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ABSTRACT

Surface plasmon resonances (SPR) have been exploited through various means for the
realization of label-free, surface-sensitive chemical analysis and imaging, all of which rely on the
interactions between the local environment and the evanescent electric fields generated by the
surface plasmons at the metal-dielectric interface. Plasmonic crystals are a versatile platform for
the tunable coupling of light into surface plasmon modes, and soft nanoimprint lithography
represents a class of fabrication techniques capable of inexpensive, high fidelity replication of
nanoscale features over large areas; these methods are well-matched for surface-enhanced
sensing applications whose performance depends strongly on these fabrication characteristics.
The work presented in this dissertation focused on the development of new surface-enhanced
Raman spectroscopy and surface plasmon resonance imaging modalities based on this
nanostructured plasmonic crystal platform. Nanostructured plasmonic crystals were patterned
onto the tips of silica optical fibers using a soft embossing method for use as single-fiber SERS
optrodes, and enhanced Raman scattering was observed for benzenethiol monolayers adsorbed
onto the structured fiber tip as well as for Rhodamine 6G dissolved in aqueous solution. The
inherent versatility of this plasmonic platform for SERS-based sensing was demonstrated
through the effective Raman enhancements obtained in markedly different refractive index
environments. Nanoimprinted plasmonic crystals were also adapted for reflection imaging
studies of thin films deposited onto the metal surface. Normalized contrast metrics were
developed based on reflection images of polyelectrolyte layer-by-layer assemblies acquired using
bandpass filters to restrict the accessible wavelength ranges and quantitatively calibrated to the

surface film thickness. As a model system, Aplysia pedal neurons were cultured on the



plasmonic crystal surface, and the thicknesses of neuronal processes were quantitated using the
calibrations derived for this reflection imaging protocol using common laboratory equipment: a
reflection microscope, commercially available bandpass filters, and a digital camera. The
imaging-based measurements of neuronal process thickness were verified independently using
atomic force microscopy with excellent agreement between the two methods. The applications
explored in this dissertation demonstrate the broader utility of nanoimprinted plasmonic crystals

for chemical sensing and imaging.
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CHAPTER 1
Functional Nanoimprinted Plasmonic Crystals for Chemical Sensing

and Imaging

Note: The majority of the text and figures in this chapter are reproduced with permission from
the previously published paper: J. Yao, A.-P. Le, S. K. Gray, J. S. Moore, J. A. Rogers, and R. G.
Nuzzo, “Functional Nanostructured Plasmonic Materials", Adv. Mater. 2010, 22, 1102-1110
(Copyright 2010, WILEY-VCH Verlag GmbH & Co. KGaA) and from a chapter co-authored by
S. K. Gray, R. G. Nuzzo, and J. A. Rogers and accepted for publication in a book entitled

Nanoplasmonic Sensors, edited by Alexander Dmitriev, to be published by Springer.

1.1 Overview of Dissertation

This dissertation describes sensing and imaging applications for nanostructured
plasmonic crystals consisting of square arrays of nanoholes fabricated using a soft nanoimprint
lithography technique. This technique is capable of rapidly and inexpensively replicating
nanoscale features over large areas with high fidelity, all of which are important considerations
for future sensing applications. The grating structure formed by the nanoholes allows for the
coupling of light to surface plasmon modes, both surface plasmon polariton modes which
propagate along the gold film as well as localized surface plasmon resonances around the rims of

the nanoholes. The sensing and imaging applications described in this work both exploit the



evanescent electric fields generated by these surface plasmon modes, albeit in two different
contexts.

Chapter 2 describes work on integrating nanoimprinted plasmonic crystals on the tips of
silica optical fibers for use as surface-enhanced Raman scattering probes. The advantages of
optical fiber based probes for SERS include simplified optical and instrumental configurations as
well as versatility in sampling arrangements.  Soft embossing provides an inexpensive and
versatile method to pattern deterministic nanostructures on the tips of optical fibers, especially
compared to alternative methods such as electron-beam lithography or focused ion beam milling.
The integration of these plasmonic crystals with optical fibers creates a probe capable of
enhancing the Raman signal of analytes in both air and in water, with benezenethiol monolayers
and aqueous Rhodamine 6G solutions examined as test cases. These probes exhibit sufficient
Raman enhancements as to overcome the inherent Raman scattering from the optical fiber
substrate; this background scattering has previously been an impediment to the development of
optical fiber based Raman systems and has driven the incorporation of significant engineering
workarounds to mitigate its impact. Alternative methods to remove the silica Raman background
as well as to incorporate it as an internal standard for comparisons between spectra were
introduced in order to demonstrate both the feasibility as well as the simplicity of this single
SERS fiber arrangement. The results from this work demonstrate the versatility of
nanostructured optical fiber probes fabricated by soft lithography as a general platform for
SERS-based sensing.

Chapter 3 describes the development of a reflection imaging technique capable of
quantitatively determining the thickness of thin films present on the surface of a nanostructured

plasmonic crystal. Systematically grown thin films of polyelectrolytes imaged through bandpass



filters were used as a model system for a normalized reflection contrast which was developed as
part of this work with specific surface film thicknesses. Refractive index corrected layer
thicknesses were derived from the polyelectrolyte thicknesses using ellipsometric modeling and
verified computationally using an implementation of the finite-difference time-domain method.
As a test system, Aplysia californica pedal neurons were cultured directly on the plasmonic
crystal surface, and the index corrected thicknesses for the neuronal processes extended by the
cultured neurons were quantitated from the image contrasts. Use of bandpass filters allowed for
wavelength dependent optical phenomena to be explicitly incorporated into the imaging
calibrations, resulting in greater imaging contrast and sensitivity. Imaging-based thickness
estimates were verified independently using atomic force microscopy with excellent agreement
between the two methods. Using a plasmonic crystal, a basic optical microscope, commercially
available bandpass filters, and a digital camera, this reflection imaging technique is capable of
quantitative thickness measurements in near-real time with sufficient precision to complement
the use of atomic force microscopes for surface profiling within the plasmonic sensing volume

(up to ~100 nm from the plasmonic crystal surface).

1.2 Introduction to Surface Plasmon Resonance and Plasmonic Nanostructure Fabrication

Surface plasmons are resonant oscillations of conduction electrons at the metal-dielectric
interface excited by the coupling of incoming electromagnetic radiation to the metal surface
which gives rise to an evanescent electric field that extends from the metal surface a few
hundreds of nanometers into the surrounding medium.** Even small changes in the dielectric

material’s refractive index can generate large changes in the resonance conditions of these



surface plasmons. This combination of refractive index sensitivity and a small sensing volume
has attracted great interest in the application of surface plasmon resonance for label-free
chemical sensing applications.>® Indeed, surface plasmon resonance sensors are commonly used
to quantitatively detect both chemical and biological analytes in their native state, side-stepping
potential concerns related to the inclusion of fluorescent or radioactive labels.

Traditional surface plasmon resonance (SPR) sensors use flat metal films (typically gold)
to generate surface plasmon polaritons which can propagate tens to hundreds of microns along
the metal-dielectric interface.”® The surface plasmon polaritons can be excited by the coupling
of light into the metal film, but this coupling is subject to momentum-matching conditions
between the photon and surface plasmon polariton mode. The dispersion relation for a surface

plasmon polariton (ksp) propagating along a planar metal-dielectric interface is given by

0] ’6‘ &
kSP:_ M0 (1)
c\éey tép

where w is the frequency of the surface plasmon polariton, c is the speed of light, ey is the

Equation 1 below:

dielectric constant of the metal, and ¢p is the dielectric constant of the surrounding dielectric
environment.> The momentum of a photon in air is generally less than that of the surface
plasmon polariton, and an external mechanism is required to compensate for this momentum
mismatch.

One method to compensate for the mismatch between the momentum of a photon and
that of the surface plasmon polariton is to couple light into the metal film at an angle using a
prism in the Kretschmann configuration, which excites a single surface plasmon resonance in the

metal film based on the principle of total internal reflection.®*? This resonance is identified by a



minimum in the spectrum of light reflected from the metal film, and changes in the refractive
index of the local environment result in changes in the position and magnitude of this reflectance
minimum; these changes in resonance conditions can thus be used for refractive index sensing at
the metal-dielectric interface. Although the resulting data are relatively easy to interpret, the
physical equipment can be cumbersome (with Kretschmann configuration systems generally
requiring a prism, polarizers, lenses, and rotation stages capable of precise alignment) and
difficult to integrate with other systems for low-cost or high-throughput detection schemes.*®

The diffraction of light in one-dimensional or two-dimensional metal grating structures
can also be used to compensate for the momentum mismatch between the surface plasmon
polariton and the photon.***> These diffraction effects result in the addition of multiples of the
grating momentum to that of the incident photon and can couple a photon into a surface plasmon
polariton mode provided the momentum conservation relation is satisfied:

ksp =kp £1Gx (£ jGy) (2)

where ksp is the wave vector of the surface plasmon polariton mode, kp is the wave vector of the
incident photon, Gy (and Gy) are the Bragg vectors associated with the periodicity of the grating
in one (or two) dimensions, and i and j represent the scattering event order. This momentum
conservation relation potentially allows for the coupling of photons to several different surface
plasmon polariton modes (with the appropriate grating spacings and scattering orders), and the
surface plasmon polariton behavior in grating-based systems is indeed more complex than that
found using prism-coupling systems.

Metal grating-based and metal nanoparticle-based systems can give rise to localized
surface plasmon resonances (LSPRs) in which the surface plasmon is confined within or around

the nanostructure.**>*® In contrast to propagating surface plasmon polaritons, these LSPRs can



be used to make measurements of the local refractive index with higher spatial resolution. These
nanostructured metals can efficiently couple light into surface plasmons with simpler optics,
making them more amenable for lower cost devices. The electric field intensity of LSPRs can be
higher than that of SPPs and can be tuned through control of the nanostructure shape, size,
composition, and assembly; these characteristics have generated interest in the use of these
substrates for other surface-enhanced spectroscopy techniques such as surface-enhanced Raman
scattering (SERS) and surface-enhanced fluorescence.’®* Raman signal enhancements upwards
of 10" for a single molecule have been reported, providing chemically specific information
without the need for additional labels with great sensitivity.2%*3°

The widespread application of surface-enhanced spectroscopies in general has been
limited by the poor reproducibility of the substrates that give rise to the surface enhancement
itself.?  Production techniques for these substrates would ideally generate highly uniform
structures over large areas at low cost. Photolithography and thin-film processing techniques can
be used to fabricate large areas of high quality nanostructures but at relatively high cost.
Electron beam lithography and focused ion beam lithography are capable of creating a diverse

3837 grooves®, slits®, and nanoparticles*®*! with high

array of nanostructures including holes
reproducibility and fine control over structures’ dimensions, but they are not easily scaled to
large areas or high production rates.

Recent reports describe the use of soft interference lithography to create plasmonic
nanostructures over large areas.***> An elastomeric stamp is cast from a lithographically defined

master and is used as a phase mask for phase-shifting photolithography. Subsequent metal

deposition and etching steps can create both nanoparticles and free-standing nanostructured



metal films with centimeter-scale areas. However, these substrates come at come at the expense
of higher cost and processing complexity.

The use of close-packed nanospheres as a deposition template allows the formation of
continuously structured metal-film-over-nanosphere structures which have generated very high

SERS enhancement factors.*%*8

The close-packed nanosphere layer can also be used as a
deposition mask to selectively allow metal nanoparticles to be deposited onto a substrate with
high size and spatial control. These surface-assembled dielectric nanosphere arrays have also
been combined with electrochemical metal deposition (such as gold, palladium, or platinum) to
create structured plasmonic films of controlled thickness and feature sizes for use as SERS
substrates.*>! These nanosphere lithography techniques can generate defect-free nanostructures
over areas of 10-100 pm®>? The use of larger colloidal spheres adsorbed onto a surface has been
used to generate different structures including rings and crescents, but these nanostructures are
generally more randomly distributed.>*°

Soft nanoimprint lithography addresses the need for a relatively low cost fabrication
technique that can generate high quality, high resolution, uniform nanostructures over large

areas.»%58

Relatively simple changes in the fabrication process of these nanoimprinted
plasmonic crystals can greatly shift the spectral sensitivity of the devices which can be harnessed
for surface plasmon resonance spectroscopy and imaging. These plasmonic crystals can
quantitatively detect binding events at even submonolayer levels, comparable to the sensitivity of
more conventional SPR devices.* Their applications extend from bulk refractive index sensing
via SPR spectroscopy to thin film imaging using SPR and SERS with micrometer-scale lateral

resolution over square millimeter areas. “?*°*® The fabrication and demonstrated applications

of these nanoimprinted plasmonic crystals are herein discussed.



1.3 Soft Nanoimprint Lithography for the Facile Production of Plasmonic Crystals

A generalized summary of nanoimprint lithography for the production of plasmonic
crystals is depicted in Figure 1.1.%%4°7%%8 A master consisting of a square array of holes is
created in a photoresist (PR) layer on silicon from which an elastomeric stamp is cast. To
replicate the nanohole array, a composite poly(dimethylsiloxane) (PDMS) stamp is cast,®
resulting in a stamp with the inverse of the original hole structure. To create a nanopost array
from the nanohole master, an intermediate casting step is used where an acryloxy
perfluoropolyether (a-PFPE) stamp is cast from the lithographically defined master. The a-PFPE
layer is backed by a poly(ethylene terephthalate) film for mechanical support and is then used to
cast a PDMS stamp which has the same nanohole structure as the photoresist master.®®” The
stamp material is not limited to PDMS — as evidenced in the production of the nanopost array
stamp, other materials with low surface energy and good chemical compatibility can be used.®”"

The PDMS stamp is then pressed into a layer of photocurable polyurethane cast onto a
glass slide and exposed to ultraviolet light to generate either a nanohole or nanopost array,
depending on the particular stamp used. This technique is not limited to polyurethanes - other
molding materials are possible (such as an epoxy-type SU-8 photoresist precursor).?*%%"  After
curing, the nanoimprinted array is metalized (typically with gold) to complete the plasmonic
crystal. Although the original photoresist master is initially produced via a photolithography
process, the expense of initial fabrication is mitigated by the PDMS stamp production itself.

Several PDMS stamps can be cast from the same photoresist master, and each PDMS stamp can

then be reused to produce many replicas.



Figure 1.2a and Figure 1.2b show scanning electron microscope (SEM) images and cross-
section insets for the nanopost and nanohole arrays respectively, and Figure 1.2c and Figure 1.2d
show atomic force microscope (AFM) maps and line cuts for the same nanopost and nanohole
arrays respectively.®® Both the SEM and AFM images show that the nanoimprinted features are
precisely replicated across lengths of tens of microns with high spatial uniformity. Figure 1.3a
shows an optical image of a nanohole plasmonic crystal with 16 arrays (4 mm on a side) varying
in periodicity from 0.5 pm (hole diameter = 0.24 um) to 1.74 pm (hole diameter = 1.06 pm).
Diffraction of light from the grating arrays gives rise to the different colorations, and the uniform
color across each array shows that the nanostructure pattern is in fact highly uniform across the
entire millimeter-scale area. Spectroscopic measurements confirm this uniformity:"* Figure 1.3b
shows transmission spectra collected at five different areas within a single nanohole array, and
the nearly identical spectra demonstrate the high nanostructure fidelity across the entire
plasmonic crystal. Figure 1.3c shows transmission spectra for four different plasmonic crystal
samples and shows that the optical properties remain consistent between samples.

Although the feature sizes replicated in these plasmonic crystals are relatively large, the
ultimate resolution of soft nanoimprint lithography can be much smaller with the proper choice
of stamp and molding materials. An a-PFPE stamp cast from a master consisting of single
walled carbon nanotubes on a silicon substrate successfully replicated those features in a layer of

photocurable polyurethane with lateral resolutions approaching ~1 nm.®®’

Moreover, the
fabrication steps required to achieve this resolution were not markedly different from the
procedure described above, demonstrating that soft nanoimprint lithography is indeed capable of

high resolution feature replication over large areas.



The design rules for these plasmonic crystals include not only the geometry (post or well)
and nanostructure dimensions (diameter, depth or height, and spacing between the holes or posts)
but also the thickness and distribution of the gold layer that supports the surface plasmons.
Electron-beam evaporation of gold onto the plasmonic crystal results in a directional coating of
gold on the top surface of the plasmonic crystal as well as the formation of gold disks at the
bottom of the nanowells.* The gold distribution in these devices is discontinuous (although
small grains of gold may appear on the sidewalls of the nanoholes) and have been termed a
“quasi-3D” plasmonic crystal. Figure 1.4a shows a SEM image of a quasi-3D nanohole
plasmonic crystal, and the inset image shows a lack of metal on the nanohole sidewall. In
contrast, sputtering of gold onto the plasmonic crystal results in a continuous, conformal coating
of gold along the top, bottom, and sidewall surfaces which are referred to as “full 3D” plasmonic

crystals.>®®

Figure 1.4b shows a SEM image of one of these structures along with a cross-
section inset showing the continuous gold layer on all of the nanohole surfaces. The distribution
of gold in these plasmonic crystals exerts great influence over their optical properties and

sensitivities for sensing applications.

1.4 Bulk Refractive Index Sensing Using Quasi-3D and Full-3D Plasmonic Crystals

The surface plasmon resonance modes supported by these nanoimprinted plasmonic
crystals exhibit great sensitivity to changes in the local refractive index and have been applied as
refractive index sensors. The plasmonic crystals are mounted in a flow cell through which
aqueous solutions of poly(ethylene glycol) (PEG) of varying concentration and refractive index
are introduced.***® The flow cell itself is mounted in a spectrophotometer, allowing the time

resolved measurement of transmission through the plasmonic crystal.

10



Figure 1.5a shows a map of the change in transmission as a function of wavelength and
time as aqueous solutions of poly(ethylene glycol) (PEG) with different refractive indices are
flowed past a quasi 3D plasmonic crystal.* The reference condition in these experiments was the
initial transmission when water is flowed past the plasmonic crystal. Figure 1.5b shows a
simplified version of the data presented in Figure 1.5a where the time resolved transmission
change is plotted for four individual wavelengths. The data clearly show a change in
transmission when the refractive index of the solution is changed as well as a return to the initial
transmission when the aqueous PEG solution is replaced with water.

