL exposures instead of
AquaSAVE. The replacement of the conductive polymer was required due to its availability. As a
consequence of somewhat lesser sensitivity of the new conductive polymer, a decrease of the
accelerating voltage from 30 keV to 10 keV was required in order to efficiently pattern the PMMA
masks. Development and testing of the corresponding protocols, as described in Sect. 4.1.1 and
4.1.2, resulted in the first successful fabrication of periodic 50 nm pitch arrays of dots in PMMA
on FS supports using 10 keV EBL exposures achieved in this group. In addition, details of sample
preparation and processing at the University of Alberta’s nanoFAB have undergone adjustments
in response to the evolution of available instruments and procedures. The updated nanofabrication
protocols for plasmonic nanostructures are listed below.
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1. Substrate preparation

1.

ii.

iii.

The Disco DAD 3840 dicing saw is used to cut the fused silica or silicon wafers accurately
and precisely into samples of approximately 1 cm x 1 cm size.

The samples are cleaned in piranha (H2SO4:H202, 3:1) solution bath for 15-20 min, rinsed
with DI water, and dried with nitrogen.

The samples are placed on the Cee 1300X hotplate (Sect. 3.6) at 180° C face up for 3 min

until they cool to the room temperature (RT).

2. Spin coating of the resist and conductive layer on the substrate and baking

1.

1l

1il.

1v.

The sample is placed on the Brewer Science Cee 200X spinner (Sect. 3.6) and centered
on the vacuum chuck. A drop of PMMA resist is put on the center of the sample using a
glass pipette. The sample is spun for 60 sec at 3500 rpm with a ramp time of 2 sec.

The PMMA coated sample is baked for 3 min at ~180° C. After baking, the sample is
allowed to cool down to RT.

After baking and cooling of the PMMA coated sample, the sample is put on the vacuum
chuck of the spinner again. A drop of conductive polymer Electra 92 is put on the center
of the sample, and the sample is spun at 2000 rpm for 60 sec.

The sample is put on the hotplate at 90° C for 2 min, and then let to cool down at RT.

Note: Prior to baking, it is beneficial to first clean the entire support wafer of silicon in the hotplate

with isopropanol and dry the wafer with nitrogen. Then, the silicon wafer is placed back on the

hotplate. As soon as the temperature of the wafer has reached ~180° C, the sample can be put on

top of the silicon wafer.
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3. EBL exposures

i.  The substrate is loaded into the Raith 150™©° EBL system’s chamber (Sect. 3.1). For
convenience, leaving a very fine mark from the bead edge pen is helpful for focusing and
finding where the pattern will be exposed.

ii.  The required focusing, aperture control and stigmation adjustment are performed to
obtain the circular carbon dot of <30 nm. If the exposed carbon dot diameter is less than
30 nm and completely circular, the write field alignment is done, and exposure of the

pattern can be performed.

4. Removal of conductive polymer and development of exposed samples.

i.  Firstly, a beaker is filled up with DI water. Exposed samples are placed in the beaker
for 60 sec for the removal of conductive polymer Electra 92.

il. A second beaker is filled with the developer mixture (IPA:H>0O, 7:3) and the mixture
is stirred for 5 min at RT. Also, a third beaker with a high purity isopropanol solution
is prepared.

iii.  The samples are placed in the second beaker, where they are moved clockwise and
counter clockwise using tweezers for 20 sec. The samples are immediately transferred
into the isopropanol, and rinsed for 10 sec by moving the samples up and down using

tweezers. Then, the samples are dried with nitrogen.

5. Metallization and liftoff

1. The samples are loaded into the Kurt J. Lesker electron beam evaporation system (Sect.

3.5) upside down along with an Au or Ag metal crucible to create a layer of evaporated
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ii.

1il.

metal on the front face of the sample. A 10 nm thick layer of Au or Ag is deposited at
a rate of 0.3-0.4 Angstrom/sec and 0.5-0.6 Angstrom/sec, respectively.

A beaker with acetone is put into the sonication system. The sonication bath is filled
with water such that the level of water matches the level of acetone. The sample is
placed into the acetone beaker for 10 min holding the sample with tweezers and
moving it clockwise and counter clockwise after every 2 2 min. Then, the sonication
system is turned on for up to 60 sec.

The samples are rinsed with isopropanol immediately after the sonication. It is highly
recommended to clean the samples with DI water as well. Then, the samples are
inspected in the optical microscope to verify that the liftoff process was successful. If

required, the sonication bath processing is repeated.