SPR refractive index measurements often report the change in wavelength or intensity for
a single surface plasmon resonance supported by the plasmonic device. However, the data in
Figure 1.5 and Figure 1.5b clearly show wavelengths where the transmission increases (1033 and
1187 nm) while other wavelengths show decreases (1071 and 1126 nm). Furthermore, Figure
1.5a reveals transmission changes that vary across different wavelengths. We have developed a
multispectral analysis to account for these changes in transmission over all wavelengths. The
absolute value of the change in transmission relative to the reference transmission at time t=0 is
calculated at each wavelength. These absolute changes are then integrated across the entire
wavelength range to determine an integrated response. The integrated response is then plotted
against the change in refractive index, and the slope of the regression line is used as the figure of
merit for this multispectral analysis. A larger figure of merit corresponds to a larger change in
the integrated response for a given refractive index change, akin to the peak wavelength shift or
reflectance change reported in conventional single resonance SPR measurements.’

Figure 1.6a and Figure 1.6b show transmission difference maps for a quasi 3D plasmonic

crystal and a full 3D plasmonic crystal respectively.***™* The quasi 3D difference map shows

11



the grates changes at near-infrared wavelengths, while the full 3D difference map shows larger
transmission changes throughout the measured spectrum. This is borne out in the integrated
response and figure of merit calculations shown in Figure 1.6¢ and Figure 1.6d for the quasi 3D
and full 3D cases respectively. The integrated responses of the full 3D plasmonic crystal are
approximately twice as large as those of the quasi 3D plasmonic crystal with a figure of merit
also approximately twice as large. Furthermore, the sensitivity of the full 3D plasmonic crystal
is more than three times greater than that of the quasi 3D system when the analysis is restricted
to wavelengths between 350 — 1000 nm (as shown in red in Figure 1.6¢ and Figure 1.6d).

We have conducted bulk refractive index sensitivity measurements using the nanopost
arrays in a similar manner.”® Gold was sputtered onto both the nanopost and nanowell, yielding
continuous conformal metal films on the relief structures. In calculating the integrated responses
for the nanopost and the full 3D nanohole arrays in this experiment, an additional step was
introduced to normalize the absolute transmission change at each wavelength to the initial
transmission at time t=0. This change has the effect of giving greater weight to changes where
the initial transmission is smaller. Figure 1.7 presents these normalized transmission differences
for a nanopost (Figure 1.7a and Figure 1.7c) and a full 3D nanohole (Figure 1.7b and Figure
1.7d) array.  The nanopost array exhibited ~70% greater sensitivity to bulk refractive index
changes than the nanowell array, with much of the increase in sensitivity coming at wavelengths
between 700 — 800 nm.

The linear change in integrated response to refractive index change of these plasmonic
crystals is advantageous for their use in quantitative sensing and imaging. Each structure
demonstrated sensitivity at different wavelengths spanning the visible and near-infrared

wavelengths. Furthermore, the signal-to-noise ratio of the integrated response is greater than that
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associated with examinations of single wavelengths, improving the precision of these plasmonic

crystals compared to other SPR based measurements.*>?

1.5 Theoretical Modeling of Plasmonic Crystal Resonances

The design rules of these nanoimprinted nanohole and nanopost plasmonic crystals
undoubtedly control not only the overall sensitivity of the devices but the spectral regions in
which that sensitivity is greatest. Thus, a rational approach to altering those design rules must
include the ability to understand and to model the underlying physics present. The plasmonic
Brillouin zone of a quasi 3D nanohole array has been mapped using angle dependent
transmission measurements.”’ Additionally, the highly uniform nanostructures make these
plasmonic crystals amenable to computational modeling using the finite-difference time-domain

methOd 4,59-61,72

1.5.1 Plasmonic Brillouin Zone Mapping

Surface plasmon polaritons can be considered as propagating oscillations of the
conduction electrons at the metal-dielectric interface. Because these oscillations travel across the
periodic nanohole or nanopost arrays in these plasmonic crystals, a plasmonic Brillouin zone
(PBZ) should exist that fully characterizes their behavior across the entire surface. Zero-order
transmission data were collected for a quasi 3D nanohole plasmonic crystal as it was rotated
around two axes, and the appropriate mathematical transformations result in the plasmonic
Brillouin zone map presented in Figure 1.8a.*>°""*™ The flat blue regions in the lower corners

of Figure 1.8a correspond to angles that were not accessible in this experimental setup.
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To provide insight into the PBZ, lines have been overlaid on the diagram using the

surface plasmon polaritons dispersion relation for a flat metal-dielectric interface:

® | & &y

kSPP B C &4 +8m
where kspp and o are the respective momentum and frequency of the surface plasmon polaritons,
c is the speed of light, and &4 and &, are the respective dielectric constants of the dielectric and
metal. The plotted SPP dispersion curves overlay well with some ridges of higher transmission
in the PBZ map, although other areas of increased transmission are not fully described by this
simpler model.

Following the initial PBZ mapping of the quasi 3D nanohole array, a self-assembled
monolayer (SAM) of 1-hexadecanethiol was formed on the gold surface and similar angle
dependent transmission measurements were carried out. Figure 1.8b shows an absolute
sensitivity map for the quasi 3D nanohole array obtained by taking the absolute value of the
difference in the PBZ before and after formation of the SAM. Interestingly, regions of higher
sensitivity in the map lie close to areas where several SPP dispersion curves intersect, suggesting
that the coupling of SPP modes may be responsible for the increased sensitivity. Although these
simple SPP dispersion relations explain some of the behavior observed in the PBZ, other regions
of higher sensitivity are found away from the plotted dispersion curves. Additional work is
needed to fully characterize the PBZ of both the quasi 3D and full 3D nanohole arrays and the

nanopost arrays.

14



1.5.2 Finite-Difference Time-Domain Computational Modeling and Optimization of

Plasmonic Crystals

Although a more thorough understanding of the underlying physics of these devices is of
interest, there is also a need to predict the optical properties of devices with arbitrary design rules
without the expense of physical fabrication. While the PBZ maps clearly show the presence of
propagating SPP modes, other plasmonic features are also supported by these plasmonic crystals.
The periodic grating structure generates counterpropagating SPPs, giving rise to Bloch wave
SPPs.” Additionally, the grating structure itself creates Wood anomalies, although these are
diffractive phenomena rather than plasmonic ones.***” The individual nanoholes and nanoposts
can also support localized SPRs.**"®"" In lieu of a comprehensive physical modeling accounting
for the presence and interaction between these features, we have extensively modeled these
structures computationally using an implementation of the finite-difference time-domain
method.”"®

A unit cell containing a single nanostructure (hole or post) with the appropriate
dimensions and metal distribution is considered with appropriate boundary conditions to model
an infinite square planar array. The unit cell itself is subdivided into a number of grid points
with an arbitrary spacing in the X, y, and z dimensions. (A smaller grid spacing results in a more
accurate description of the optical properties of the device but comes at a large computational
cost.) The interaction between the nanostructure and the electric and magnetic fields of
propagating light are evaluated according to Maxwell’s equations at each point in the unit cell
for a predetermined length of time (on the order of 100 femtoseconds), and quantities such as the

zero-order transmission of light are derived from these results.
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Figure 1.9 shows a comparison between experimental transmission spectra and those
calculated from the FDTD modeling for the nanopost (Figure 1.9a) and full 3D nanohole (Figure
1.9b) systems in air, and the correspondence between the experimental and modeled spectra is
quite good for both systems.®® Discrepancies may arise from a combination of effects, such as a
physical geometry that differs slightly from that modeled, an incomplete approximation of the
wavelength-dependent refractive indices of the metal and dielectrics, and nanoscale defects or
variations in the actual metal layer thicknesses. Figure 1.10a shows a comparison between the
experimental and modeled transmission spectra for a quasi 3D nanohole array.* Although the
ideal crystal modeled spectrum correlates fairly well with the experimental transmission
spectrum, the idealized crystal model does not include small gold grains (~20-30 nm in size)
along the edge of the gold disc at the bottom of the nanohole which were experimentally
observed. Inclusion of these features in the modeled structure gives the “real crystal” modeled
spectrum and further improves the fit to the experimental data. Indeed, the optical properties of
these nanoimprinted plasmonic crystals are well characterized by the FDTD method.

FDTD calculations of these structures can also reveal the electric fields associated with
the active plasmonic resonances in these devices. Figure 1.10b shows the electric field
distributions associated with the features marked “B” and “C” in the transmission spectra shown
in Figure 1.10a for a quasi 3D nanohole array.* The feature marked “B” shows a localized
surface plasmon resonance mode that is tightly confined around the top rim of the nanohole. The
feature marked “C” corresponds to overlapping Bloch wave SPP and Wood anomaly excitation
at the interface between the gold film and the molded polymer that shows strong coupling
between the gold disc at the bottom of the hole and the upper rim. The intensities and locations

of these electric fields are of significant importance in applications such as surface-enhanced
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Raman scattering,* and the ability to computationally model those fields makes possible the
rational design and optimization of these nanostructures.

Further FDTD calculations were performed to optimize the figure of merit of full 3D
nanohole plasmonic crystals for bulk refractive index sensing between 400 — 1000 nm.”® The
parameters tuned were the relief depth, periodicity and diameter of the nanoholes as well as the
metal thicknesses on the top surface, on the sidewalls, and on the bottom surface of the nanohole.
By simulating the transmission spectra for a series of bulk refractive indices, integrated
responses and figures of merit can be computed and compared. Figure 1.11a shows the results of
varying the periodicity of the nanohole array (nanohole diameter scaled as 60% of the
periodicity) with a constant relief depth of 350 nm and constant gold thicknesses. The
calculations clearly show a peak in the sensitivity of this configuration for a periodicity of 524
nm (and hole diameter of ~314 nm). Although not all of the periodicity and hole diameter
combinations were experimentally available, experimental results do support the trend revealed
by the FDTD calculations.

Figure 1.11b and Figure 1.11c show similar optimization calculations in which the gold
thickness (assumed to be uniform on the tops, bottoms, and sidewalls of the nanohole arrays)
was varied for two different sets of relief depths, hole diameters, and periodicities. Although the
figure of merit peaks at approximately the same gold thickness (~96 nm) in both systems, the
behavior of the figure of merit is markedly different. Further experimental work is needed to
verify these trends as well as to explore other nanostructure architectures, but these results serve
to emphasize the intricate interdependencies between the design rule parameters. Additionally,

while the sensitivity optimized here (over wavelengths between 400 — 1000 nm) may not be
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appropriate for all possible uses, similar calculations can be carried out to optimize the

performance of these devices as dictated by the application.

1.6 One-Dimensional Sensing Applications of Nanoimprinted Plasmonic Crystals

Despite the high sensitivity of these plasmonic crystals to bulk refractive index changes
at visible and near-infrared wavelengths, their application in thin film sensing may be more
analytically relevant. The evanescent nature of the electric field associated with surface plasmon
resonances affords these devices high sensitivity to refractive index changes at distances on the
order of hundreds of nanometers from the metal-dielectric interface. The small sampling volume
probed by these plasmonic crystals makes them inherently sensitive to thin film changes, and
they have been used to measure the dynamic adsorption of biomolecules on the plasmonic crystal
surface.*®* Additionally, by coupling the plasmonic crystal with a pH sensitive hydrogel, these

plasmonic crystals can optically measure chemomechanical forces.™

1.6.1 Antibody Assays Using Plasmonic Crystals

Antibody/antigen assays have been performed using full 3D nanohole plasmonic crystals
with excellent quantitative results.®* Antigoat IgG was immobilized on the plasmonic crystal
surface and exposed to solutions of goat 1gG of varying concentrations through a flow cell. The
transmission changes (and thus the change in the integrated response) was measured as a
function of the goat IgG concentration in the surrounding medium corresponding to surface
coverage of goat IgG on the plasmonic crystal. The data presented in Figure 1.12a show a

change in the normalized integrated response that is well described by a Langmuir adsorption
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model. Fitting the data to a Langmuir isotherm results in an estimate of the surface confined

affinity constant of approximately 7x10” M™

, consistent with previously reported results for
other IgG/anti-l1gG systems.

Figure 1.12b shows the results of a biotin-avidin sandwich assay carried out using a quasi
3D nanohole plasmonic crystal.* A biotinylated bovine serum albumin (bBSA) monolayer was
nonspecifically adsorbed onto the plasmonic crystal using a flow cell, leading to the first plateau
in the integrated response seen in Figure 1.12b. Subsequent introduction of both phosphate
buffered saline (PBS) and unmodified bovine serum albumin (BSA) resulted in no significant
change in the integrated response, confirming that no additional material had adsorbed onto the
plasmonic crystal surface. Injection of avidin led to a further increase in the integrated response
as expected from the binding of an additional layer of material on the plasmonic crystal surface.
Injection of a second bBSA layer did not generate as large a change in the integrated response as
the first, although this is consistent with other experimental observations of layer-dependent

mass coverage in similar assays.?*®"

1.6.2 Thickness Measurements of Polyelectrolyte Thin Film Assemblies

Although the diminishing change in integrated response demonstrated in the biotin-avidin
assay agrees with previous reports in the literature, it presents an opportunity to further
investigate the impacts of the exponential decay of the electric field from the plasmonic crystal
surface. Polyelectrolyte thin films were deposited on the surface of a full 3D nanohole
plasmonic crystal via layer-by-layer assembly, and the change in transmission of the assembly in
water was investigated as a function of the layer thickness.®* Figure 1.13a presents a normalized

transmission change map (normalized to the initial transmission when no polyelectrolyte layer
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was present) over wavelengths between 350 — 1050 nm, and Figure 1.13b presents the
normalized transmission change for four selected wavelengths. The multiple SPP and LSPR
modes supported by these plasmonic crystals gives rise to complex interactions between them
and the surrounding environment, and this can be seen by the nonlinear behavior in the single
wavelength transmission changes.

Integrated responses were calculated from the transmission data as a function of
polyelectrolyte layer thickness and are presented in the Figure 1.13c. The integrated response
clearly increases with the polyelectrolyte layer thickness. However, the integrated response does
not increase linearly ad infinitum and appears to saturate at polyelectrolyte thicknesses greater
than ~95 nm, representing an upper film thickness limit to the use of the integrated response as
an analytical measure for this particular plasmonic crystal. Single wavelength responses do
continue to change at larger layer thicknesses and can be used for measurements past this limit.
Despite this, the integrated response still responds linearly for layer thicknesses up to ~70 nm,
and the continued use of the integrated response of these plasmonic crystals as an analytical
metric still bears merit since the film thicknesses involved in most bioassays lie within this linear

response regime.

1.6.3 Optical Measurement of pH Change Through Chemomechanical Forces

These nanoimprinted plasmonic crystals have demonstrated great sensitivity to changes
in the bulk refractive index as well as to thin film changes at the plasmonic crystal surface.
However, their utility is ultimately limited by the refractive index contrast present in the
application. While numerous methods exist to measure pH colorimetrically and

electrochemically, direct measurement of pH using only the refractive index contrast is
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extremely difficult. The refractive index change between buffered solutions of pH = 1.44 and
7.86 is extremely small, less than 1x10™ refractive index units.” By instead modifying the
plasmonic crystal with a hydroxyethyl methacrylate hydrogel sensitized to pH by a small amount
of crosslinked acrylic acid, a change in the pH of the bulk environment results in changes in the
protonation state of the acrylic acid, generating electrostatic interactions that swell or collapse
the hydrogel. This pH change in the bulk results in a mechanical change in the hydrogel at the
plasmonic crystal surface.

The data presented in Figure 1.14 show the optical response of the hydrogel modified
plasmonic crystal with changes in pH. The spectral difference map presented in Figure 1.14a
clearly shows a change in transmission as the system is cycled between pH = 7.86 and pH =
1.44. Additionally, the changes are clearly reversible with the transmission returning to its
original state, even after several cycles of pH changes. The relative integrated response changes
are presented in Figure 1.14b for three different sets of pH changes — 7.86 to 1.44 (blue), 6.42 to
5.13 (red), and 5.76 to 5.66 (black). Larger pH changes show correspondingly larger changes in
the relative integrated response as a result of a greater change in hydrogel osmotic pressure and
swelling. Impressively, even a change of only 0.10 pH units is clearly distinguishable as seen in
the magnified inset.

Interestingly, the hydrogel layer is thicker than the distance penetrated by the evanescent
electric field of the plasmonic crystal.* Because of the hydrogel thickness and the extremely
small refractive index differences in the solutions used, the changes in optical response must
have been the result of the change in hydrogel volume and the associated mechanical forces
exerted electrostatically by the acrylic acid moieties in their different protonation states. By

transducing chemical changes in the environment to mechanical forces at the plasmonic crystal
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surface, introduction of an appropriate sensing element in the hydrogel network can enable the
direct measurement of analytes where the inherent refractive index contrast would otherwise be

too small to measure.

1.7 Two-Dimensional Chemical Imaging Applications of Plasmonic Crystals

Besides their demonstrated utility in spectroscopic sensing, nanoimprinted plasmonic
crystals offer great potential for applications in chemical imaging. The highly uniform
patterning over millimeter scale areas offers a large sensing area, and their demonstrated
performance and sensitivity permit fully quantitative imaging. We have demonstrated the utility
of these plasmonic crystals for high performance imaging at both near infrared and visible

wavelengths with exceptional sensitivity for surface-bound species.**®

1.7.1 Protein Thin Film Imaging

Thin film imaging experiments complementary to the spectroscopic measurements
previously described were performed using all of the nanoimprinted structure geometries
previously described (quasi 3D and full 3D nanoholes, nanopost). The structures’
complementary wavelength characteristics allow for their use in the near infrared and the visible
spectrum to image protein thin films. In these examples, fibrinogen was nonspecifically
adsorbed onto the plasmonic crystal surface through a microfluidic channel to generate line
patterns.®®® Figure 1.15a presents of the near-infrared transmission imaging of a single sample

of nonspecifically adsorbed fibrinogen thin films onto the surface of a quasi 3D nanohole
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plasmonic crystal under white light illumination.®?

Even under white light, these 8 nm thick
protein films are readily distinguished from the surrounding areas.

Spectrally resolved imaging of the fibrinogen layers demonstrate the previously observed
response of the underlying surface plasmon resonances to refractive index changes at the metal-
dielectric interface. Spectroscopic bulk refractive index measurements in Figure 1.5b revealed
wavelength where the transmission increased with a change in refractive index while the
opposite behavior was observed at other wavelengths. This contrast inversion is plainly evident
in the single wavelength imaging presented in Figure 1.15b (1090 nm) and Figure 1.15c (1200
nm). Because the protein lines in Figure 1.15a appear darker than the surrounding areas, the
overall change in transmission across the entire wavelength range captured must be lower where
the protein is adsorbed on the plasmonic crystal. However, the wavelengths at which the
transmission actually increases when the protein is absorbed will effectively reduce the observed
image contrast under white light illumination, and spectrally resolved imaging that accounts for
this factor can be exploited to increase the contrast. Despite this caveat, the high performance
and sensitivity of the quasi 3D nanohole geometry in the near infrared allows for larger-area
imaging of thin films at near-infrared wavelengths.

Fibrinogen layers were also imaged on full 3D nanohole and nanopost plasmonic
crystals, and the imaging performance is compared between the nanopost crystal (Figure 1.15d)
and a full 3D nanohole crystal (Figure 1.15¢).°° Although the nanopost plasmonic crystal
showed greater bulk refractive index sensitivity, the opposite appears to be true in this thin film
imaging experiment — the nanohole plasmonic crystal shows a larger difference in image
intensity between the fibrinogen line and the surrounding area. An important distinction to be

made is that the bulk refractive index measurements were made in water, while the thin film
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images were captured in air. The complexity of the SPR behavior in different environments
results in this seemingly paradoxical behavior is in fact confirmed by FDTD simulations of both
systems under both conditions. The complexity of the SPR behavior in different environments
results in performances of the different nanostructures (nanopost, quasi 3D nanohole, full 3D
nanohole) that are, in practice, complementary to each other — the optimal device architecture is

ultimately application-specific.

1.7.2 Molecular Rulers and Film Thickness Calibration of Plasmonic Crystals

The analytical power of these nanoimprinted plasmonic crystals has been demonstrated in
molecular ruler imaging experiments carried out on full 3D nanohole arrays.®* Thin films of
proteins of known thickness were microfluidically deposited to establish a calibration between
the observed imaging response and surface coverage. Figure 1.16a shows an optical image of
three proteins adsorbed onto the plasmonic crystal (from left to right: fibrinogen, y-globulins,
and myoglobin), while Figure 1.16b gives an average thickness profile. Once again, the protein
lines are clearly visible because of the refractive index contrast with the protein-free regions, and
estimates of the protein film thicknesses based on a calibration using a self-assembled monolayer
were in good agreement with ellipsometric thickness measurements.?? These visible spectrum
measurements were made using white light illumination and a common silicon-based charge-
coupled device (CCD) camera mated to a common optical microscope, demonstrating the
practical sensitivity of the full 3D nanohole plasmonic crystal at visible wavelengths.

The analytical sensitivity of the full 3D nanohole plasmonic crystals is demonstrated in
Figure 1.17. A self-assembled monolayer of 1-octadecanethiol (ODT) was patterned on the

metal surface, and a visible light image of the pattern is shown in Figure 1.17a.° The rest of the
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surface was backfilled with a layer of 1-hexadecanethiol (HDT), and the resulting image is
shown in Figure 1.17b. Although the ODT pattern is somewhat degraded as a result of infilling
of HDT into defect areas in the ODT monolayer as well as dynamic exchange between the ODT
on the surface and HDT in solution, the ODT pattern is still readily visible. Compared to the
initial contrast between the ODT monolayer and the surroundings, the addition of HDT reduces
the contrast to ~10% of its original value. This corresponds strikingly well with the ~11%
difference in chain length between 1-octadecanethiol and 1-hexadecanethiol. Indeed, the use of
these full 3D plasmonic crystals enables visible light imaging of high sensitivity (down to a
difference of two methylene groups) using an inexpensive substrate and common laboratory

equipment (optical microscope and CCD camera).

1.8 Surface-Enhanced Raman Scattering on Nanoimprinted Plasmonic Crystals

Raman spectroscopy is a non-destructive vibrational spectroscopy technique in which
photons interacting with a molecule are instantaneously scattered, but these scattered photons are
shifted in frequency relative to the original.®® In Stokes Raman scattering, the scattered photon
has less energy than the incident photon and is the result of an interaction between the molecule
and the photon that leaves the molecule in an excited vibrational state. An analogous process
takes place in anti-Stokes Raman scattering, where the scattered photon has greater energy than
the incident photon — the molecule ends in a lower (less excited) vibrational state than where it
started. In both cases, the energy difference between the incident and the scattered photons is the
same as the energy of the particular vibrational mode that was excited (Stokes scattering) or

relaxed (anti-Stokes scattering).
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A major limitation of Raman scattering is its inefficiency; Raman scattering has an
inherently small scattering cross-section. As a comparison, the fluorescence cross section of
Rhodamine 6G is on the order of ~10™° cm?2* while its Raman scattering cross section is around
eleven orders of magnitude smaller (~10%" cm?), ® and the cross-section other analytes can be
even smaller. Because of this small scattering cross section, Raman spectroscopy is almost
exclusively performed using lasers to illuminate the sample; the monochromatic light and high
photon flux achievable using lasers can help to increase the Raman signal from the analyte.

The underlying physics and evanescent electric fields associated with these
nanostructured plasmonic crystals are responsible for their utility as surface plasmon resonance
sensors, but these same phenomena are responsible, in large part, for surface-enhanced Raman
scattering (SERS).**?* The use of plasmonic substrates, especially those capable of supporting
localized surface plasmon resonances, can greatly enhance the Raman scattering from a
molecule. Because Raman scattering is a second order process (the result of interactions
between an incident photon and phonon modes unique to the molecule), enhancements of the
electric field intensity |E| (as a result of the surface plasmon modes supported by the substrate)
lead to enhancements of the Raman scattering proportional to |[E]* at the incident photon
wavelength as well as the scattered photon wavelength.®® All told, the evanescent electric fields
associated with these plasmonic substrates can yield Raman enhancements proportional to |E|*.
Despite the rich vibrational data obtained using Raman-related techniques, the lack of
reproducible SERS substrates with large signal enhancements has significantly hampered the
widespread adoption of SERS as an analytical tool.** To this end, soft nanoimprint lithography
allows us to replicate nanostructures over large areas with high fidelity which we have shown to

generate uniform SERS enhancements across the entire plasmonic crystal surface.?
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Benzenethiol (BT) was chosen as the SERS reporter molecule in these experiments, and a
BT monolayer was formed on the surface of a quasi 3D nanohole plasmonic crystal.?* The
Raman spectra shown in Figure 1.18a are in good agreement with previous reports from the
literature,®” and subsequent analysis focused on the peak at ~1073 cm™. The overlaid spectra in
Figure 1.18a show the spectra collected for nanohole arrays with three different sets of hole
diameters and periodicities and show a dependence of the SERS signal enhancement on the
design rules of the substrate, a reasonable expectation considering the dependence of the
individual plasmonic modes on the device geometry. Analytical SERS enhancement factors
from 10* to 10° were obtained on these substrates without further optimization, on par with other
SERS substrates fabricated using serial processing procedures.

The Raman signal enhancement observed in these devices is attributed to a localized
surface plasmon resonance that establishes the enhanced electric field from which the SERS
enhancement is derived. A maximum enhancement is expected when the spectral position of this
LSPR is halfway between the laser excitation wavelength (785 nm in this work) and the
wavelength of the Raman scattered photon (857 nm in this work, corresponding to a Raman shift
of 1073 cm™),%® corresponding to a LSPR wavelength of 826 nm in this work. In fact, the
transmission intensity at 826 nm for the 16 different nanohole arrays (of varying hole diameter
and periodicity) is strongly correlated to the corresponding Raman signal intensity as shown in
Figure 1.18b.

Considering the LSPR wavelength as a design criterion leads to two conclusions: First,
no single design rule can generate equivalent enhancements at all Raman shifts. Instead, an
optimal design rule depends on both the excitation wavelength and the Raman shift desired. This

could be exploited to preferentially enhance certain Raman bands over others, possibly reducing
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the complexity of the Raman data when multiple Raman-active analytes are present. Second, the
strong correlation between the Raman intensity and the transmission intensity offers a ready
metric for computational optimization of the Raman enhancement. Multiple design rules and
nanostructure geometries can be investigated in silico to maximize transmission at the LSPR
wavelength to optimize the Raman enhancement without the expense associated with physical
fabrication of the nanostructures themselves. Figure 1.18c shows that the electric field from the
LSPR in this experiment is localized at the upper rim of the nanohole. Knowledge of the electric
field distribution offers the potential for further device optimization by designing modifications
that may trap analytes of interest at locations where the electric field is strongest, further
enhancing the analytical sensitivity.

The large area, highly uniform nanostructures produced by the nanoimprinting process
makes these substrates attractive for use in SERS imaging. The top image in Figure 1.18d shows
a plasmonic crystal that was molded in previously photodefined SUS, resulting in a structure in
which the nanohole array is only embossed in the areas making up the letters “UIUC.”
Benzenethiol was adsorbed across the entire surface, but the Raman map (for the signal at 1073
cm™) shown in the bottom panel of Figure 10.18d shows that a Raman signal is only observed at
areas where the nanohole array is present. Furthermore, the Raman intensity is uniform across
the entire nanostructured surface. The inexpensive fabrication and uniform performance of these
nanoimprinted plasmonic crystals make them promising substrates for further application in

SERS sensing and imaging.
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1.9 Figures
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Figure 1.1 Generalized procedure for nanoimprint lithography fabrication of nanohole (top) and
nanopost (bottom) plasmonic crystals. A photolithographically defined layer of photoresist on
silicon is used as a master. To create a nanohole array stamp, a polydimethylsiloxane (PDMS)
stamp is cast directly from the master. A nanopost array stamp is fabricated by first casting and
curing an acryloxy perfluoropolyether (PFPE) intermediate under ultraviolet (UV) light. This
PFPE intermediate is then used to cast a PDMS stamp. The stamp is then used to mold a layer of
photocurable polyurethane on a glass slide. Removal of the stamp leaves a nanohole or nanopost
array which is then metalized to complete the plasmonic crystal. Reprinted and adapted with

permission from [60]; copyright 2009 IOP Publishing Ltd
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Figure 1.2 a) and b) SEM images of nanopost (a) and nanohole (b) plasmonic crystals with
cross-section insets. c¢) and d) AFM mappings of nanopost (¢) and nanohole (d) plasmonic
crystals with height profile line cuts. Reprinted and adapted with permission from [60];

copyright 2009 IOP Publishing Ltd
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Figure 1.3 a) Optical image of a completed full 3D nanohole plasmonic crystal. b) Transmission
spectra overlay for four different full 3D nanohole plasmonic crystals illustrating similar optical
responses between samples. ¢) Transmission spectra overlay for five points within the same full
3D nanohole plasmonic crystal illustrating highly reproducible optical response within a single
sample over large areas. (b) and (c) were collected on a plasmonic crystal with a periodicity of
748 nm, a hole diameter of 456 nm, and a relief depth of 350 nm. (b) and (c) reprinted with

permission from [71]; copyright 2010 Wiley-VCH Verlag GmbH & Co.
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Figure 1.4 a) SEM image of a quasi 3D nanohole array with angled SEM image (inset) showing
no gold on nanohole sidewalls. Reprinted and adapted with permission from [4]; copyright 2006
National Academy of Sciences, U.S.A. b) SEM image of full 3D nanohole array with magnified
view of a single nanohole (left inset) and cross section SEM image (right inset) showing
continuous metal layer on top and bottom surfaces and on sidewalls of nanohole. Reprinted with

permission from [59]; copyright 2008 Wiley-VCH Verlag GmbH & Co.
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Figure 1.5 a) Time-resolved transmission difference map for a quasi 3D nanohole plasmonic
crystal corresponding to serial injections of aqueous poly(ethylene glycol) (overlaid). b) Time
resolved transmission differences for serial injections of aqueous poly(ethylene glycol) at four
selected wavelengths. Reprinted with permission from [4]; copyright 2006 National Academy of

Sciences, U.S.A.
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Figure 1.6 a) and b) Transmission difference maps for bulk refractive index sensitivity of quasi
3D nanohole (a) and full 3D nanohole (b) plasmonic crystals. C) and d) Integrated response
calculations and figure of merit calculations (insets) for bulk refractive index sensitivity of quasi
3D (c) and full 3D (d) nanohole plasmonic crystals. Black curves in (c) and (d) correspond to
integration from 355-1500 nm. Red curves in (c) and (d) correspond to integration from 355-
1000 nm. Reprinted with permission from [71]; Copyright 2010 Wiley-VCH Verlag GmbH &

Co.

34



-0.06 0 0.06

 eea—

_ _
E L £
£ | E
: - E
£ =0
2 | ~ 5
B v

5000 10000

0 5000 10000 15000
Time (s) Time (s)
c) [ ~8- Modeling__ d) *[»2 ~=- Modeling
8 —e—Experimenta 2 —&—Experimenta
10 ;g_ 8 0% 8
8 E 4 8 g =4
y G W % 2 4 68
& 6F " ARI(X107) £ 6F ARI(X107)
14 1.
= 2 = al
0 1 1 L'—F_ 0 i 1
0 5000 10000 15000 0 5000 10000 15000
Time (s) Time (s)

Figure 1.7 a) and b) Normalized transmission difference maps for bulk refractive index
sensitivity of nanopost (a) and full 3D nanohole (b) plasmonic crystals. c) and d) Integrated
response calculations and figure of merit calculations (insets) for bulk refractive index sensitivity
of nanopost (c) and full 3D nanohole (d) plasmonic crystals. Insets of (c) and (d) show
experimentally determined integrated responses in blue in comparison with computationally

predicted integrated responses in red. Reprinted with permission from [60]; Copyright 2009 IOP
Publishing Ltd
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Figure 1.8 a) Plasmonic Brillouin zone map of a quasi 3D plasmonic crystal with overlaid
surface plasmon polariton dispersion curves. b) Absolute sensitivity map of quasi 3D plasmonic
crystal after formation of a 1-hexadecanethiol self-assembled monolayer with overlaid surface
plasmon polariton dispersion curves. Reprinted with permission from [57]; Copyright 2005

Optical Society of America
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Figure 1.9 Comparison of experimental transmission spectra with those calculated using the

finite-difference time-domain method for nanopost (a) and full 3D nanohole (b) plasmonic

crystals. Reprinted with permission from [60]; Copyright 2009 IOP Publishing Ltd
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Figure 1.10 a) Experimental (blue) and computationally modeled (red and green) transmission
spectra for a quasi 3D nanohole plasmonic crystal. The green curve represents an idealized gold
distribution, and the red curve represents a more realistic gold distribution in which small
nanograins of gold are included near the edge of the bottom gold disc. b) Calculated electric
field distributions for the spectral features marked “B” and “C” in panel a. Reprinted with

permission from [4]; Copyright 2006 National Academy of Sciences, U.S.A.
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Figure 1.11 Computationally modeled figures of merit for optimization of selected full 3D
nanohole design parameters: a) Periodicity of nanohole array variation (with hole diameter
fixed as 60% of the periodicity). b) and c) Gold thickness variation assuming a uniform
thickness on the top, bottom, and sidewalls of the nanohole for (b) a structure with a 752 nm
periodicity, 456 nm hole diameter, and 500 nm relief depth and (c) a structure with a 524 nm
periodicity, 320 nm hole diameter, and 400 nm relief depth. Reprinted with permission from

[72]; Copyright 2009 American Chemical Society
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Figure 1.12 a) Quantitative goat IgG/antigoat IgG assay performed on full 3D plasmonic crystal
with nonlinear data fit to Langmuir isotherm. Reprinted with permission from [61]; Copyright
2009 American Chemical Society. b) Spectral difference map (top) and integrated response
(bottom) for biotin-avidin assay performed on quasi 3D plasmonic crystal with representative
schematic inset. Overlaid numbers on spectral difference map correspond to injection sequence
of PBS (1), bBSA (2), BSA (3), and avidin (4). Integrated response inset illustrates noise-limited
sensitivity corresponding to a layer thickness of 0.02 nm. Reprinted with permission from [4];

Copyright 2006 National Academy of Science, U.S.A.
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Figure 1.13 a) Normalized spectral difference map, b) normalized transmission difference at 357
nm (cyan), 769 nm (red), 894 (green) and 996 nm (blue), and c) integrated response as a function
of polyelectrolyte layer thickness on a full 3D plasmonic crystal. Reprinted with permission

from [61]; Copyright 2009 American Chemical Society
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Figure 1.14 a) Transmission difference map for hydrogel-modified quasi 3D nanohole
plasmonic crystal cycled from pH 7.86 to 1.44. b) Relative integrated response for hydrogel-
modified plasmonic crystal for pH changes of 7.86 to 1.44 (blue), 6.42 to 5.13 (red), and 5.76 to
5.66 (black). Inset shows a magnified view of the black curve. Reprinted with permission from

[79]; Copyright 2007 American Chemical Society
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Figure 1.15 a), b), and ¢) Background corrected spatial imaging of nonspecifically adsorbed

fibrinogen lines on quasi 3D nanohole plasmonic crystals illuminated by (a) white light, (b)

monochromatic 1090 nm, (c) monochromatic 1200 nm.

(a-c) reprinted and adapted with

permission from [62]; Copyright 2007 American Institute of Physics. d) and €) Transmitted

light image of fibrinogen nonspecifically adsorbed onto nanopost (d) and full 3D nanohole (e)

plasmonic crystals with curves corresponding to the measured light intensity contrast determined

from the images. (d) and (e) reprinted with permission from [60]; Copyright 2009 IOP

Publishing Ltd
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Figure 1.16 a) Quantitative transmission spatial imaging of (left), y-globulins (center), and
myoglobin (right) nonspecifically adsorbed on full 3D nanohole plasmonic crystal with
corresponding layer thickness . b) Average height profile for image presented in (a). Reprinted

and adapted with permission from [61]; Copyright 2009 American Chemical Society.
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Figure 1.17 Optical transmission images of a 1-octadecanethiol self-assembled monolayer

patterned on a full 3D nanohole plasmonic crystal a) before and b) after backfilling with 1-

hexadecanethiol for 5 minutes. Box ends of octadecanethiol pattern approximately 50 pum wide.