The described EBL protocols for fabrication of periodic arrays of nanodots on FS
substrates require the usage of a conductive polymer, such as e.g. Electra92, as well as adjustment
of accelerating voltage and optimizing of exposure dosage depending upon the sensitivity of the
conductive polymer. Nevertheless, the developed EBL protocol provides sufficient positional
control and resolution to fabricate high-quality periodic arrays of approximately 25 nm sized

noble-metal dots with a 50 nm pitch on dielectric substrates.

4.1.4. Fabrication of Plasmonic Nanostructures Using FIB Milling

Complementary to arrays of noble-metal nanodots, periodic arrays of nanopits or
nanopores have been reported to exhibit plasmonic properties'é*!7%!” In order to broaden the
capabilities to fabricate plasmonic nanostructures, helium FIB milling was employed to drill arrays

of pits directly in a layer of Au at a surface of a dielectric substrate.
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For this purpose, piranha-cleaned FS substrates were coated with 50 nm and 10 nm films
of Au using the Kurt J. Lesker electron evaporation instrument. Based on previous user
experiences of effective parameters for similar materials to achieve required milling depth, the
accelerating voltage of 25 keV was employed for the helium FIB exposures. A beam current of
1.27 pA with the dot dose of 2.00 pC was used for the 50 nm thick layer of Au, and a beam current
0f 0.791 pA with the dot dose of 0.5 pC was used for the 10 nm layer of Au on a FS substrate. The
optimum working range of dot doses was found to be from 0.80 pC to 0.32 pC for a 10 nm layer

of Au.

(a) (b)

Figure 25: HIM microscopy images of periodic arrays of nano-pits with a 50 nm pitch fabricated
by helium FIB milling of a 50 nm thick Au layer on a FS substrate (a), and a 10 nm Au layer on a

FS substrate.

Figure 25 presents periodic arrays of pits with a 50 nm pitch fabricated in a 50 nm thick
Au film on a FS substrate (a) and in a 10 nm thick Au film on a FS substrate (b). High quality

arrays of pits with 15-20 nm diameters were fabricated in both samples. Importantly, there is no
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need for additional anti-charging layers during the He-FIB exposures, since the Au film itself plays
the role of the protective layer reducing the dispersion of the ion beam and increasing the accuracy
of the patterning. However, the time required to fabricate an array of 99 x 99 pits in a 10 nm Au
film on FS was about 7 hours and 17 min. For comparison, it will only take around 50 sec to write
a similar array of dots in PMMA by EBL. It was concluded that, although the He-FIB milling
offers superb accuracy, heavier ions might be required to increase the efficiency of the FIB

fabrication of plasmonic nanostructures.

4.2. Bio-functionalization and Testing of Plasmonic Substrates

4.2.1. Testing of Au Nanodots on FS Supports

To verify the performance of the fabricated arrays of 50 nm pitch Au dots on FS (Figure 23)
as plasmonic substrates, SERS biodetection was attempted. For this purpose, an important
inflammation marker was targeted, protein interleukin-6 (IL-6)**. The molecular structure of IL-6
1s shown in Figure 26. The Au/FS substrates were bio-functionalized with thiolated DNA aptamers
that bind specifically to IL-6>**. Upon binding to Au nanodots via thiol groups, the DNA aptamers
were loaded with the IL-6 protein to obtain a monolayer of the [L-6/DNA complex immobilized on

Au dots in solution as illustrated in Figure 27.

Lyophilized ActiveMax® human IL-6 protein was purchased from ACROBiosystems and
reconstituted in a Tris-EDTA buffer (pH 7.9) to a solution of 4.8uM. Lyophilized IL6-binding,
thiolated DNA aptamer 5’-/5ThioMC6-D/ GG TGG CAG GAG GAC TAT TTA TTT GCT TTT
CT?* was procured from Integrated DNA Technologies Inc. and reconstituted in the buffer to a
solution of 40 pM. The author would like to thank group member, Dr. Min Wu, for her help with

preparing the IL-6 and DNA solutions.
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Figure 26: Molecular structure of IL-6 protein created with VMD software®*> using the 11L6.pdb

file from the Protein Data Bank?°.

Fused Silica

Figure 27: Scheme of the bio-functionalized samples consisting of Au/FS substrates (see Figure

23) carrying the immobilized DNA/IL-6 complex.