Reprinted with permission from [59]; Copyright 2008 Wiley-VCH Verlag GmbH & Co.
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Figure 1.18 a) Raman spectra of benzenethiol monolayer on three quasi 3D nanohole plasmonic
crystal with varying periodicity and hole diameter. b) Comparison of transmission intensity at
826 nm and intensity of Raman feature at 1087 cm™ as a function of nanohole diameter (and
periodicity). c) Electric field plot of transmission spectral feature at 826 nm computed using
FDTD modeling. d) Optical image (i) of nanohole array embossed in photodefined SU-8 and
SERS image (ii) of benzenethiol adsorbed onto the structure in (i). Scale bars are 5 um. Figures

reprinted with permission from [24]; Copyright 2009 American Institute of Physics
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CHAPTER 2
Nanoimprinted Optical Fiber Microprobes

for Surface-Enhanced Raman Scattering

2.1 Abstract

Development of surface-enhanced Raman scattering (SERS) based analyses has focused
largely on the optimization of the plasmonic nanostructures which give rise to the surface
enhancement but additional efforts are required to integrate these nanostructured materials into
flexible systems capable of real-world analyses. A soft nanoimprint lithography technique was
adapted for the facile fabrication of nanostructured plasmonic crystals directly on the tips of
silica optical fibers using an inorganic spin-on-glass material for use as SERS optrodes. These
nanoimprinted plasmonic substrates exhibited Raman enhancement in vastly different refractive
index environment; the same design rule for the nanostructure architecture was capable of
enhancing the Raman scattering from a benzenethiol monolayer in air as well as from
Rhodamine 6G in aqueous solution. Strategies were developed to mitigate the impacts of Raman
contributions from the silica fiber substrate itself, as were methods to incorporate the silica
Raman signal as an internal standard to aid comparison. The fiber-based probe demonstrated
stable Raman enhancements at high laser powers (~50 mW), and Raman scattering from silica
was found to scale proportionally with that of the analyte. This combination of soft embossing, a

fabrication method capable of rapid and inexpensive nanostructure generation, with optical fibers
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substrates creates a versatile SERS sensing platform which can be readily generalized and

optimized for the practical detection of analytes under real-world conditions.

2.2 Introduction

Surface-enhanced Raman scattering (SERS) is a vibrational spectroscopy technique
capable of highly sensitive detection while providing chemically specific information, and these
attributes make it very attractive for potential environmental monitoring applications (such as the
detection of explosives or biological agents).™ In fact, this analytical technique has experienced
a Renaissance of sorts in recent years as nanofabrication methods capable of creating Raman-
enhancing structures with precisely defined shapes and sizes have matured. Considerable effort
has been invested in maximizing the enhancement factor achievable using various nanoparticle
assemblies and nanostructured surfaces, and detections down to single molecule levels have been
reported in the literature.*” Although high performance substrates are a necessity for the
continued development of SERS applications, they are unlikely to see widespread adoption for
real-world analyses without additional effort invested towards the integration of these Raman-
enhancing substrates into versatile analytical systems that can be inexpensively fabricated and
implemented.

Optical fiber-based systems have previously been integrated for use in handheld Raman
spectrometers, and these fibers bear significant advantages for real-world applications of both
standard as well as surface-enhanced Raman spectroscopy.®® The optical fiber itself allows the
sampling element to be separated from the illumination source and detector, providing flexibility
in the physical configuration of the instrument. The laser illumination is confined within the

fiber, reducing the risk of inadvertent exposure as well as simplifying the optical arrangements
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required to steer the beam towards the sample. The small diameter of optical fibers along with
the chemical stability of the silica substrate could potentially enable direct Raman sensing in
hazardous, remote, or (relatively) inaccessible environments. Optical fibers could even be
embedded in materials to probe the chemical nature of a sample in areas away from the surface,
such as within biological tissues for in situ diagnostics.

Despite these advantages, the adoption of optical fiber probes for Raman spectroscopy is
limited chiefly by Raman scattering from the silica in the fiber itself.®'° The incident laser light
used to generate Raman-scattered photons from the analyte also generates Raman-scattered
photons from the optical fiber; although the Raman scattering from silica is relatively weak, the
comparatively large amounts of silica fiber in the probe result in large effective scattering
volumes. The silica Raman scattering leads to a large background in the Raman spectrum, and
this background can easily swamp the Raman signal from the analyte of interest.

Fiber optic probes for standard Raman spectroscopy have been engineered to circumvent
this silica Raman background limitation by separating the probe’s two functions: delivery of the
laser illumination and collection of the Raman signal from the analyte.'! By separating these
functions into separate fibers, bandpass filters can be incorporated into the probe design. Filters
on the illumination fibers rejects the Raman-scattered photons generated as the laser excitation
travels through the fiber to the sample, and filters on the collection fibers reject any laser light
reflected by the sample. While this arrangement of fibers has proven to be successful at
markedly reducing the silica Raman background, the complexities associated with bundling of
the fibers and incorporation of the filters precludes the ultimate goal for optical fiber Raman
probes, where the same fiber is used to both illuminate the sample as well as deliver the Raman

scattered photons to the detector in the so-called ‘optrode’ configuration.
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The discovery of enhanced Raman scattering from molecules interacting with roughened
or patterned metal surfaces has broadened interest in the use of this vibrational spectroscopy

technique.}2%3

The source of this enhanced Raman scattering is generally attributed to the
presence of nanoscale metallic features capable of supporting localized surface plasmon
resonances which generate evanescent electric fields that assist in the coupling of photons into
and back out of the analyte."** The nanostructured metal features capable of producing this
surface-enhanced Raman scattering have generally used gold or silver and come in many
different forms, including individual nanoparticles of different shapes, nanoparticle assemblies as
well as nanostructured metal films.”> The advent of SERS has sparked a rebirth in the
investigation of optical fiber based systems for Raman spectroscopy. The integration of metallic
nanostructures with the optical fiber could sufficiently increase the Raman scattering intensity of
the analyte such that the Raman signal from the analyte can be detected over the silica Raman
background. In short, these Raman-enhancing nanostructures could become an enabling
technology for the successful development of single-fiber SERS probes.

A number of different routes have been demonstrated for the fabrication or assembly of
plasmonic nanostructures on optical fibers. One class of methods involves the assembly or

growth of nanoparticles or nanorods on the optical fiber.'**

The optical fiber tip can be
roughened by ablating the surface using a femtosecond laser, generating roughened areas across
the fiber tip onto which silver or gold nanoparticles can be created or adsorbed.”*® An
alternative method has been to chemically etch the cylindrical fiber to a tapered shape, increasing
the exposed surface area through which light can escape the fiber into the surroundings; silver

nanoparticles or islands are deposited along the length of this taper to complete the SERS

probe.?*% While synthetic methods are capable of producing nanoparticles of monodisperse size
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distributions, the assembly of the nanoparticles on the fiber surface is, for the most part, random.
Furthermore, the fiber treatments used (femtosecond laser ablation, chemical etching) add
complexity to the fabrication process.

The second class of techniques for creating SERS fiber probes generates deterministic
nanostructures directly on the optical fiber surface. Focused ion beam milling has been the
prevalent method for writing such structures, and arrays of nanostructures with arbitrary sizes
and shapes have been successfully created on optical fiber faces.?”?® More recently, electron
beam lithography has been employed to produce nanostructured surfaces via a two step process;
arrays of structures such as nanoantennas are written on a separate substrate via electron beam
lithography, and these structures are transferred onto the optical fiber tip in a second step using
decal transfer lithography.”® While both of these methods have been successfully employed to
create nanostructured optical fiber surfaces, writing of the nanostructures is a generally slow
process that is difficult to perform in parallel, limiting the rate at which patterned substrates can
be produced. Additionally, these milling methods are limited in the overall pattern size they can
write in a single step, although the substrate can be physically displaced to write a pattern over
large areas. An inexpensive fabrication technique that could precisely replicate nanoscale
features over large areas (> 100 um in diameter) directly on the optical fiber tip would greatly
enhance the feasibility of optical fiber-based SERS sensing.

In this work, we have fabricated nanostructured plasmonic crystals directly on the tips of
optical fibers using soft nanoimprint lithography for use as SERS fiber probes.****
Photolithography is used to generate a nanostructured master pattern, and a poly(dimethyl
siloxane) (PDMS) stamp cast from this master is subsequently used to mold this pattern with

high fidelity and nanometer-scale resolution. This soft embossing technique is capable of rapidly
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replicating deterministic arrays of nanoscale features directly on the optical fiber tip using
inexpensive materials. While the use of single optical fibers in Raman sensing applications
entails the presence of the silica Raman background, we show that this background is not an
impediment to detection of the Raman scattering for benzenethiol monolayers as well as that for
Rhodamine in aqueous solution, which is indeed enhanced by the nanopatterned optical fiber tip.
The soft embossing of nanostructures coupled with a single optical fiber configuration mode
creates a versatile SERS sensing platform that can be readily adapted and optimized for different

sensing environments.

2.3 Experimental Materials and Methods

2.3.1 Reagents

All reagents were used as received without further purification unless otherwise noted.
Spin-on-glass (product number 314) was purchased from Honeywell and filtered using a 0.02
pm syringe filter immediately before use. Polydimethylsiloxane (soft PDMS; Sylgard 184, Dow
Corning) was purchased from Ellsworth Adhesives. Hard PDMS components: poly(7-8%
vinylmethylsiloxane)-(dimethylsiloxane) (VDT-731); 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane(SIT-7900); poly(25-30% methylhydrosiloxane)-
(dimethylsiloxane) (HMS-301); platinum-divinyltetramethyldisiloxane (SIP6831.1); and
(tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (‘no-stick treatment’) were purchased from
Gelest. Rhodamine 590 chloride was purchased from Exciton. Benzenethiol (thiophenol) was

purchased from Sigma Aldrich. Low-OH, step-index multimode optical fiber (200 um diameter,
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0.22 NA, product no. BFL22-200) was purchased from Thorlabs. Ultrapure water (18 MQ) was

produced using a Millipore Milli-Q Academic A-10 system.

2.3.2 Soft Embossing of Plasmonic Nanostructures on Optical Fiber Tips

The plasmonic nanostructures imprinted onto the fiber tip consist of a square array of
nanoholes originally created photolithographically on a silicon wafer in photoresist.***® This
plasmonic crystal pattern was replicated in a siloxane-based spin-on-glass (SOG) cast onto a
glass microscope slide via a soft nanoimprint lithography process previously described;*! this
glass-slide based plasmonic crystal replica was itself used as a replication master for the casting
of composite hard-PDMS/soft-PDMS stamps which were subsequently used to pattern the
optical fiber tips. A ‘no-stick’ treatment was applied to the composite PDMS stamps prior to use
using previously described methods.*

Optical fiber probes were prepared by cutting portions of desired length, followed by
removal a portion of the polymer coating from the fiber using a Micro-Strip stripping tool (Micro
Electronics, Inc.) with blades appropriately sized to the diameter of the fiber and coating. The
stripped portion of the fiber was wiped with a methanol-dampened Kimwipe to remove any
residual debris, and smooth fiber faces were cut on each end of the fiber using a mechanical fiber
cleaving tool (Fujikara High Precision Fiber Cleaver, product no. CT-04B). Debris was blown
off the fiber ends using compressed nitrogen gas, and the fiber face was found to be sufficiently
smooth for imprinting; no further polishing of the cleaved fiber end was performed.

After the fiber tips were cleaved, the fiber was inserted into a UV-ozone cleaning
chamber (UVOCS) for five minutes, and the fiber was then fastened onto a vertically mounted

translation stage using double-sided tape. A photograph of this apparatus is presented in Figure
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2.1a, and Figure 2.1b-e present a schematic overview of the nanoimprint lithography process
used to pattern the optical fiber tips. The SOG sol was filtered through a 0.02 um syringe filter
to remove any particulates present, and a drop of the SOG sol was formed at the tip of a syringe
needle and brought to the tip of the optical fiber to transfer a thin film of the sol to the tip of the
optical fiber. The composite PDMS stamp was placed above the fiber tip (Figure 2.1b), and the
translation stage was used to controllably push the optical fiber into the stamp surface (Figure
2.1c). This assembly (fiber, stamp, and stage) was placed into an oven at 110°C for 3 minutes,
after which the fiber was then removed from the stage and the stamp (Figure 2.1d). The fiber
was then placed into the oven and baked at 200°C for 5 minutes and then held overnight at
150°C to thermally cure the nanoimprinted plasmonic structures on the optical fiber tip. The
plasmonic crystal patterned on the optical fiber had a periodicity of ~740 nm (hole center-to-hole
center), individual nanohole diameters of ~440 nm, and relief depths of ~300 nm. An adhesion
layer (5 nm TiO;) and a metal layer (50 nm Au) were deposited onto the patterned tips of the
optical fibers using an electron-beam evaporator (Temescal) to complete the fabrication of the

plasmonic crystal (Figure 2.1e).

2.3.3 Characterization of Plasmonic Nanostructures on Optical Fiber Tips

Several imaging methods were employed to assess the replication fidelity of the
nanostructures embossed on the optical fiber tips. Darkfield microscopy was performed using an
ausJena Jenavert upright optical microscope with a 12.5x, 0.25 NA objective; the microscope
was equipped with a darkfield condenser and a white light halogen illuminator. Darkfield
images were captured using an Infinity 1-3C complementary metal-oxide-semiconductor

(CMOS) digital camera (Lumenera Scientific) mounted on the microscope.
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Scanning electron microscopy (SEM) was performed using a JEOL 6060-LV scanning
electron microscope operated in high vacuum mode; while the tip of the optical fiber was coated
with a thin film of gold, an additional thin film of Pd/Au was sputtered onto the fiber after it had
been mounted on a sample stub to render the entire assembly electrically conductive. Atomic
force microscopy (AFM) measurements were performed using an Asylum Research MFP-3D
atomic force microscope operated in tapping mode. Collection of the SEM and AFM images
required the nanostructured tip to be separated from the rest of the optical fiber in order for the
sample to physically fit within the instruments; this was achieved by using a razor blade to cut
through the silica fiber. Further preparation was necessary for the AFM measurements: the
nanostructured fiber tip was embedded in an epoxy adhesive in order to mount in vertically on a
glass microscope slide; once cured, the epoxy provided a rigid matrix to prevent the optical fiber
from moving or deflecting during the measurement. Analyses of the darkfield and SEM images
were performed using ImageJ, while analysis of the AFM data was performed using IgorPro and

the Asylum Research AFM software.

2.3.4 Surface-Enhanced Raman Spectroscopy of Adsorbed Benzenethiol Monolayers and

of Rhodamine Solutions

SERS spectra were collected using a Bruker SENTERRA dispersive Raman microscope
with a 20x objective and a 785 nm fiber-coupled diode laser. The Raman spectra were collected
over a range of Raman shifts between 400 — 2000 cm™. The optical fiber probe was mounted in
a chuck such that the incident laser illumination entered the fiber through the distal (non-
patterned) end. All Raman spectra were collected using 30 s signal integration times. Raman

data analysis, including background fitting and subtraction, was performed using OriginPro.
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A self-assembled monolayer of benzenethiol was adsorbed onto the optical fiber probes
(~10 cm in length) by immersing the metalized, patterned tips in a 15 mM solution of
benzenethiol in ethanol overnight. Following formation of the benzenethiol monolayer, the fiber
tips were removed from the benzenethiol solution, rinsed thoroughly with ethanol, and dried with
compressed nitrogen gas.

SERS measurements of Rhodamine were collected using a 20 puM solution of Rhodamine
590 chloride was prepared in ultrapure water. A 785 nm diode laser with a power of 50 mW was
used to illuminate the optical fiber probe. Plasmonic nanohole arrays were patterned onto the
tips of optical fibers (approximately 1 m in length) as previously described, and the
nanostructured fiber tip was inserted into the Rhodamine solution immediately prior to collection

of the Raman spectrum and remained immersed for the duration of the measurement.

2.4 Results and Discussion

2.4.1 Soft Embossing of Plasmonic Nanostructures on Optical Fiber Surfaces

Inorganic, siloxane-based spin-on-glass materials (SOG) have been previously adapted
for use as an embossing material, and plasmonic crystals molded in SOG exhibited improved
SERS enhancements compared to equivalent structures molded in organic materials such as a
photocurable polyurethane or an epoxy-based photoresist.®* The SOG material also exhibits
chemical stability in a wide range of environments, which could be advantageous for sensing
applications in oxidizing or corrosive environments. The optical properties of the SOG material
itself combined with its improved resistance to thermally-induced deformation are believed to be

responsible for the improved enhancement, which is a desirable design element for these optical

63



fiber probes. Additionally, it was shown that the spectral properties of SOG-based plasmonic
crystals can be tuned through control over the fabrication conditions (although this was not
explored in the present work).

Plasmonic nanohole arrays were replicated on the surface of the optical fibers using a soft
nanoimprint lithography method, and representative images of the nanostructures patterned on
the optical fiber tip are presented in Figure 2.2. The large-area scanning electron microscopy
image in Figure 2.2a reveals that the nanostructures are patterned across the entire optical fiber
tip; the core of the optical fiber is 200 um in diameter with a 20 um cladding layer surrounding
the core. A higher magnification SEM image of the outer edge of the fiber tip is presented in
Figure 2.2b which shows that the nanoholes were uniformly formed across the bulk of the
surface, although they did become less consistent approaching the edge of the fiber. These
distortions were attributed to a 'squeezing out' of the spin-on-glass sol as the fiber tip was pressed
into the composite PDMS stamp. This should only have a limited impact on the performance of
the SERS fiber microprobe as the photon flux at the fiber edges is smaller than towards the
center of the fiber. Furthermore, a 20 um thick cladding layer is present around the periphery of
the fiber, and the distorted nanostructures lie predominantly in this region.

A darkfield microscopy image is shown in Figure 2.2c, and this image generally shows a
lack of defects in the patterned nanostructures just as the SEM image in Figure 2.2a. The
nanohole topography was mapped using atomic force microscopy, and an inverted 3D projection
of the AFM data is presented in Figure 2.2d. This projection reveals uniform nanohole relief
depths (~340 nm in this case), and the nanostructure replication quality shown here is consistent
with that demonstrated previously for soft lithography using spin-on-glass. These images

provide evidence for the suitability of soft nanoimprint lithography techniques for the replication
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of nanoscale features on challenging substrates, and the nanostructures patterned here are
produced relatively quickly — the molding time required was approximately 3 minutes, although
the spin-on-glass is cured overnight in an oven.

Initial trials for the imprinting of SOG on the optical fiber tip resulted in anomalous
behavior not previously observed when molding SOG on glass microscope slides. One such
defect is depicted in Figure 2.3a-c where large areas of the nanostructured SOG film appear to
have lifted off from the optical fiber. (No gold had been deposited onto the optical fiber tips
when the darkfield images in Figure 2.3 were acquired, and only a thin film of Pd/Au was
deposited on them to enable the SEM imaging.) In fact, examination of the higher magnification
SEM image in Figure 2.3c reveals that the areas where the SOG pattern lifted off are not entirely
empty. Small squares which appear to correspond to the area between four nanoholes were left
behind, and the nanostructure loss appeared to follow the cardinal directions of the square array.

This behavior may be the result of poor adhesion of the SOG to the silica fiber substrate
as well as unexpectedly strong adhesion between the SOG and the composite PDMS stamp, and
the fabrication procedures were altered to exert better control over these adhesive properties: A
fluorinated no-stick coating was covalently bound to the PDMS stamp surface to decrease the

apparent affinity between the SOG sol and the stamp itself.**

The surface of the optical fiber tip
was exposed to ultraviolet light and ozone gas to activate the silica surface, generating surface
silanol groups with the hopes of generating covalent bonds between the silica surface and the
siloxane-based SOG.¥"*® After this procedural modification, no further occurrences of this
nanostructure ‘lift-off” was observed.

An additional difficulty encountered in the fabrication of SOG-based nanostructures on

the optical fiber surface was cracking of the SOG film, an example of which is shown in Figure
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2.3d-f. The high magnification SEM image in Figure 2.3f shows that the nanostructures
themselves are properly molded in the SOG film, but the cracks observed in the film appeared
only after heating of the fiber and SOG to cure the nanostructured film. The high magnification
SEM image also suggests that portions of the SOG film have also lifted off of the surface,
suggesting again that the adherence of the SOG film to an otherwise untreated silica fiber surface
was poor. These raised areas scatter light more effectively than the surrounding region and led
to the anomalously bright areas observed in the darkfield image of the patterned fiber tip (Figure
2.3d). The particular spin-on-glass used to fabricate these nanostructures has an intended
thickness range between 220 nm and 360 nm,* and the cracking may be a result of a SOG film
that was too thick. The fabrication procedure was modified to limit the total amount of SOG
applied to the fiber by suspending a droplet of the filtered SOG sol on the tip of a syringe needle
and dabbing the droplet onto the tip of the optical fiber after it had been mounted on the
translation stage. Combined with the surface treatments previously described, these procedural
changes largely eliminated the fabrication defects shown in Figure 2.3, and highly uniform
nanostructures could be successfully replicated in SOG on the optical fiber tip as demonstrated in
Figure 2.2.

The images in Figure 2.2 and Figure 2.3 also demonstrate the utility of darkfield
microscopy in the evaluation of the nanoimprinting quality. Due to space limitations within the
SEM and AFM sample chambers, the nanostructured optical fiber tips had to be separated from
the rest of the fiber for them to fit. While these imaging methods themselves do not damage the
nanostructured surfaces, they are, in fact, destructive from the standpoint of the ability to use the
optical fiber probe after imaging. In contrast, the optical fiber tip can be imaged under a

darkfield microscope (provided sufficient space is available underneath the microscope stage)
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without destroying the utility of the probe itself, and the darkfield images readily reveal the same
gross structural defects as those found in the SEM images. Furthermore, fiber tips can be
examined more rapidly under a darkfield microscope, making this an attractive method for

judging the broader qualities of the replicated nanostructures prior to continued processing.

2.4.2 SERS Measurements of Adsorbed Benzenethiol Self-Assembled Monolayers Using

Nanostructured Optical Fiber Microprobes

SERS measurements were made using gold-coated optical fiber microprobes mounted
within a Raman microscope in an optrode configuration; a block diagram of the optical setup is
provided in Figure 2.4. Excitation light from a 785 nm diode laser is focused through the
microscope objective onto the distal end of the optical fiber probe — that is, the light is incident
on the end of the optical fiber opposite from the nanostructured tip. The excitation light
propagates down the fiber to reach the metalized, nanostructured tip; and these photons interact
with the structured metal surface and nearby analytes. Only Raman photons scattered back
towards the metal surface and optical fiber at angles within the acceptance range of the fiber can
be collected for analysis. These Raman scattered photons propagate back through the optical
fiber and are collected by the microscope objective and passed to the detector; a dichroic mirror
is used to filter the Raman scattered photons from laser light that were reflected back through the
fiber. The optrode configuration used in this experiment is remarkably simple to assemble — the
optical fiber is inserted into a fiber chuck to mount it underneath the microscope objective, and
only a single alignment/focusing step is required prior to use.

A characteristic raw Raman spectrum for benzenethiol adsorbed onto a patterned optical

fiber tip is presented as the black curve in Figure 2.5a, and this spectrum exhibits a non-constant
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baseline which increases at smaller Raman shifts. In order to flatten this baseline, an exponential
decay function of the form y =y, + Ae™" + Ae ™= was fit using OriginPro to approximate its

shape, and the resulting calculated baseline is included in Figure 2.5a as the red curve in the plot.
It should be noted that while the shape of this baseline appears to be a good fit for the baseline at
Raman shifts greater than ~550 cm™, but the exponential function is clearly invalid for the
portion of the spectrum with Raman shifts of less than ~500 cm™. The Raman bands of interest
for benzenethiol in this work are at larger Raman shifts (greater than 1000 cm™), so this
limitation in the baseline fitting was acceptable. All subsequent Raman spectra have been
baseline subtracted in this manner.

The resulting Raman spectrum after baseline subtraction is presented in Figure 2.5b, and
this spectrum is actually a convolution of two individual spectra, one of benzenethiol and one of
silica. Although silica is a relatively weak Raman scatterer, the sheer length of fiber through
which the excitation laser must pass results in a sizable Raman contribution that can swamp
Raman signals coming from the analyte of interest; this has previously been a limiting factor in
the use of the optrode configuration for Raman fiber probes despite the simplified optical setup.
The Raman signal for silica appears as the peaks centered around 500 cm™, 600 cm™ and 800
cm™ as well as the broader features at ~1050 cm™, 1200 cm™, and ~1600 cm™. (The peak at 500
cm™ is not as well defined as those at 600 cm™ and 800 cm™ because of the imperfect baseline
subtraction at smaller Raman shifts.) The Raman spectrum for benzenethiol is overlaid on top of
the silica spectrum as the triplet of peaks between 1000 — 1100 cm™ as well as the peak around
1570 cm™, and this SERS spectrum for benzenethiol is in good agreement with those previously

reported in the literature.*****
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The Raman data were processed further by normalizing the intensity of the baseline-
subtracted spectra to the intensity of the silica peak at ~600 cm™ such that it was assigned an
arbitrary value of 100. (This peak at ~600 cm™ for silica is reported in the literature as the D,
'defect’ line, and computational simulations associate this spectral feature with a coherent
breathing mode for a ring consisting of three Si-O units in vitreous silica.*®) This peak was
chosen to act as an internal standard to help compensate for deviations in the spectra, such as
those related to laser intensity fluctuations, resulting in more meaningful comparisons.

Figure 2.6 presents a comparison of the normalized Raman spectra for a benzenethiol
monolayer adsorbed onto the tip of an embossed optical fiber (red curve) and onto the tip of an
unstructured, flat optical fiber (black curve); both optical fiber tips were otherwise prepared in
the same manner. The unstructured control spectrum (black curve) clearly shows the silica
Raman peaks, but the benzenethiol Raman contribution is absent — this is easily seen by
comparing it to the Raman spectrum acquired using the nanostructured optical fiber (red curve).
This control comparison clearly indicates that the Raman signal from benzenethiol is enhanced
by the plasmonic nanostructures embossed on the tip of the optical fiber. Furthermore, the
benzenethiol Raman signal is distinguishable from that of silica, even in regions of spectral
overlap (e.g. 1000 — 1100 cm™). The silica background signal was previously considered an
impediment in the development of fiber optic Raman probes, and while that background is still
present, these experimental results suggest that enhancement of the Raman signal via a

nanoimprinted plasmonic crystal on the fiber tip makes this optrode configuration feasible.
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2.4.3 Normalized Raman Intensity Dependence on Excitation Laser Power

One strategy for increasing the Raman scattering signal of an analyte has been to increase
the excitation laser power, and this has previously been accomplished in optical fiber probe
designs using so-called ‘N+1° fiber bundles, where one fiber is used to collect the Raman
scattered photons while a group of N optical fibers arranged around the collection fiber delivers

the excitation illumination.*

While the optrode configuration used in this experiment obviates
the need for separate optical fibers to transport the excitation light, higher laser powers could still
be used to increase the Raman signal from analytes at the probe tip. However, increased laser
power would be expected to generate a larger background signal from the silica fiber itself;
experiments were performed using a single optical fiber probe to investigate the dependence on
excitation intensity on the Raman scattering of both benzenethiol adsorbed on the optical fiber
tip and silica in the fiber.

Figure 2.7a presents the baseline-flattened Raman spectra from a single patterned optical
fiber using different excitation powers: 1 mW, 10 mW, 25 mW, 50 mW, and 100 mW. As
expected, the Raman intensities for both the silica and the benzenethiol bands increased as the
excitation power was increased. While this comparison of laser powers demonstrates that higher
laser fluences can indeed be utilized to increase the Raman scattering intensity, more interesting
behavior is observed after normalizing the Raman spectra to the intensity of the silica band at
~600 cm™. These normalized Raman spectra are shown in Figure 2.7b, and an examination of
the benzenethiol features reveals that their normalized intensity remains largely the same,

independent of the incident laser power. A more quantitative comparison is made for the

normalized intensity of the benzenethiol peak at ~1570 cm™, and the normalized peak height for
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this feature displayed on the graph for each incident laser power. (This peak, corresponding to a
C-C stretching mode of the benzene ring, was chosen for comparison between the spectra
because its intensity is readily distinguished from the small, broad silica band in the same
spectral region that was observed in the control spectrum in Figure 2.6.%%) As the laser power is
increased from 1 mW to 50 mW, the normalized intensity of the benzenethiol peak at ~1570 cm™
remains approximately constant. Put another way, the absolute peak intensities of the silica
feature at ~600 cm™ and the benzenethiol feature at ~1570 cm™ increased with the laser power
(as seen in Figure 2.7a), but the relative peak intensities did not.

At the highest laser power investigated here (100 mW), the normalized intensity of the
benzenethiol peak was smaller than it was at lower laser powers, and this is likely due to several
factors related to the heat generated at the optical fiber tip by the incident laser. Localized
heating of the metalized tip could cause thermal desorption of the benzenethiol, resulting in
decreased analyte coverage of the surface with a corresponding drop in signal. Additionally,
heating of the tip could cause deformation or damage to the gold film — this has been observed
previously in both inorganic SOG-based and organic polymer-based plasmonic crystals used for
SERS measurements of benzenethiol.** Heating of the metal film could result in annealing or
melting of the film, resulting in distortions which would alter the plasmonic properties of the
metal layer and the ability of the plasmonic nanostructure to successfully enhance the Raman
scattering from benzenethiol. (It should be noted that previous investigations have found that the
underlying SOG nanostructures themselves were not deformed by the heating — in these
measurements, the stability of the plasmonic substrate is limited by the stability of the metal film

itself.)

71



In fact, thermal damage to the nanostructured optical fiber tip was observed after some
measurements. Figure 2.8a presents a darkfield microscopy image of a fully fabricated optical
fiber tip after a benzenethiol monolayer was adsorbed onto the gold-coated surface, and Figure
2.8b is a darkfield image of the same optical fiber tip after Raman measurements were collected.
The post-measurement image clearly shows discoloration and damage to regions of the
nanostructured surface which were induced during the measurement. Greater heating of the
optical fiber tip in Raman applications has been previously reported and is attributed, in part, to
poorer thermal conductivity from the metal surface in this configuration.® The specific
conditions leading to damage and discoloration at the metalized tip are not currently well
understood, but the patterned nanostructure dimensions may play a role in the metalized tip’s

susceptibility to heating-related deformation.

2.4.4 Corrections for Silica Contributions to the Raman Signal

Assuming there is no interaction between benzenethiol and the silica fiber substrate, the
Raman spectra should be the result of the additive overlap of the non-enhanced Raman scattering
of silica from the fiber, the enhanced Raman scattering from benzenethiol at the probe surface,
and Raman scattering from silica at the fiber tip which is enhanced because of its close proximity
to the nanostructured metal surface. If the scattering intensity of the analyte is low compared to
that of silica at the same Raman shift, the analyte signal may be swamped by the silica signal,
and corrections to the spectra to remove the silica Raman contributions can render the analyte
signal distinguishable once again.

Previous studies of optical fiber-based SERS probes have collected the Raman spectrum

of the fiber probe itself first, without any analyte, and this background spectrum is subtracted
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from the experimental spectrum when the analyte is present in order to remove both the
enhanced and non-enhanced Raman scattering of silica.”® While this method is effective at
removing the silica Raman signal, effective implementation of this correction requires the ability
to collect the reference spectrum under the same experimental conditions; the optical properties
of plasmonic substrates can change depending on the environment. This may not be feasible for
all applications, and retaining a portion of the silica Raman signal could prove advantageous for
use as an internal standard for quantitative measurements.

We have investigated an alternate correction method to remove only the non-enhanced
Raman contributions from the silica fiber. Raman spectra for benzenethiol adsorbed onto a
nanopatterned optical fiber probe were collected as portions of the fiber were cut off, resulting in
a decrease in the silica Raman signal as the optical fiber became shorter. The raw Raman spectra
of the shortened optical fiber probes were subtracted from that of the original spectrum (obtained
for the full-length fiber probe) and then normalized against the total length of fiber that had been
removed. A comparison of these length-normalized Raman spectra (after baseline flattening) is
presented in Figure 2.9a, and these spectra show remarkable consistency. The lack of
distinguishable peaks corresponding to benzenethiol in these difference spectra suggests that this
approach is indeed capable of separating the non-enhanced Raman signal from the surface-
enhanced Raman components.

An average Raman contribution per unit length of silica fiber was calculated using these
length-normalized spectra and was subtracted from the Raman spectrum obtained using the full-
length fiber probe. The original Raman spectrum and the resulting spectrum after application of
this correction for non-enhanced silica Raman scattering are presented in Figure 2.9b. (These

spectra have been normalized such that the intensity of the residual silica peak at 600 cm™ is
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once again assigned a value of 100.) The triplet of benzenethiol peaks can be inferred in the
original Raman spectrum (black curve) between 1000 — 1100 cm™, but individual peaks clearly
cannot be resolved from the silica feature in the same spectral region. After subtraction of the
silica fiber contribution, these three benzenethiol peaks were recovered and can be readily
identified. Additionally, the normalized benzenethiol peak intensity at ~1570 cm™ increased by
~15% after the silica subtraction was performed; this result is expected as the Raman intensity of
the silica reference peak would have decreased after subtraction.

It is curious, however, that the relative intensities of the different Raman bands associated
with silica were not equally affected by the subtraction. The relative intensity of the silica peak
at 800 cm™ (compared to that at 600 cm™) decreased, while the silica peaks between 1000 — 1200
cm™ as well as the broad feature at centered around 1600 cm™ appear to have been completely
removed. The Raman peak at 600 cm™ is associated with a ‘defect’ mode consisting of a ring
formed by three Si—O pairs,*® while the Raman peaks at 800 cm™, 1000 — 1200 cm™, and 1600
cm™ are vibrations and overtones for vibrations associated with SiO4.** This suggests underlying
differences between the enhancements (or lack thereof) for the different silica Raman modes.

Given these identifications, it is perhaps less surprising differences are observed in the
silica Raman subtraction. The very presence of the surface disrupts the covalent bonding
network in silica, reducing the number of silicon atoms bonded to four other oxygen atoms at the
surface and necessarily reducing the potential for the Raman signal from these groups to be
enhanced by the plasmonic nanostructure at the fiber tip. Thus, it is reasonable that the Raman
signal observed at Raman shifts greater than 800 cm™ are largely the result of scattering from the
bulk of the fiber and would be adequately removed using the correction method. The

conservation (at least in part) of the defect band for silica at 600 cm™ suggests that this Si-O ring

74



structure is present at the surface (and thus enhanced by the nanostructured tip) as well as in the
bulk of the fiber; this latter point is seen as the presence of the peak at 600 cm™ in the non-

enhanced Raman spectra shown in Figure 2.9a.

2.4.5 SERS Measurements in Aqueous Rhodamine Solutions Using Optical Fiber Probes

Optical fiber SERS probes would be particularly well-suited for solution-based
measurements as solutions could be remotely probed with little need for sample collection or
preparation. Additionally, the solution could itself act as a heat sink, reducing the occurrence of
heating related damage of the nanostructured metal film. Nanoimprinted optical fibers were thus
used to probe solutions of Rhodamine 6G dissolved in water as a test system.