The steps taken for samples’ biofunctionalization are illustrated in Figure 28. The Au/FS
substrates were incubated with 100uL of the DNA aptamer solution at room temperature for 24
hours. After subsequent rinsing with Tris-EDTA buffer solution at least 2 times, the samples were

incubated with 20 uL of the IL-6 solution for 24 hours. After the incubation, the samples were rinsed
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with Tris-EDTA buffer solution again to remove any unattached biomolecules. In addition, two sets
of benchmark samples were prepared for comparison. In one of these additional sets, the Au/FS
substrates were incubated with 100 puL of the DNA aptamer solution for 24 hours and rinsed;
however, they were not loaded with the IL-6 protein. In the second set of samples, the Au/FS
substrates were incubated with 20 uL of the IL-6 solution for 24 hours without prior addition of the
DNA aptamer, and subsequently rinsed. After rinsing, all the biofunctionalized samples were
sprayed with fresh buffer solution, capped with a thin glass cover, and sealed as described

elsewhere!® to prevent evaporation of the solution and protect the samples from damage.
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Figure 28: Steps of substrate bio-functionalization: (a) — The Au nanopattern on FS support; (b)
— incubation with the solution of thiolated DNA aptamer; (c) — binding of DNA to Au nanodots;
(d) — incubation with the solution of IL-6 protein; (e) — binding of IL-6 to the Au-immobilized

DNA.

To collect Raman spectra from the samples, the Renishaw inVia Qontor confocal Raman

microscope (Sect. 3.4) was used with a 785 nm laser excitation wavelength. The 532 nm and 633
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nm excitation wavelengths were also tested; however, the 785 nm exposures resulted in better signal-
to-baseline ratios of the Raman spectra than the other wavelengths. The exposures were done at a
1.5 mW power and exposure of 10 s during each acquisition, which are typical conditions used for
this Raman microscope. A 50X objective lens and a 10X eyepiece were employed. The acquired
spectra were background-subtracted using Renishaw's Windows®-based Raman Environment
(WiRE™) software. All the samples were maintained in an aqueous environment at all times during
the entire experiment.

Figure 29 depicts a SERS spectrum from the DNA/IL-6 complex immobilized on the
nanopatterned Au/FS substrate. By the design, it is expected that the DNA strands bind to the surface
of Au nano-dots through their thiol groups (see Figure 27). After biofunctionalization of the Au/FS
substrate followed by rinsing and buffer replacement, any biological components are supposed to be
present only on the surface of the substrate in a monolayer quantity or less. Nevertheless, the spectral
region of approximately 400 - 2000 cm™!, which is often termed the fingerprint region due to its
relation to unique molecular vibrations, exhibits distinct SERS bands. Table I lists the most
pronounced bands from the spectrum in Figure 29 accompanied by interpretations based on the
literature. For comparison, Figure 30 shows a SERS spectrum of the benchmark sample after
incubation with the DNA aptamer alone, rinsing, and buffer replacement. The corresponding
spectral fingerprint represents Au-immobilized DNA aptamers without the protein attached. Major
bands of the spectrum are listed in Table I. In addition, Figure 31 presents a spectrum from the
Au/FS substrate after incubation with a solution of IL-6 protein alone, rinsing, and buffer
replacement. The low intensity of SERS bands in the spectrum in

Figure 31 indicates inefficient attachment of the IL-6 protein directly to the Au/FS substrate in the
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absence of the DNA aptamer, resulting in insufficient retention of the protein at the surface after
rinsing.
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Figure 29: SERS spectrum of the Au-immobilized DNA/IL-6 complex. The spectrum was

background-subtracted.

10000 ~

[ap]
o O
o w0
S ~—
7500
>
=
2] )
S 5000 - o &
- Q o < ~ L
c © & - O
_ 00 [e0] ~ N~ S
25004 & ¢

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

56



Figure 30: SERS spectrum of the Au-immobilized IL-6 binding DNA aptamer. The spectrum was

background-subtracted.
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Figure 31: SERS spectrum from the Au/FS substrate after incubation with IL-6 protein alone,

rinsing and buffer replacement. The spectrum was background-subtracted.

In the SERS spectrum from the Au-immobilized DNA/IL-6 complex in Figure 29, the
strongest fingerprint feature arises from an overlap of several closely positioned bands. Peaks at 1391
cm!, 1481 cm™, 1541 cm’!, and 1579 cm™ can be distinguished. In the literature, Raman bands in
the region of approximately 1350-1450 cm™ are often attributed to C-H and C-C bond vibrations in
amino acids and proteins?37->3¥239240 In particular, Raman bands reasonably close to the observed

62*7. The other bands with peaks at approximately

peak at 1391 cm™! were reported for lyophilized IL-
1481 cm!, 1541 cm’!, and 1579 cm™ can be assigned to various vibrational modes in IL-6 as
well?*723823% However, such bands are also attributable to vibrations in DNA?*!*#2_ as listed in Table
I. The next prominent feature in Figure 29, a strong and narrow peak at 1133 cm™, can be attributed
to C-N and C-C bond stretching in both DNA and IL-6 protein?*"->40241:242_ The remaining bands
peaking at 1000 cm™!, 944 cm’!, 811 cm™ and 502 cm™! have been attributed to IL-6237-239-240-241.242.