Longer optical fibers were used in these measurements (1 m vs. 10 cm used in the
benzenethiol measurements), and a comparison of Raman spectra collected using a
nanostructured optical fiber and a flat control fiber is presented in Figure 2.10a. (While only the
structured fiber has the embossed nanohole array, both fiber tips were coated with 50 nm of
gold.) Again, both spectra are dominated by the Raman features associated with silica, but a
closer examination of the Raman spectra between 1300 — 1800 cm™ reveals the presence of
additional Raman features in the spectra obtained using the nanostructured optical fiber probe. A
magnified view of the Raman spectra in this region are presented in Figure 2.10b. The small
peaks at ~1310 cm™, 1360 cm™, 1500 cm™, 1600 cm™, and 1650 cm™ have previously been
assigned to vibrational modes of Rhodamine 6G and are entirely unresolved in the control
spectrum.*>4°

While the normalized intensities of the Rhodamine peaks are small, these results do show

that the nanostructures on the optical fiber tips produce an enhancement of the Raman signal.
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Several opportunities exist to significantly increase the performance of these fibers in aqueous
conditions: The nanostructure design rule used for this probe was the same as that used for the
benzenethiol measurements. However, the refractive index contrast between the two sensing
environments (n ~ 1.00 for the benzenethiol monolayer in air vs. n ~ 1.33 for the aqueous
Rhodamine solution) will result in changes in the underlying plasmonic properties of the
nanostructured metal surfaces, and moving to a different design rule could markedly improve the
enhancements observed in solution. (Similar optimizations could be performed to improve the
Raman enhancements for monolayers in air as well.) The experimental protocol could also be
altered to promote adsorption of Rhodamine to the metal surface, such as pre-soaking the fiber
tip in the solution prior to measurement or the addition of NaCl to the solution;*’ these measures
would increase the effective concentration of Rhodamine within the evanescent electric field
volume at the metal surface. These steps were not taken in the current work in order to provide a
base view of the Raman enhancements possible using these nanoimprinted optical fibers, but
further refinement of the probe nanostructures and the experimental procedures would be
expected to yield greater device performance.

The SERS enhancement factors were not calculated in this work. Although the incident
laser spot size at the entrance to the optical fiber is known (5 pm diameter spot), the spot size at
the nanopatterned end would undoubtedly be larger than at the entrance because of the angular
dispersion of light as it traveled through the fiber. Additionally, the incident laser intensity
cannot be assumed to be evenly distributed across the illuminated region. Imaging studies along
with computational simulations could provide guidance regarding the distribution of light at the
SERS-active face of the probe after which more informed estimates could be made regarding the

enhancement factors.
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These results clearly reveal the successful enhancement of Raman scattering from
benzenethiol and Rhodamine using a nanostructured optical fiber probe, as compared to
unstructured optical fiber probes. However, significant room remains for optimization of the
device performance: Only one set of nanostructure design rules was explored here as a
demonstration of the ability for soft embossing to replicate a functional, Raman-enhancing
plasmonic crystal structure on the optical fiber tip. Changes to the metal layer thickness as well
as the pitch, size, and depth of the nanohole arrays could be used to tune the optical properties of
the replicated plasmonic crystal for the Raman scattering of a desired analyte in a particular
environment, and these efforts would be greatly informed by rigorous electrodynamic
simulations of the optical and electric field properties of the plasmonic nanostructures. The soft
lithography method used in this work is highly amenable to design rule changes — once the
appropriate master has been created, the nanostructures can be readily replicated without the
need to change the fabrication protocols that were implemented here. Additionally, the use of
optical fibers with larger numerical apertures (and correspondingly larger acceptance angles for
scattered light) could increase the efficiency of the collection of Raman scattered photons from
the analyte and could be an exceedingly simple method to increase the effective performance of

these SERS fiber probes.

2.5 Conclusions

In this work, soft nanoimprint lithography was successfully adapted to emboss a
nanostructured plasmonic crystal in an inorganic spin-on-glass film on the tip of a multimode
optical fiber. The use of soft embossing to create the nanostructured surface on the optical fiber

not only enables the rapid fabrication of high quality nanostructures across the entire fiber tip but
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also provides flexibility for the fabrication of nanostructures with different design rules.
Darkfield microscopy was shown to be a rapid yet effective proxy for the evaluation of the
quality of the replicated nanostructures. These patterned optical fibers were successfully used as
optrodes for the measurement of surface-enhanced Raman spectra of benzenethiol monolayers
adsorbed onto the plasmonic crystal surface as well as of Rhodamine 6G molecules in aqueous
solution. Computational guidance regarding the optical properties of the embossed plasmonic
crystals would greatly inform efforts to optimize the performance of these devices, and the
fabrication flexibility afforded by soft lithography greatly enhances the utility of these optical
fiber probes as a general platform for SERS sensing of different analytes within different

environments.
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2.7 Figures
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Figure 2.1 a) Photograph of an optical fiber mounted on a translation stage for nanostructure
imprinting. The box labeled ‘A’ points to the optical fiber which has been secured on the stage
with double-sided tape, and the box labeled ‘B’ points towards the composite PDMS stamp used
to emboss the nanostructures. b-e) Schematic diagram of the soft embossing process for
plasmonic crystal molding: b) SOG sol is applied to the optical fiber tip and the structured
PDMS stamp is placed above the sample. ¢) The SOG coated fiber tip is pressed into the stamp
and heated. d) After the initial thermal curing, the PDMS stamp is removed, leaving behind the
nanopatterned SOG film on the optical fiber surface. e) After curing, a thin gold film is
evaporated onto the patterned optical fiber tip to complete the fabrication of the plasmonic

crystal.
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Figure 2.2 a) SEM image of a nanostructured optical fiber tip patterned through soft embossing.
b) Higher magnification SEM image of the edge of the patterned optical fiber tip from panel a.
c) Darkfield optical image of the same embossed optical fiber tip shown in panel a showing
similar features. d) Inverted 3D projection of AFM measurements collected from nanostructures

patterned on the optical fiber surface showing the uniformity of the nanohole relief depths.
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b)

Figure 2.3 a) Darkfield and b) SEM images of a nanostructured fiber tip where parts of the
patterned SOG film have lifted off from the silica surface. ¢) Magnified SEM image of the fiber
tip presented in panels a and b showing regions where the patterned SOG film was detached
from the surface. d) Darkfield and €) SEM images of a nanostructured fiber tip where the
patterned SOG film cracked during thermal curing. f) Magnified SEM image of the fiber tip
presented in panels d and e showing cracked areas of the nanostructured film. The center portion

appears to have lifted off of the surface as well.
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Figure 2.4 Block diagram of the instrumental arrangement for fiber-based SERS measurements.
Incident illumination from a 785 nm diode laser (yellow line) was transported through a Raman
microscope and focused through a microscope objective into the non-patterned end of the optical
fiber. This laser illumination propagated through the fiber to reach the nanostructured tip where
the analyte was present. Raman scattered photons (red line) were collected by the same fiber and
transported back through the optical fiber to the microscope. A dichroic mirror was used to filter

out reflected laser light, and the Raman scattered photons were passed to the detector.
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Figure 2.5 a) Comparison of raw Raman spectrum (black) of benzenethiol collected from a
nanopatterned optical fiber and an exponential function (red) fit to approximate the baseline
present in the raw spectrum. b) Resulting Raman spectrum for benzenethiol after subtraction of

the baseline from the raw Raman spectrum presented in panel a.

84



250

— Nanostructured fiber tip “ \
— Unstructured (flat) fiber tip ‘\

\
200 /\ nl

150 A i / ‘ ||

, | Vo]
I / AR

\’\ \
] \ / ‘\/\ / ‘ “‘/ | \‘ ‘
1004 M e \V \ »‘/ ‘\

50

Normalized Raman intensity (arb. units)

0 T T T T T T T T T T T T T 1
1800 1600 1400 1200 1000 800 600 400

Raman shift (cm-1)

Figure 2.6 Normalized Raman spectra collected for benzenethiol monolayers adsorbed onto a

nanostructured optical fiber tip (red) and onto a flat optical fiber tip (black). Both optical fiber

tips were coated with 50 nm of gold.
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Figure 2.7 a) Comparison of baseline-subtracted Raman spectra of benzenethiol collected with
a single nanostructured optical fiber using different excitation powers: 1 mW, 10 mW, 25 mWw,
50 mW, and 100 mW. B) Comparison of the spectra presented in panel a after normalization
against the silica peak at ~600 cm™. Normalized peak heights for the benzenethiol feature at

~1570 cm™ are superimposed on each spectrum.
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Figure 2.8 Darkfield images of gold-coated nanostructured optical fiber tips a) before and b)
after Raman measurements and exposure to laser powers of 100 mW. The image in panel b

clearly shows discoloration and damage to the metalized surface after laser exposure.
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Figure 2.9 Raman spectra were collected from a single nanostructured optical fiber probe as
portions were cut off. a) Comparison of the Raman spectra contributions attributed to non-
enhanced Raman scattering from the silica fiber, normalized against the total length of optical
fiber that was removed. b) Comparison between the original Raman spectrum (black curve)
and the Raman spectrum after subtraction of the non-enhanced silica Raman signal (red curve)
based on the normalized spectra presented in panel a. Subtraction of the silica contribution
enhanced the benzenethiol peak at ~1570 cm™ and recovered the benzenethiol peaks between

1000-1100 cm™.
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Figure 2.10 a) Comparison of normalized Raman spectra collected from nanostructured (red
curve) and flat optical fiber tips (black curve) immersed in a 20 uM solution of Rhodamine 6G in
water. b) Magnified view of the normalized Raman spectra presented in panel a showing the

presence of peaks corresponding to Rhodamine in the spectrum collected using the patterned

optical fiber.
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CHAPTER 3
Quantitative Reflection Imaging of Thin Films on Nanostructured

Plasmonic Crystals

3.1 Abstract

Studies of the dynamic interactions and growth of cells in response to chemical and
physical cues from their substrates would benefit greatly from the development of analytical
techniques capable of surface sensitive imaging in real time. To this end, a reflection imaging
protocol capable of quantitative determination of the thicknesses of thin films grown on
nanoimprinted plasmonic crystal surfaces was developed, its ability to measure films of
nanometer-scale thicknesses was demonstrated. Layer-by-layer polyelectrolyte films served as
the model system to calibrate the reflection contrast response as a function of surface layer
thickness, and these calibrations were used to quantitate the thicknesses of peripheral structures
from Aplysia californica pedal neurons cultured on the plasmonic crystal surface. Spectral
regions with differing image contrast behavior as surface layer thicknesses increased were
isolated using bandpass filters, and we developed an analysis method to combine data from
images acquired using different bandpass filters to account for this behavior. In fact, these
composite images displayed increased contrast and sensitivity to surface layer thickness. This

reflection imaging method is inexpensive to implement, using easily fabricated nanoimprinted
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plasmonic crystals and a common laboratory microscope with CCD camera and filters, yet is

capable of quantitating thicknesses at nanometer scales over large areas and in near-real time.

3.2 Introduction

The morphology and outgrowth behavior of cells is significantly influenced by their
interactions with a substrate,” but quantitative investigations of the three dimensional structure
of cells and these cell-substrate interactions are hampered by the imaging techniques currently
available. In turn, this directly impacts our ability to probe and, ultimately, to understanding cell
growth and signaling. Light scattering and absorption by components such as the nucleus and
mitochondria make the cell optically thick, complicating efforts for three dimensional imaging.
By contrast, two dimensional imaging is readily performed, but these data are, in essence, only
projections of 3D information, and the need to work around this limitation has driven the
development of increasingly complex instrumentation, techniques, and protocols. Alternative
imaging methods capable of providing truly quantitative three dimensional information about the
outgrowth of cells (at minimal expense) would reveal, quite literally, additional dimensions of
cell behavior that could only be inferred from existing techniques.

Optical microscopy methods are widely used for the study of cells and offer a number of
advantages, including rapid data acquisition using common laboratory equipment which is
readily available at (relatively) low expense. Within this long history, a number of techniques
and instrumental modifications have been developed to increase the contrast and resolution of
images, including phase contrast microscopy® and differential interference contrast
microscopy.®*® Fluorescence microscopy and immunostaining techniques have been used with

great success to selectively label cellular structures with a fluorescent probe, and multiple probes
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can be implemented to image multiple types of structures simultaneously.’*** These techniques
have elucidated countless details regarding cellular structure, dynamics, and interactions, but
they are generally limited to providing information in the x-y plane with little information in z.

Alternative optical imaging methods are capable of providing this three-dimensional
information. Scanning confocal microscopy is capable of high resolution imaging of cells in
three dimensions,” while total internal reflection microscopy is capable of selectively visualizing
the interface between a cell and its substrate.”*** However, these methods generally require the
addition of fluorescent labels through protocols which can be cumbersome and require a
significant degree of optimization; the introduction of fluorescent labels in live cells may alter
the natural behavior of the cell. Scanning white light interference microscopy uses an
interferometer and a microscope stage capable of precise vertical movements to vertically scan
the focal plane through the sample; the resulting interference fringes can be analyzed to
determine the surface topography.*>*° Digital holographic microscopy has been used to map the
effective transmission path lengths of cell structures without the need for external labels.” A
drawback of all of these techniques, however, is that they have significantly more demanding
instrumentation requirements.

Surface topography measurements fall squarely within the domain of scanning probe
techniques such as atomic force microscopy, which is capable of highly sensitive measurements
of surface feature heights ranging from angstroms to micrometers in thickness.'®?
Functionalization of the probe can provide additional information regarding the nature of the
surface in addition to its topography. The major drawback of atomic force microscopy is data

acquisition speed, which is limited by the rate at which the probe can be scanned across the
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substrate. Imaging over large areas incurs a tremendous time penalty, limiting its effectiveness
in the observations of dynamic systems.

Surface plasmon resonances (SPR) are coherent oscillations of conduction electrons at a
metal-dielectric interface which generate an evanescent electric field that decays exponentially
with distance from the metal surface; this field is generally considered to extend up to ~100-200
nm from the metal surface.?** Because the plasmonic electric field is localized within a few
hundred nanometers of the metal surface, SPR imaging methods are inherently sensitive to
changes in the refractive index profile within this distance from the surface. These SPR-based
techniques have been used to detect surface binding events with high sensitivity and have been
employed in multiplex assays sensing antibody-antigen interactions or DNA hybridization

events.?>%

These measurements can be made without the need for external labeling of the
analyte, and SPR sensing is capable of analyte detection at sub-monolayer sensitivities in real
time. It should be noted that in themselves, SPR-based methods are sensitive only to changes in
refractive index and provide little or no chemically-specific information. Additional chemical
recognition or reporting mechanisms can be incorporated to bridge this gap, providing data that
is both chemically specific and localized at the surface.

These inherent capabilities make SPR-based imaging a natural fit for studies of cell
morphology and substrate interactions within this limit, with demonstrations of refractive index
mapping and thickness profiling of cell-surface contacts previously reported.*** Many SPR
imaging techniques utilize a configuration in which a prism is used to couple light into a flat gold

film in the Kretschmann configuration, but as a consequence, these techniques require relatively

complex optical systems with demanding alignment requirements.?**>?*3*  An ideal SPR
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imaging system would be able to provide this surface-sensitive data in near-real time but without
the need for specialized optical equipment.

Grating-based nanoimprinted plasmonic crystals have been introduced as an alternative to
prism-based systems for SPR imaging and are capable of the same surface-sensitive

23340 In fact, molecular-scale

measurements but with relaxed instrumentation requirements.
imaging has been successfully demonstrated on plasmonic crystal substrates using a common
laboratory microscope and charge-coupled device camera.®® The optical and plasmonic
properties of these plasmonic crystals will change as a function of the refractive index and
thickness of any material immediately adjacent to the metal surface, and previous studies have
shown that the plasmonic response does indeed change for surface layers up to ~90 nm thick.*’
This work focuses on developing imaging techniques to take advantage of the surface
sensitivity of these nanostructured plasmonic crystals for quantitative thickness determinations
within this ~90 nm limit using the controlled growth of polyelectrolyte layer-by-layer assemblies
on the plasmonic crystal surface as a calibration system. The very nature of the underlying
surface plasmon effects produces complex imaging phenomena, and the notable attribute of the
technique developed here is the explicit incorporation of wavelength dependence in the analysis
of multispectral plasmonic reflection images. These complex plasmonic phenomena are not
otherwise encountered in more established reflection microscopy methods, but they in fact
present exciting possibilities for the development of image contrasts that, as we show here, can
be both enhanced and interpreted quantitatively as applied to the structural features present in a
complex, surface-bound system — in this case, a fixed pedal neuron from Aplysia californica,

plated and sustained in culture to elicit process development for subsequent study.***3
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3.3 Experimental Materials and Methods

3.3.1 Reagents

Reagents were used as received without further purification unless otherwise specified.
Spin-on-glass (product number 314) was purchased from Honeywell and was filtered through
0.02 um syringe filters immediately before use. Polydimethylsiloxane (soft PDMS; Sylgard 184,
Dow Corning) was purchased from Ellsworth Adhesives. Hard PDMS components: poly(7-8%
vinylmethylsiloxane)-(dimethylsiloxane) (VDT-731); 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane(SIT-7900); poly(25-30% methylhydrosiloxane)-
(dimethylsiloxane) (HMS-301); and platinum-divinyltetramethyldisiloxane (SIP6831.1) were
purchased from Gelest. Photocurable polyurethane (NOA 73) was purchased from Norland
Products. Manganese(ll) chloride tetrahydrate, poly(sodium 4-styrenesulfonate) (PSS, MW =
70,000 g/mol), poly(allylamine hydrochloride) (PAH, MW = 70,000 g/mol), and 4,4'-
dithiodibutyric acid (DTBA) were purchased from Sigma-Aldrich. Ultrapure water (18 MQ)
was generated using a Millipore Milli-Q Academic A-10 system and used to prepare the

polyelectrolyte solutions.

3.3.2 Plasmonic Crystal Fabrication via Soft Nanoimprint Lithography

Full 3D plasmonic crystals were fabricated using a soft nanoimprint lithography
technique as previously reported.?®*3"#* Briefly, a composite hard PDMS/soft PDMS stamp
was cast from a photolithographically patterned photoresist master and used to mold a replica

master in spin-on-glass.”> An additional composite PDMS stamp is then cast from the spin-on-
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glass master and is subsequently used to fabricate the plasmonic crystals used in this study; a
schematic illustration of the nanoimprinting process is presented in Figure 3.1. A photocurable
polyurethane polymer (NOA) is drop cast onto a glass slide, and this second PDMS stamp is
pressed into the liquid prepolymer (Figure 3.1a) and then exposed to ultraviolet light (UVOCS
UV-ozone cleaning chamber) for 5 minutes to cure the polyurethane (Figure 3.1b). The stamp is
peeled away from the now-solid patterned polymer structure (Figure 3.1c) which is cured at
65°C overnight. The replicated nanostructures are a well-defined square array of cylindrical
depressions with a hole spacing (center to center) of ~740 nm, a hole diameter of ~460 nm, and a
relief depth of ~300 nm. An adhesion layer (5 nm TiO2) and a metal layer (30 nm gold) are
sputtered onto the relief structure (AJA International, 5 mTorr argon) to complete the plasmonic

crystal fabrication (Figure 3.1d).