whereas the band at 587 cm™! seems to originate from DNA?*?. Finally, the band peaking at 2914
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cm™! (C-H bond stretching) is common for many organic compounds including both proteins and
DNAZ!,

The SERS spectrum from the Au-immobilized IL-6 free DNA aptamer shown in Figure 30
exhibits a prominent feature with a peak at 1563 cm™!. In Raman and SERS studies of DNA samples,
bands near this region are commonly attributed to stretching of pyrimidine ring?*!**?. Remarkably,
both the location and the apparent contribution of several closely positioned bands are reminiscent
of similar spectral feature in Figure 29, although the intensity of the highest peak is less than in
Figure 29. Other notable peaks are found at 820 cm™ (O-P-O bonds stretches in DNA?*!) and at
1140 cm™ (C-N bond vibrations in DNA?*!). For the latter, a reasonably matching band is observed

in Figure 29 at 1133 cm’'.

Table I: SERS band assignments for the Au-immobilized DNA/IL-6 complex and IL-6 free DNA

aptamer.

Raman Shifts, cm!  Assignments References

DNA/IL-6 DNA

488 Cytosine ring vibrations in DNA 171,241
502 S-S bond stretching in IL-6 239,241,242
587 Ring vibrations in DNA 241,242

645 Ring vibrations in DNA 241,242
811 C-C, C-0, and C-H bond vibrations in IL-6 240
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944

1000

1133

1259

1391

1481

1541

1579

1732

2910

820

1140

1320

1403

1563

1755

2914

O-P-O stretch in DNA

Backbone C-C stretching for a-helices in IL-6

Aromatic ring vibrations of PHE residue in IL-6

C-N, C-C vibrations in IL-6 and DNA

Amide III mode in IL-6; C-N vibrations in DNA

Guanine ring vibrations in DNA

C-H vibrations in IL-6 and DNA

CH:> and CH3 bending in IL-6;

C-N and C=N stretching in DNA

Amide Il mode in IL-6; ring vibrations in DNA

Aromatic ring vibration of TYR and PHE in IL-6;

adenine and guanine ring stretching in DNA

Amide I mode in IL-6; C=0 vibrations in DNA

C-H stretching in IL-6 and DNA

241

237,239,242

237,239,242

237,240-242

237-239,241

241

237,239-242

237,239,242

237,238,241,242

237,239,242

237-239,241

237,241

From comparison of the SERS results, it appears that the spectrum of immobilized

DNA/IL-6 complex in Figure 29 is influenced by fingerprints of both the IL-6 protein**’ and the
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DNA aptamer. The interpretation of specific bands is often not unique, since some vibrations in the
IL-6 and in the DNA occur at close frequencies. A pronounced difference across the spectra in
Figure 29 and Figure 30 relates to the intensity of major peaks. The intensities of the strongest
bands from the immobilized DNA/IL-6 complex in Figure 29 are approximately two times higher
than their counterparts from the immobilized IL-6 free DNA aptamers in Figure 30. This difference
cannot be explained by concurrent attachment of the IL-6 protein to the Au/FS substrate due to
inefficient attachment of the protein directly to the substrate. Therefore, the well-pronounced SERS
fingerprint from the DNA/IL-6 complex in Figure 29 results from specific attachment of IL-6
protein to the immobilized DNA aptamer. In particular, overlapping vibration bands from C-H, C-
N, and C-C bonds, as well as from ring-forming groups in both IL-6 and DNA produce the prominent
spectral features at 1100-1600 cm™ in Figure 29. For additional comparison, an attempt was done
to collect unenhanced Raman spectra from a drop of IL-6 solution deposited on a piranha-cleaned,
bare FS substrate without Au nanostructures. However, in the absence of SERS enhancement,
Raman spectrum of IL-6 solution could not be identified through available background-extraction
procedures due to overwhelming fluorescence signal.

To conclude, the Au/FS plasmonic substrates were confirmed to provide sufficient SERS
enhancement for the collection of the spectra from Au-immobilized DNA/IL-6 complexes, as well
as from the immobilized IL-6 free DNA. As already mentioned, some vibrations occur at close
frequencies in both the IL-6 and in the DNA, and therefore the corresponding SERS bands overlap.
Generally speaking, overlaps of SERS or Raman bands are common for bio-detection

238,239,240

applications especially when multiple biological components are present®*!. For this reason,