3.3.3 Polyelectrolyte Layer-by-layer Assemblies on Plasmonic Crystal Surfaces

Polyelectrolyte layer-by-layer assemblies were grown on the plasmonic crystal surface
and on gold-coated pieces of silicon following previously reported procedures.®”*> A small drop
of NOA was applied to one corner of the plasmonic crystal surface and cured to block a region of
the plasmonic crystal from adsorption of the polyelectrolyte layers. Carboxyl-terminated self-
assembled monolayers were formed on the gold plasmonic crystal surface by immersing the
plasmonic crystal in ethanolic solutions of DTBA (33 mM) for 24 h, after which the plasmonic
crystals were rinsed thoroughly with ethanol. Layers of PAH and PSS were alternately adsorbed
onto the surface to build up the polyelectrolyte assembly. The plasmonic crystal was immersed
in a PAH solution (3 mg PAH / mL in water, pH = 8.0) for five minutes, rinsed thoroughly with

water and dried with nitrogen gas. The crystal was then immersed in a PSS solution (3 mg PSS/
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mL in 1 M MnCl,, pH = 2.0) for 90 s, rinsed with water, and dried with nitrogen gas. Reflection
images and ellipsometry measurements were collected after each round of polyelectrolyte

depositions.

3.3.4 Ellipsometry of Polyelectrolyte Layer-by-layer (LBL) Assemblies

The thicknesses of polyelectrolyte LBL assemblies grown on gold-coated pieces of
silicon were measured using a Woollam VASE spectroscopic ellipsometer using 50° and 70°
incident angles; data were collected over a wavelength range of 400-900 nm. The
polyelectrolyte layer was modeled as a Cauchy material with parameters An = 1.61, Bn = 0.01,
Cn = 0 such that the modeled refractive index at 630 nm was 1.635.*"*> The equivalent
thickness for a refractive index corrected material of more biological origin was modeled from
the spectroscopic ellipsometry data by substituting the polyelectrolyte layer in the model for a
layer modeled as a Cauchy material with parameters An = 1.47, Bn =0.01, Cn =0 corresponding

to a refractive index n = 1.495 at 630 nm.*%*’

3.3.5 Cell Culture and Fixation of Aplysia californica Neurons

Aplysia californica (100-300 g) were supplied by the National Resource for Aplysia
(Miami, FL) and kept in circulated, aerated seawater at 14°C. Prior to dissection, the animals
were anesthetized by injection of isotonic magnesium chloride solution into the body cavity
(~30-50% of body weight). Individual Aplysia pedal neurons were isolated after incubation in
artificial seawater (ASW; (in mM) 460 NaCl, 10 KCI, 10 CaCl,, 22 MgCl,, 26 MgSQq, and 10

HEPES, pH 7.7) with proteases (1% type XIV, Sigma-Aldrich) at 34°C for between 60-120 min
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as described previously.*®4

A poly-L-lysine layer (1-2 nm) was formed on the plasmonic
crystal surface, and the cells were mechanically isolated in ASW, transferred onto the plasmonic
crystal surface immersed in ASW supplemented with antibiotics (ASW containing 100 units/ml
penicillin G, 100 mg/ml streptomycin, and 100 mg/ml gentamicin, pH 7.7) and left to attach and
grow overnight at room temperature. Six to eight pedal neuron cells were cultured on the
plasmonic crystal surface at a time. Cells were fixed by addition of 1 mL of 4%
paraformaldehyde to 3 ml ASW antibiotic culture media and occasional stirring for 30 s, removal
of 3 mL of the solution, addition of another 1 mL of the 4% paraformaldehyde solution in water

and exposure of the cell culture for 30 s, followed by the removal of all solution. After removal

of the fixation solution, the cells were washed with deionized water and dried.

3.3.6 Reflection Imaging using a Laboratory Optical Microscope

Reflection mode images of both the polyelectrolyte LBL structures and of cells cultured
on the plasmonic crystal surface were made using an Olympus AX-70 upright microscope fitted
with a halogen light source and a 20x, 0.40 NA microscope objective. A frosted glass filter was
placed immediately after the light source to homogenize the incident illumination. The
plasmonic crystal was turned upside-down such that the light was incident first on the glass
substrate of the plasmonic crystal before propagating to the nanostructured metal surface.
Bandpass filters (500-550 nm, 525-1000 nm, 570-600 nm, 570-1000, and 610-700 nm) were
purchased from Omega Optical and inserted in the microscope immediately in front of the
microscope camera. Images were captured using an Optronics Magnafire charge-coupled device
camera (1280 x 1024 array of pixels, each pixel 6.7 x 6.7 um). The halogen lamp intensity was

varied to control the overall exposure. Grayscale images were acquired using individual
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exposure times of 750 ms with fifteen consecutive images averaged together. Image processing
and thickness calibration application was performed using Matlab while image analysis was
performed using ImageJ.

Vignetting in the reflection images was corrected using images of a silver mirror acquired
with each bandpass filter in place. A Gaussian blur (100 pixel radius) was applied to the
reference mirror image to remove blemishes and debris in the image, and the reference image
was normalized by dividing each pixel by the average pixel intensity in the image. Vignetting in
the polyelectrolyte layer and cell images was corrected using a pixel-by-pixel division of the
experimental image by the blurred mirror reference image obtained with the corresponding

bandpass filter.

3.3.7 Atomic Force Microscopy and Scanning Electron Microscopy of Cells on Plasmonic

Crystals

Atomic force microscopy (AFM) height profiles of Aplysia neurons grown on the
plasmonic crystal surface were measured using an Asylum Research MFP-3D atomic force
microscope operated in tapping mode. Analysis of the data, including the Fast Fourier -
Transform filtering, was performed using IgorPro and the Asylum Research AFM software.
Scanning electron microscopy images of Aplysia neurons cultured on plasmonic crystals were
obtained using a JEOL 6060-LV scanning electron microscope operated under high vacuum. A
thin layer of Au/Pd was sputtered onto the plasmonic crystal after all other analyses were

complete to make the sample electrically conductive.
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3.3.8 Finite-Difference Time-Domain (FDTD) Simulations of Plasmonic Nanostructures

Full 3D FDTD simulations were carried out to model the zero-order reflection and
transmission spectra (with light incident on the glass substrate) and their changes with
polyelectrolyte layer thickness. The unit cell grid spacing was 4 nm in all three dimensions with
a total unit cell size of 187 x 187 x 600 grid points. The unit cell geometry defines a gold
nanohole in the x-y plane with a 740 nm center-to-center hole spacing, 456 nm hole diameter,
292 nm relief depth, 32 nm Au film on the top surface of the plasmonic crystal, 12 nm Au film
conformally coating the nanohole sidewalls, and 12 nm Au film on the bottom of the nanoholes.
Periodic boundary conditions in x and y generate an infinite square array, and uniaxial perfectly
matched layers were incorporated on the top and bottom surfaces of the unit cell to minimize the
effects of unintended reflection from the domain boundaries. The frequency dependent dielectric
constant of gold was modeled using previously reported parameters for a Drude plus two-pole
Lorentzian model.*® The refractive indices of NOA, polyelectrolyte, refractive index corrected

material, and air were taken to be 1.56, 1.64, 1.50, and 1.00, respectively.

3.4 Results and Discussion

3.4.1 Polyelectrolyte Layer-by-Layer Assembly on Plasmonic Crystal Surfaces

Polyelectrolyte layer-by-layer (LBL) films were assembled on the plasmonic crystal
surface to serve as a calibration system for the reflection contrast. A self-assembled monolayer
of DTBA was initially formed on the gold surface of the plasmonic crystal in order to anchor the

subsequent polyelectrolyte layers to the gold surface, and the carboxyl groups on the DTBA
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monolayer served as the initial (negatively-charged) layer for the electrostatic attraction of the
PAH layer to the plasmonic crystal surface. Alternating layers of positively charged PAH and
negatively charged PSS were then deposited onto the surface of the DTBA-modified plasmonic
crystal via the electrostatic attraction between the polymer in solution and the material that has
already been deposited on the surface. (The charge states of the polymers are controlled via the
pH of the solution which controls the protonation states of PAH and PSS.) This polyelectrolyte
film growth is electrostatically self-limiting, enabling controlled growth of surface layers which
can be dried, analyzed, and then built upon further. Spectroscopic ellipsometry was used to
measure the thickness of dried polyelectrolyte films which were simultaneously deposited onto
gold-coated pieces of silicon wafer under identical conditions as those deposited on the
plasmonic crystals.

The optical response of plasmonic systems are influenced by both the thickness of the
material at the metal-dielectric interface as well as its refractive index, and the marked refractive
index contrast between the polyelectrolytes (n ~ 1.64)* and those of biological materials (n ~
1.35-1.5)74047%0 may present a challenge to the suitability of these LBL films as a calibration
system. To investigate these effects, the thicknesses of the polyelectrolyte films were measured
using ellipsometry, a technique which itself is sensitive to layer thickness and refractive index.
The ellipsometric data were modeled in order to determine the polyelectrolyte layer thickness,
and these data were subsequently analyzed to determine the thickness required for a layer with a
refractive index more appropriate for biological materials with high organic content (n = 1.50) to
exhibit similar ellipsometric behavior. For clarity, we introduce a refractive index corrected
thickness, symbolized by @ in this work, which corresponds to the thicknesses determined

through ellipsometric modeling using the adjusted refractive index (n = 1.50) for biological
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materials, and Figure 3.2 presents the corresponding pairs of polyelectrolyte and index corrected

thicknesses.

The validity of this ellipsometric thickness conversion was evaluated using finite-
difference time-domain (FDTD) calculations. Because of the finite spacing between grid points
(4 nm) available for the calculation, only a few pairs of polyelectrolyte and refractive index
corrected thickness equivalents could be adequately incorporated into the model. Figure 3.3
presents the simulated transmission spectra for plasmonic crystals coated with a conformal
dielectric layer of either polyelectrolyte or index corrected material with the appropriate
thickness. The transmission spectra show remarkable similarity between both cases, especially
for the data presented in Figure 3.3b where the modeled thicknesses (polyelectrolyte = 24 nm,
index corrected material = 28 nm) were closest to the ellipsometrically estimated thicknesses.
These data demonstrate the suitability of using a polyelectrolyte LBL assembly as a calibration
system which can be extended to other materials; a library of equivalent layer thicknesses for
materials of different refractive indices could be derived from a single ellipsometry dataset. The
small discrepancies between the transmission spectra are most likely a result of errors introduced
when adjusting the layer thickness to values which fit neatly within the computational grid.
Calibration data subsequently presented here are for refractive index corrected thicknesses

derived from these ellipsometric measurements.

3.4.2 Reflection Imaging Contrast Calibration

Reflection images of polyelectrolyte LBL films deposited on the plasmonic crystal

surface were acquired using a common laboratory optical microscope with bandpass filters
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inserted immediately before the camera to restrict the wavelengths being imaged. The plasmonic
crystal was oriented such that the light was incident on the glass substrate (i.e., the plasmonic
crystal was imaged from the reverse side), and a representative image is presented in Figure 3.4a.
The area labeled NOA denotes a region where a drop of photocurable polyurethane (NOA) was
deposited and cured on the plasmonic crystal surface prior to formation of the DTBA self-
assembled monolayer. This blocked a region of the plasmonic crystal from subsequent LBL
deposition and, from the standpoint of the plasmonic sensing volume, effectively created a
region where the surface refractive index profile remained constant; the region marked LBL in
the image denotes the area where the polyelectrolyte was deposited. Because the NOA region
remained effectively constant throughout the LBL growth process, the pixel intensities in this
region of the image could serve as an internal reference to correct for variations in illumination
intensity between images, a necessity considering the calibration data were derived from
multiple images. The red boxes drawn on the figure are illustrative of the areas in each region
where the average pixel intensity was calculated.

Reflection images were collected using different bandpass filters at different points
during the deposition of the polyelectrolyte LBL assembly, and the calibrations were calculated
in reference to the plasmonic crystal prior to any polyelectrolyte adsorption. The pixel values for
each image were scaled such that the average pixel value in the polyelectrolyte-free NOA
regions were equal, and the normalized reflection contrast was calculated using the average pixel

intensity from the LBL regions according to the following formula:

[LBL pixel average] - [reference pixel average]
[reference pixel average]

Normalized reflection contrast =
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This normalized contrast is similar to multispectral analysis methods that have been previously
applied to spectroscopic measurements using plasmonic crystals, but this metric does not use the
absolute value. Thus, the normalized reflection contrast can be positive or negative
(corresponding to regions where the reflectivity is higher or lower than the reference condition)
and matches the behavior that was observed in the experimental images.

It should be noted that the average pixel values calculated for the NOA (polyelectrolyte
free) regions of the plasmonic crystal were used only as a correction for the illumination
intensity. The reference average used to calculate the normalized reflectance contrast above
refers to the average intensity calculated from the LBL region of the image before any
polyelectrolyte was adsorbed.

The lateral resolution of this optical system (including the camera, microscope optics, and
plasmonic crystal) was estimated based upon an analysis of the step-edge profile between the
NOA and LBL regions in the calibration images. A step function was convolved with a
Gaussian function, and the width of the Gaussian was iterated to match the observed step
behavior of the normalized reflection contrast in the image.*® The resultant fit is presented in
Figure 3.4b, and the reflection contrast data are well modeled with a Gaussian width (o)
corresponding to an estimated lateral resolution of 1.0 um. This lateral resolution is only slightly
larger than the resolution limit of the microscope optics and camera at this magnification (~0.67
pum).

The normalized reflection contrast as a function of index corrected material thickness is
presented in Figure 3.5 for three different wavelength ranges. Using a 500-550 nm bandpass

filter (Figure 3.5a), the reflection contrast becomes more negative as the adsorbed surface layer

108



becomes thicker, while the reflection contrast becomes more positive when the same sample is
imaged using a 525-1000 nm bandpass filter (Figure 3.5b). Linear regressions were calculated
for both of these sets of data and are presented in the figures. In other wavelength regions, more
complex reflection contrast behavior, such as the data presented in Figure 3.5c for reflection
images collected using a 570-1000 nm bandpass filter; a simple linear regression is clearly
inadequate to mathematically approximate the experimental behavior. This complexity is
attributed to that of the underlying surface plasmon modes and their changes in response to the
adsorbed surface material.

Error bars are included on the plots in Figure 3.5, but they are obscured by the data
markers themselves. The relative standard deviations of the pixel values in the calibration
images was ~2-5%, but the standard error calculated through a formal propagation of error was
significantly smaller as a result of the number of pixels (50,000+) used to determine the
averages.

Additional FDTD calculations were carried out to investigate the changes in the
simulated reflection spectrum of the plasmonic crystal with increasing polyelectrolyte thickness.
Figure 3.6a presents the reflection spectra for plasmonic crystal systems with increasing
polyelectrolyte layer thickness, and these simulated spectra reveal a complex behavior akin to
that seen in the reflection imaging calibrations. Some wavelength ranges (such as ~675-770 nm)
exhibit a decrease in reflectance with larger polyelectrolyte thicknesses while the opposite trend
is observed in other wavelength ranges (e.g. ~770-820 nm).

As a comparison, the simulated reflectance spectra for LBL films on flat gold surfaces
(rather than the nanostructured ones used experimentally and used in the modeling for Figure

3.6a) are presented in Figure 3.6b. Above ~530 nm, the reflectance spectra show monotonically
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decreasing reflectance with larger polyelectrolyte layers, although the magnitudes of the
reflectance changes do exhibit a dependence on wavelength. This flat film modeling accounts
for Fresnel effects associated with light interacting with and passing through boundaries between
layers with different refractive indices but otherwise lacks any plasmonic properties; the ‘contrast
inversion' observed experimentally and in the simulation results presented for the nanostructured
systems must be due to the behavior of the underlying surface plasmon resonances.
Additionally, comparison of the modeling results in Figure 3.6 reveals that the nanostructured
plasmonic system exhibits larger reflectance changes in certain wavelength regions (~770-820
nm) than the flat gold film case; this should translate into higher sensitivity to changes in surface
layer thickness in this wavelength region (albeit with a more complex optical response).

It is important to note, however, that the results presented in Figure 3.6 were obtained
from simulations in which the illumination was normally incident to the surface. The reflection
images obtained experimentally used an objective lens with a numerical aperture of 0.40,
corresponding to a cone of illumination with a maximum angle of ~23°. This is significant
because previous studies show a dependence of the spectral properties of related plasmonic

crystal geometries on illumination angle.*

While the computational modeling performed here
offers insight into the complexity behind the observed reflection behavior, a more complete
theoretical understanding will require simulations that incorporate those oblique illumination

angles which is not currently possible with our FDTD code.

3.4.3 Reflection Imaging of Aplysia Pedal Neurons Cultured on Plasmonic Crystals

Aplysia californica pedal neurons were cultured on plasmonic crystal surfaces (six to

eight neurons at a time) and imaged using bandpass filters as a demonstration of the ability of
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this plasmonic reflection imaging to quantitate surface layer thicknesses. Figure 3.7a and Figure
3.7b present reflectance images of a neuron cultured on nanostructured plasmonic crystal
surface, while Figure 3.7c and Figure 3.7d are images of a different neuron cultured on a flat
gold surface. A cursory comparison of the images collected using a 500-550 nm bandpass filter
(Figure 3.7a and Figure 3.7c) and a 525-1000 nm bandpass filter (Figure 3.7b and Figure 3.7d)
clearly reveals the differences in contrast inversion that was observed in the calibration images
and the computational modeling. The peripheral regions of the neurons cultured on flat gold
appear darker than the surrounding area in both the 500-550 nm and 525-1000 nm images, while
the analogous regions of the cell grown on the plasmonic substrate show an inversion in contrast.
(The peripheral region appears darker than the surrounding area in the 500-550 nm image but
lighter than the surrounding area in the 525-1000 nm image).