241

Raman/SERS spectra are often analysed in terms of cumulative vibrational fingerprints=*', rather

than individual spectral bands. Figure 29 exhibits a distinct SERS fingerprint of Au-immobilized
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DNA/IL-6 complex. From comparison of the SERS spectrum in Figure 29 and additional four
spectra from the DNA/IL-6 complex shown in Supplementary Figure 37, the characteristic
features of the SERS fingerprint for the DNA/IL-6 complex include an intense and broad bundle
of overlapping peaks between 1350 and 1600 cm'; a strong and narrow peak at 1333-1141 cm’!;
and a medium-intensity peak at 498-504 cm’!. Supplementary Table II lists the average positions
and standard deviations of the positions of these features across the five spectra. From both the
visual inspection of the spectra and the calculated standard deviations, it is clear that these features
are reproduced consistently across the repetitive SERS experiments of the DNA/IL-6 complex
immobilized on the Au/FS substrates. According to Table I, most of the bands of the repetitive
fingerprint are attributable to molecular vibrations in both IL-6 and DNA. Other bands listed in
Table I such as 587, cm’!, 811 cm™!, 944 cm™!, 1000 cm™,1259 cm™!, and 1000 cm!, although
tending to be less intense, are observed in at least three out of the five SERS spectra. Summarising,
the multiple collected SERS spectra exhibit a significant consistency of the fingerprint of the
DNA/IL-6 complex. However, certain variability has also been observed. This highlights the
importance of future development of efficient SERS spectrum recognition techniques, as outlined
earlier in Sect. 2.3.2.

Although detailed deconvolution of the spectra and their analysis in terms of individual I1L-6
or DNA bands was not pursued in this work, the applicability of the Au/FS plasmonic substrates for
SERS fingerprinting of multi-component biological samples can be considered demonstrated.
Importantly, the experiments also confirm the consistency of the SERS fingerprinting for sub-
monolayer quantities of the DNA/IL-6 complex. The amount of immobilized DNA/IL6 complexes
is not known precisely; however, with the expectation that the DNA/IL6 load of the Au dots in our

experiments is close to a monolayer, from the signal-to-noise ratio of the spectra in Figures 29
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and 37(a-d) one can infer that the sensitivity limit of the SERS detection is of the order of
approximately 1/5 of the monolayer. Assuming, from geometrical considerations, that the number
of immobilized DNA/IL-6 complexes might be close to 25 per one Au dot, the estimated detection

limit is approximately 5 complexes per dot.

4.2.2. Toward Applications of Ag/ITO Nanostructures and Au-Nanopits

As a part of the collaboration project with Dr. Karthik Shankar, preliminary tests of
photocatalytic properties, the 50-nm pitch arrays of Ag nanodots on ITO substrates (Figure 24(a))
were performed by members of their group. For these tests, photocatalytic reduction of aromatic
thiol 4-nitrobenzenethiol (NBT) into a dimerized form, dimercaptoazobenzene (DMAB)!?, was used.
For this purpose, multiple Ag/ITO samples were incubated with NBT and dried. The dried
NBT/Ag/ITO samples were exposed to a 532 nm laser, and SERS spectra were collected with the
Renishaw inVia Qontor Raman microscope. All the spectra exhibited strong SERS bands typical of
the reduced isoform DMAB', such as for example strong bands at approximately 1141 cm™!, 1390
cm ! and 1435 cm™!. Such vibration bands are not observed in the monomeric oxidized 4-NBT".
Therefore, photocatalytic plasmon-mediated reduction of NBT into DMAB occurred during the laser
exposures of the NBT/Ag/ITO samples. These preliminary tests confirm that the fabricated 50 nm
pitch arrays of Ag nanodots on ITO substrates offer a very good promise for plasmonic-induced
photocatalysis. Whereas the conclusions from these tests are very important to support the objectives
of the present thesis, the author claims the fabrication of Ag nanodots on the ITO substrates only.
The Ag/ITO sample’s functionalization with NBT, as well as the laser exposures and the collection
of SERS spectra were performed by members of Dr. Karthik Shankar group, and therefore these

results are not claimed as contributions of this thesis.
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Although both 50 nm pitch arrays, Au/FS and Ag/ITO, have proven efficient as plasmonic
substrates, it should be noted that the 50 nm pitch geometry still has room for improvements. In the
first place, this geometry exploits the buildup of plasmon-induced electromagnetic fields, which are
the strongest within narrow inter-particle gaps of about 20 nm and less**’. The desire to balance this
“near-field” electromagnetic enhancement with inter-particle gaps that could accommodate
biological macromolecules such as DNA or proteins resulted in the periodic arrays of noble metal
nanodots with a pitch of 50 nm and inter-particle gaps of 20-25 nm. However, for visible-light
excitation, collective plasmonic resonance is achieved at greater dimensions!*>!*7, In an effort to
both achieve a near-field enhancement and approach resonance conditions, we created periodic
arrays of Ag nanodot heptamers with a 400 nm pitch and a 50 nm distance between the dots within
the heptamers on ITO substrates, such as shown in Figure 24(b). Such structures are expected to
be more efficient than 50 nm pitch arrays of nanodots, for both SERS enhancement and plasmonic
photocatalysis. Tests of the fabricated heptameric structures are currently ongoing with the Dr.
Karthik Shankar group. If confirmed to be efficient, such substrates can significantly advance
applications of nanoplasmonics in the community.

One more design of nanostructures that we developed, the periodic arrays of nano-pits
fabricated by FIB milling (Figure 25), is anticipated to perform efficiently for samples that do not
involve immobilization of molecules at the surface, such as solitons®** containing the molecules.
However, this requires arrays of sizes at least 100x100 pm. As explained in Sect. 4.1.4, the He-
FIB milling that we have tested does not offer a sufficient throughput to fabricate such arrays.
Milling by heavier ions, such as Ga, might be more efficient for this purpose, albeit at the expense
of a certain loss in resolution. However, tests of Ga milling could not be accommodated in the

present work due to the instrument’s accessibility pause.
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4.3. SERS Characterization of Proteinaceous Multi-Phase Coacervates

To diversify applications of plasmonic substrates, 10 nm Au-coated FS substrates were
additionally employed to both induce and characterize liquid-liquid phase separation in

solutions of a protein termed microtubule-associated protein tau (tau)24+243

, which plays an
important role in Alzheimer’s, Parkinson’s, and several other neurodegenerative diseases.

Lyophilized recombinant human tau protein (1-441) was purchased from Bon-Opus
Biosciences. I am grateful to Jose Miguel Flores Fernandez (Dr. Holger Wille’s group,
Department of Biochemistry) for reconstitution of the lyophilized protein in HPLC water to
obtain 55.00 uM, 27.50 uM, 13.75 uM, and 5.50 uM solutions.

To prepare plasmonic substrates for subsequent characterization of the tau protein solutions,
the piranha cleaned FS substrates were coated with a 10 nm layer of Au using the Kurt J. Lesker
electron beam evaporator (Sect. 3.5). A 10 uL drop of each tau protein solution was placed in the
center of the respective plasmonic substrates. Therefore, protein molecules were contained in the
solution without specific attachment to the substrate. To prevent evaporation, the samples were
covered with a thin glass slide and sealed as described elsewhere'®. The Renishaw inVia Qontor
confocal Raman microscope (Sect. 3.4) was employed to collect confocal microscopy images and
SERS spectra of the samples. The samples were exposed with a 785 nm laser of 1.5 mW power
during 10 sec for each SERS acquisition, using a 50x objective lens.

Figure 32 presents confocal microscopy images of a 55 uM solution of tau protein on the

plasmonic substrate (Au-coated FS). Droplets of tau phase-condensate can be discerned in all the
images. The size of the droplets varies. Interestingly, the biggest droplets have formed regular

circular structures of 100-200 pm in diameter. Such morphologies can be attributed to an unusual

phenomenon known as the multiphase coacervation®* — a process when a solution of charged
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macromolecules undergoes a separation into multiple liquid phases. Figure 33 shows representative
SERS spectra gathered at different locations: from the interior of a circular structure (a); from a large
droplet at the periphery of the circle (b); and from outside of the circular structures. The highest
intensity of the characteristic 1333-1350 cm™! band is observed from a large drop at the periphery
of the circle. The differences across the three SERS fingerprints may indicate the coexistence of at

least three liquid phases in the 55 uM solution of tau protein.

' Tas ‘e
WIS

Figure 32: Confocal microscopy images (Renishaw inVia Qontor) of phase-condensate droplets
in a 55 uM solution of tau protein on a plasmonic Au/FS substrate. The size bars are 50 pm (left)

and 20 um (right). Unexpectedly, the largest droplets have formed multiple circular structures.

For comparison, Figure 34(a) presents a confocal microscopy image of a 27.50 uM solution
of tau protein on a plasmonic Au/FS substrate. Quasi-circular structures of approximately 100-200
um in size are clearly visible; however, smaller droplets of phase-condensate cannot be discerned.
The corresponding SERS spectra taken inside of a circular structure (b), at its periphery (c), and
outside (d) feature several strong peaks. Unlike the spectra shown in Figure 33, the highest
intensities of the SERS bands are found inside the circular structures. Spectral fingerprints from

inside and outside of the circular structures are dramatically different.
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Figure 33: SERS spectra of the tau protein phase-condensates from Figure 32: (a) — Inside the

circle of droplets; (b) — from a large droplet at the periphery of the circle; (c) — outside of circles

of droplets.
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Figure 34: (a) — Confocal microscopic image of potential phase separation in a 27.50 uM solution
of tau protein on plasmonic Au/FS substrate; (b — d) — the corresponding SERS spectra taken inside

(b), at the periphery (c), and outside (d) of the quasi-circular structures.
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Figure 35: (a) — Confocal microscopic image of a 13.75 uM tau protein solution on plasmonic

Au/FS substrate; (b) — the corresponding SERS spectrum.

Next, Figure 35(a, b) depict confocal microscopy image (a) and the corresponding SERS
spectrum (b) for a 13.75 uM solution of tau protein on an Au/FS substrate. No phase separation is
discernible in (a). Positions of Raman bands of the spectrum in (b) are reasonably close to those in
Figure 34(d), although the intensities are lower. For the 5.50 uM, no phase separation was detected
either. Positions of SERS bands were close to those in Figure 34(d).

Summarizing, from these data one can infer that the solutions of tau protein with
concentrations of 27.50 uM and 55 pM are prone to undergo at least two sequential phase
separations. The first phase separation is illustrated by Figure 34. In this case, droplets of 100-200

um in size have formed. Based on the intensities of the Raman bands, on can infer the droplets are
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enriched in tau, whereas the surrounding regions are depleted. The difference in Raman
fingerprints may indicate that the phase separation could be accompanied by a change in
conformations of the tau protein. The data in Figure 32 and Figure 33 suggest a more complicated
process. One can hypothesize that the confocal microscopy images in Figure 32 might result from
a two-stage process that comprises formation of 100-200 um droplets of a depleted solution of tau
embedded in more concentrated background; this is followed by second phase separation into
smaller micro-droplets containing highly concentrated tau protein. Of course, these preliminary

hypotheses require confirmation.
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Figure 36: Confocal microscopy image of a 55 uM solution of tau protein (a) and a corresponding

Raman spectrum (b) on a bare FS substrate without Au coating.
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n order to better understand the role of the Au coating present at the surface of the FS
substrates, a 55 uM tau protein solution was placed on a bare piranha-cleaned FS substrate without
Au coating and characterized. Figure 36(a) shows a representative confocal microscopy image.
Although the image exhibits lines reminiscent of phase boundaries, and some of these lines form
elliptic structures of 100-200 pum in size, smaller phase-condensate droplets cannot be discerned.
The Raman spectral fingerprints (Figure 36(b)) were uniform across the sample, with the
intensities of the characteristic 1375 cm™! band 40-70 times lower than in similar solutions on a
Au-coated FS substrate. One can cautiously hypothesize that the presence of plasmonic Au coating
may both facilitate the second liquid-liquid phase separation in tau protein solutions and produce
the enhanced SERS signals. If this interpretation is confirmed by future studies, then the
community will receive an unprecedented in-vitro technique for interrogating morphological,
structural, and dynamical properties of proteinaceous phase-condensates. This may provide a
missing link toward development of preventive treatments for Alzheimer’s and Parkinson’s
diseases. In a broader context, it would be possible to create diverse multifunctional
nanoplasmonic architectures combining material modulation functions with SERS

characterization of ongoing physico-chemical processes in-situ within the same device.
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5. Conclusions and Outlook

In this thesis work, the existing methods'® for EBL-based fabrication of PMMA masks on
dielectric supports have been extensively modified. New conductive polymer, Electra 92, was
employed to create a protective layer to avoid distortions due to charging of the fused silica (FS)
substrate during EBL exposures. This was accompanied by a decrease of the accelerating voltage
from 30 keV to 10 keV, as well as the corresponding optimization of the exposure doses. Computer

simulations'®

> were used extensively to better understand the impact of the protective layer onto the
broadening of the electron beam in the sample. High-quality periodic arrays of 50 nm pitch nanodots
were fabricated in PMMA on FS supports, although the simulations have predicted a significant
broadening of the electron beam due to the added thickness of the conductive polymer. This is the
first successful fabrication of periodic 50 nm pitch arrays of dots on FS supports using 10 keV
EBL exposures achieved in this group. The patterned PMMA was used as a mask to fabricate
plasmonic nanostructures that comprised periodic arrays of 50 nm pitch Au nanodots on FS supports.
The 50 nm periodicity of Au dots with 20-25 nm inter-dot gaps was selected in an effort to obtain
the near-field electromagnetic enhancement of plasmonic waves in the arrays of Au dots.

To test the performance of the Au/FS nanostructures as plasmonic substrates, the samples
were used for SERS characterization of an important inflammation marker, protein IL-6. The IL-6
protein was immobilized on the substrate’s surface via specific binding to a Au-attached IL-6 binding
DNA aptamer. Pronounced SERS fingerprints of the immobilized DNA/IL-6 complex were
obtained. These fingerprints exhibited distinct difference from immobilized DNA without the

protein, even though both the DNA/IL-6 complex and IL6-free DNA were present at the surface

of the substrates in sub-monolayer quantities. This extremely high sensitivity confirms that near-
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field plasmonic effects in the 50 nm pitch Au dots on FS substrates result in sufficient SERS
enhancement for fingerprinting of immobilized multi-component biological samples.

Next, in a framework of the group’s collaboration project, 10 keV EBL was employed to
fabricate plasmonic Ag nanostructures on indium tin oxide (ITO) supports. Computer simulations'®
were performed to rationally optimize the required exposure doses. The computational predictions
of the optimal doses were followed by experimental tests. Together with the simulations, these tests
have identified the applicable exposure dose regimes. 50 nm pitch arrays of nanodots were
successfully fabricated in PMMA on ITO substrates, and used as a mask for the fabrication of 50 nm
pitch arrays of Ag nanodots on ITO. The performance of the fabricated Ag/ITO nanostructures as
plasmonic substrates has been tested by the collaborator’s group. According to the preliminary tests,
the Ag/ITO substrates have demonstrated a very good promise for inducing plasmonic-triggered
photocatalytic reduction of an aromatic thiol compound.

In order to complement near-field plasmonic effects with collective plasmonic resonance,
400 nm pitch arrays of heptamers consisting of seven Ag dots with 50 nm inter-dot distances were
fabricated on ITO substrates. Currently, the improved Ag/ITO plasmonic nanostructures are
undergoing characterization in the collaborator’s group. If confirmed to be efficient, such substrates
can significantly advance applications of nanoplasmonics in the community.

Complementary to arrays of noble-metal nanodots, periodic arrays of nanopits or
nanopores are also known to exhibit plasmonic properties!®+17617° In order to additionally broaden
the capabilities to fabricate plasmonic nanostructures, helium FIB milling was employed to create
arrays of pits directly in a layer of Au on a FS substrate. High quality periodic arrays of 15 nm wide
pits in Au films on FS substrates have been successfully fabricated. However, in its current form the

He-FIB technique is significantly slower than EBL, which limits its applicability to fabricate large
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arrays of plasmonic nanostructures. In the future, heavier ions might be employed to increase the
efficiency of FIB fabrication, although at the expense of a loss in resolution.

In order to additionally test potential multifunctional applications, plasmonic substrates
created by PVD deposition of Au on FS supports were employed to characterize liquid-liquid
phase separation in a solution of microtubule-associated protein tau, which plays an important role
in Alzheimer’s, Parkinson’s, and several other neurodegenerative diseases. In this experiment,
protein molecules were contained in a solution without specific attachment to the substrate. The
results suggest that plasmonic nanostructures may facilitate multiphase coacervation — a process
when a solution of charged macromolecules undergoes multiple separations into coexisting liquid
phases. If this is confirmed by future studies, then the community will receive an unprecedented
in-vitro technique for interrogating morphological, structural, and dynamical properties of
proteinaceous phase-condensates. This may provide a missing link toward development of
preventive treatments for several severe diseases associated with protein misfolding.

Summarizing, the results reported here demonstrate that plasmonic nanostructures could
potentially serve for a broad variety of applications. These may include ultra-sensitive SERS
biodetection; plasmonis-triggered photocatalysis; induction of phase-separation phenomena in
solutions; as well as multifunctional integration thereof. Furthermore, due to their planar geometry
and selection of materials, the developed plasmonic substrates are compatible with both integrated
microelectronics and microfluidics settings'®?4”. The challenges relate primarily to the efficiency
and cost of the direct-write processes such as EBL or FIB. Further optimization would address, in
the first place, improvements of the sensitivity of EBL and/or FIB nanopatterning. In particular, in
case of EBL this would include adjustments of the design for both the resist and the protective anti-

charging coating, as well as continued co-optimization of low-kV exposure and development
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processes. Alternatively, in case of FIB, a trade-off of the pattern dimensions with the ion mass and

acceleration voltage is required to increase the efficiency.
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Appendix

Supplementary Figures
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Figure 37: Additional SERS spectra of Au-immobilized DNA/IL-6 complex after background

subtraction. The arrows indicate characteristic features of the fingerprint.
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Supplementary Tables

Table II: Average positions and standard deviations of characteristic features of the SERS

fingerprint of Au-immobilized DNA/IL-6 complex.

Characteristic features Average position (*) | Standard deviation (*)
of DNA/IL-6 SERS fingerprint (cm™) (cm)
1. Broad bundle of overlapping peaks 1501.4 19.5

between 1350 and 1600 cm™

2. Strong, narrow peak at 1333-1141 cm™ | 1135.4 3.5

3. Medium-intensity peak at 498-504 cm™ | 501.8 2.3

(*) The average positions and the standard deviations are calculated across the five SERS spectra

in Figures 29 and 37(a-d).
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