These cultured neurons have features that range in thickness from tens of nanometers to
several microns, while surface plasmon effects are generally assumed to be sensitive to refractive
index changes only within ~100-200 nm of the metal surface. The neuron soma appears very
dark in both sets of images, with anomalously bright fringes in different locations, and these are
likely the result of a convolution of optical phenomena including surface plasmon-mediated
reflection; light absorption, reflection, and scattering by cellular structures further away from the
cell-plasmonic crystal interface; and interference effects. This current work focuses only on
those features within the plasmonic sensing volume (up to ~100 nm from the surface), although
the examination of these thicker structures may be of interest for follow-up studies.

The reflection contrast calibrations presented in Figure 3.5 were applied to the reflection
images shown in Figure 3.7a and Figure 3.7b to determine the thicknesses of the material present

in the image. (It is worth emphasizing that although the calibrations were calculated using thin
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films of polyelectrolytes, the calibrations applied here used the index corrected thicknesses, 0,
calculated from the ellipsometric data for biological materials.) The normalized reflection
contrast was calculated pixel-by-pixel in the cell image based on the average pixel intensity in an
area with no apparent features immediately adjacent to the cell; this area was thus used as the
normalization reference. The normalized reflection contrast was then transformed
mathematically to index corrected material thicknesses using the appropriate regression equation
corresponding to the bandpass filter used to acquire the original image.

The thickness transformations for the cell image collected using a 500-500 nm bandpass
filter are presented in Figure 3.8a and Figure 3.8b, and those for the 525-1000 nm bandpass filter
are presented in Figure 3.8c and Figure 3.8d. Figure 3.8b and Figure 3.8d are tilted three-
dimensional projections of the corresponding data presented in Figure 3.8a and Figure 3.8c and
are intended to help emphasize the profile of the neuron outgrowth features in the lower left
region of the image compared to the surrounding areas. In processing these thickness
transformations, the normalized reflection contrast values in the cell image were restricted to
values corresponding to & between 0 and 80 nm. Pixel values outside of this range were
truncated and set to either the minimum or maximum allowed reflection contrast value (based on
whether the contrast value of the pixel was above or below the allowed range), leading to regions
in the images presented in Figure 3.8 where 6 is ‘saturated’ at 0 nm or at 80 nm. The neuron
soma is reasonably expected to have a thickness significantly larger than 80 nm (and thus falling
outside of the plasmonic sensing volume); while thickness estimates were made for these regions
of the image, they clearly cannot be valid. The analyses performed in this work focus instead on
the thinner neurite outgrowths and growth cone regions in the lower left portion of the images

which are arguably more interesting, considering that these regions are the locations for cell
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growth and spreading on the substrate. Images from both wavelength regions reveal a sparse
film' of material in this region with thicknesses of ~30 nm relative to the surrounding area and
string-like filaments with thicknesses of ~60 nm relative to the surroundings.

Although there are areas in the images where no cell structures are present, it bears
mentioning that even these ‘empty’ regions would actually have a thin film of poly-L-lysine
present; this layer was applied to the plasmonic crystal surface to improve the biocompatibility
of the substrate. The contributions of this cell adhesion layer to the estimated thicknesses are
expected to be minimal, however, because of the thickness of this poly-L-lysine layer (1-2 nm)
as well as its presence in both the cell growth regions and the ‘empty’ reference regions. (In
calculating the normalized reflectance contrast, the contrast associated with the poly-L-lysine
layer would effectively cancel out.) Heterogeneities in the thickness of this layer would result in
additional baseline noise, but this does not appear to have significantly affected the results

presented.

3.4.4 Self-Consistency of Quantitative Thickness Estimates

These thickness calibrations were readily applied to images captured using different
bandpass filters, but a key performance indicator of this imaging protocol is the self-consistency
of the thickness estimates obtained using different wavelength intervals. Figure 3.9 presents the
same thickness data (6) for the cell obtained using the 500-550 nm (Figure 3.9a) and 525-1000
nm (Figure 3.9c) bandpass filters, and height profiles along the red lines drawn in the cell images
are presented in Figure 3.9b for the 500-550 nm bandpass filter and in Figure 3.9d for the 525-
1000 nm bandpass filter. The red lines correspond to the same region in each image. The effect

of truncating the contrast values in the image prior to application of the thickness calibration is
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particularly apparent in the line profile for the 525-1000 nm image (Figure 3.9d) where many
pixels were assigned a thickness of zero.

Comparisons of the height profiles between the two wavelength intervals show they are
broadly consistent, supporting the utility of this plasmonic imaging method for quantitative
thickness imaging. Despite the truncation in the 525-1000 nm image, good agreement is
observed for the height of the filament feature at position X ~40 pum — both wavelength ranges
assign a thickness of ~60 nm to this feature. Good correspondence is also observed for the
feature at X ~ 100 um (thickness ~50 nm). The agreement between the two images is poorer for
features with smaller thicknesses, however. At X positions between 50-90 pm, the 525-1000 nm
image (Figure 3.9c) reveals more structure than is found in the 500-550 nm image. This
discrepancy may arise from the relatively coarse regressions applied to the calibration imaging
data; while the regressions for both wavelength ranges appear roughly linear, the corresponding
regression equation may de-emphasize or over-emphasize the contrast change in particular
thickness ranges. A more fine-grained regression analysis, calculated over subsets of the layer
thicknesses imaged or using more complex mathematical fits, may yield improved consistency
between wavelength regions. Alternatively, these simple regressions could be retained and
images from different wavelength regions used to examine areas within a particular thickness

range.

3.4.5 Atomic Force Microscopy (AFM) Height Profiles of Cell Features

Independent verification of the heights determined through this reflection imaging
contrast method was performed using atomic force microscopy in the same region as that used to

produce the height profiles in Figure 3.9. An image of the AFM data is presented in Figure
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3.10a and reveals a periodic modulation arising from the underlying nanostructured plasmonic
crystal surface. A scanning electron micrograph of a different cell is presented in Figure 3.10Db,
and these figures suggest that these thinner cell outgrowth regions conform, at least partially, to
the plasmonic crystal’s surface topography while thicker layers appear to be less strongly
affected.

The periodic modulation from the underlying substrate is not observed in the reflection
images, however, because the individual nanoholes (~450 nm in diameter) are smaller than the
length scales resolved by the camera at this magnification (each pixel corresponds to a lateral
distance of ~670 nm). While the center-to-center spacing between holes is ~740 nm, a single
pixel in the image may overlap part of one or several nanoholes depending on the optical
alignment. It is reasonable that the reflectivity may not be identical between the top and bottom
surfaces of the nanohole, and the pixel intensity could vary somewhat due to differences in
nanohole coverage. While no particular pattern was observed in histograms of the pixel
intensities in the calibration images, this nanohole coverage effect would contribute to the
variance in the data with a corresponding increase in the standard deviation. Image smoothing,
such as a Gaussian blur with a tightly restricted radius, can be employed to reduce these pixel
intensity variations and ultimately reduce the size of the error bars in the calibration plots.
However, no such steps were taken in this work.

The periodic modulation in the AFM data introduced by the surface topography adversely
affects the interpretation of thickness information from the data in this region. As a remedy, the
periodic oscillations were filtered out using a Fast Fourier Transform (FFT) of the image where
all but the lowest frequency components were removed from the image. A 3D projection of the

raw AFM data is presented in Figure 3.10c for comparison with a 3D projection of the FFT
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filtered data in Figure 3.10d. These images clearly show that the effects of the periodic
nanostructures on the surface have been significantly reduced, but there is a loss in apparent
image sharpness as a result of the filtering. Despite this loss of lateral detail, the FFT filtered
image is much more suitable for estimating the feature height thicknesses. Future research
directions may pursue optical imaging at higher magnifications at which point the individual
nanoholes will become discernable in the image. A more refined version of the FFT filtering
method used here may prove useful in removing the periodic structures in those future images.

A comparison of the cell feature thickness estimates based on reflection imaging and
AFM measurements is presented in Figure 3.11. The line cut area in the 525-1000 nm
reflectance image (Figure 3.11a) has been adjusted to better match that of the region profiled
using the atomic force microscope, and the corresponding height profile is presented in Figure
3.11b. The FFT filtered AFM data is presented in Figure 3.11c, and a height profile along the
red line drawn is shown in Figure 3.11d. These data reveal a remarkable correspondence
between the thickness estimates of the filament structure at X ~ 40 um in the reflectance image
(Figure 3.11a,b) and at X ~ 35 pum in the AFM image (Figure 3.11c,d); both methods assign a
thickness of ~60 nm to this structure.

The AFM data collected provide independent confirmation of the thicknesses estimated
using the thin film reflectance contrast calibrations, and this result is significant for several
reasons. First, the AFM data validates the estimate of the refractive index of the surface material
that was used in converting the polyelectrolyte layer thicknesses to the equivalent index
corrected material thicknesses. The cell material was assumed to have a refractive index of 1.50
based on the literature reports of the refractive indices of proteins, lipids, and cell membranes.

Other sources report a refractive index range of 1.35 — 1.41 for cell components such as the
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cytoplasm and organelles. However, these values are derived from live cells whereas the cells in
this work have been fixed and desiccated to some degree; this would have the effect of
concentrating the species present in the cell which have raised the refractive index from that of
the baseline value for water (n = 1.33).

Had the thicknesses differed significantly, the AFM data could itself have been used as a
calibration target for the ellipsometric modeling, where the refractive index of the index
corrected material could be adjusted to achieve good correspondence with the AFM data. This
result would provide additional information regarding the nature of the material on the plasmonic
crystal surface (i.e. its refractive index). In this manner, the AFM measurements and the
reflection imaging synergistically provide information about both the topography and the
composition of the cell material on the plasmonic crystal surface.

The second significant outcome is that this reflection imaging on plasmonic crystal
surfaces has the potential to complement atomic force microscopy for revealing topographic
details for thicknesses up to ~100 nm. The use of surface plasmon effects to gauge material
thicknesses at the metal-dielectric interface is limited to the depth of the plasmon sampling
volume, while atomic force microscopes can measure thicknesses that are several orders of
magnitude larger. However, this plasmonic imaging method is capable of measuring these
surface thicknesses over large areas within seconds; the AFM would take significantly longer to
measure a much smaller area. Quantitative reflection imaging is thus capable of monitoring
dynamic processes (such as live cell growth) in near-real time, and image acquisition parameters
(such as wavelength range, acquisition times, and magnification) can be optimized for specific

applications.

117



Furthermore, the thickness quantitation demonstrated here for films on plasmonic crystals
was performed without the need for specialized equipment. The plasmonic crystal itself can be
easily and inexpensively replicated via a soft nanoimprint lithography process, and the imaging
was performed using a standard optical microscope with a halogen illuminator and a typical
charge-coupled device camera. Bandpass filters are commercially available with wavelength
ranges covering the visible and near-infrared wavelengths and passbands of nearly arbitrary
width. While further investigation of the capability of these plasmonic crystals for quantitative
reflection imaging is certainly warranted, these results suggest that they are able to measure

surface layer thicknesses at nanometer scales in real time.

3.4.6 Increased Image Contrast through Wavelength Combination

Imaging detectors, such as the charge-coupled device camera used in this work, integrate
the photon flux across the accessible wavelength range. A decrease in the number of photons at
one wavelength within that range (corresponding to a decrease in reflection) can be offset by an
increase in photons at a different wavelength, and this integration ultimately results in reduced
image contrast if the wavelengths imaged overlap spectral regions with opposite contrast
behavior. Bandpass filters allows these spectral regions to be isolated from one another and
analyzed separately in a form of quasi-hyperspectral imaging, albeit with relatively coarse
wavelength control. By identifying wavelength regions where the reflection contrast exhibits
opposite behavior and imaging these regions separately, judicious recombination of these data
while accounting for the respective increases or decreases in image contrast can restore and even

enhance image contrast that would otherwise have been lost.
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Figure 3.12a presents thickness calibration curves obtained using 570-600 nm and 570-
1000 nm bandpass filters. Because of the wavelength overlap between these two filters, the
reflection behavior between 570-600 nm must be present in the data collected over 570-1000 nm,
but it is convolved with the reflection behavior at all of the other wavelengths. These calibration
curves show that the reflection contrast obtained using the 570-600 nm filter decreases for ¢
thicknesses greater than ~20 nm, but this contrast decrease is not as pronounced in the data
obtained using the 570-1000 nm bandpass filter. This indicates that the reflection must tend to
increase for thicker 6 at wavelengths between 600-1000 nm in order to offset the behavior
observed between 570-600 nm. Additionally, the 570-1000 nm data shows a larger increase in
reflection contrast for thinner 8 (up to ~20 nm). This calibration behavior signals an opportunity
to combine the imaging data in such a way that accounts for their difference in sign (increasing
or decreasing), generating increases in overall image contrast and sensitivity.

Additional knowledge of the camera detector itself is needed in order to properly
combine the calibration images obtained using the 570-600 nm and 570-1000 nm bandpass
filters into a single composite calibration curve. The spectral response of the CCD detector in
the Olympus Magnafire camera used in this experiment is not equal across all wavelengths; its
sensitivity peaks between 500-520 nm and decreases as wavelength increases.” In fact, the 570-
600 nm bandpass filter covers only ~7% of the wavelength range between 570-1000 nm but
accounts for ~18% of the total sensitivity! Thus, the contributions of the 570-600 nm
wavelength range to the overall image contrast are disproportionately larger relative to the size of

the passband because of the inherent spectral sensitivity of the camera.
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Recognition of the sensitivity of the camera allows for a more complete processing and
combination of the imaging data from both wavelength regions. Individual images using the

570-600 nm and 570-1000 nm bandpass filters were combined using the following formula:

([570-1000 nm]x147.75) — 2 x ([570-600 nm] x 26.55)

Composite Image =
147.75

The individual images are weighted by the total integrated sensitivity of the wavelength range
based upon the camera manufacturer's specifications, and the data from the 570-600 nm images
is subtracted from the corresponding 570-1000 nm image. This subtraction takes into account
the decreasing trend in reflection contrast experimentally observed and mathematically converts
it to an increasing trend to match the reflection contrast behavior inferred for the rest of the 570-
1000 nm wavelength range. The 570-600 nm data is subtracted twice in this analysis:
Subtraction once (ideally) removes its contribution from the data collected over the entire 570-
1000 nm wavelength range, and subtracting the data once restores its contribution but with the
inverted trend. The resultant image was then used to calculate the normalized reflection contrast
as described earlier.

The combined calibration results are plotted in Figure 3.12a, and it is readily apparent
that the overall reflection contrast trend now increasing across the index corrected material
thicknesses examined. Furthermore, the image contrast is in fact enhanced, with larger absolute
changes in the normalized reflection contrast at larger 6. Error bars are included for the

wavelength combined calibration data, but once again, they are obscured by the data markers
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themselves. A power law regression was applied to the combined calibration curve because it
appeared to better fit the data than a linear regresssion.

This composite calibration curve was applied to the images of the same Aplysia neuron
cultured on the plasmonic crystal presented previously, and the resultant thickness estimates are
presented in Figure 3.12b and Figure 3.12c. The thickness estimates show good agreement with
those produced using the 500-550 nm and 525-1000 nm calibration curves. A height profile was
determined along the line drawn in Figure 3.13a; this line is in the same position as those
presented in Figure 3.9 for the single bandpass filter images. The height profile presented in
Figure 3.13b for the combination image reveals the same structural features as those seen using
the 500-550 nm and 525-1000 nm bandpass filters. In fact, the line cut presented in appears to
combine elements from both previous data sets: The ~60 nm filament feature at X~50 um is
present and remains in good agreement with the AFM measurements and the plasmonic
reflection estimates performed in the same region, and the smaller features between X~50-90 um
that were more clearly observed in the 525-1000 nm bandpass filter image are clearly present in
the composite thickness calibration. These results show the efficacy of combining images
acquired over different wavelength ranges to increase contrast and sensitivity in the resultant

image.

3.4.7 Quantitative Thickness Estimates from Nonplasmonic Optical Effects

While the thickness quantitation methods demonstrated here rely on the sensitivity of
surface plasmon resonances to changes in the refractive index profile at the metal surface, the
images clearly show other areas of the cell with thicknesses significantly larger than those that

can be adequately probed using the surface plasmon’s evanescent electric field. Additional
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nonplasmonic optical effects are present in the image, including Fresnel reflections from any
interface between regions of different refractive indices along with light scattering and
absorption by cellular components. Figure 3.14a presents the 500-550 nm bandpass image of the
cell with particular attention drawn to the structure at the bottom of the image. Rotated and
magnified views of this region acquired using 500-550 nm, 570-600 nm, and 610-700 nm
bandpass filters are presented in Figure 3.14b, Figure 3.14c, and Figure 3.14d, respectively.
These images reveal alternating light and dark bands moving from the lower left tip towards the
upper right, and the size and position of these bands changes depending on the particular
bandpass filter used.

These alternating intensity bands are reminiscent of a thin film interference effect
(‘Newton's rings’) arising from constructive and destructive interference from light reflected
within what is essentially a resonant cavity formed by the top and the bottom surfaces of the cell
structure. The number and position of these bright and dark regions are functions of the
wavelengths of light being imaged and the cavity length (cell structure thickness) required to
produce resonant conditions. Since the wavelengths of light being imaged are known, this thin
film interference effect provides an additional method by which material thicknesses in the
image can be quantitated. The resonant cavity length was estimated for the second band
indicated in the 500-550 nm image (Figure 1.13b) using the extreme ends of the range of
wavelengths (500 nm and 550 nm) and incident angles (0° and 23.6°) along with the previous
estimate of the refractive index (n~1.5). The convolution and overlap of different wavelengths
with different illumination angles (as a result of the microscope objective optics) result in a range
of cavity thicknesses between ~330-400 nm capable of producing constructive interference at the

location highlighted in Figure 3.14b.
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AFM measurements were obtained for this cell structure as an independent verification of
its thickness. The FFT filtered AFM image is presented in Figure 3.14e, and a height profile
along the line drawn is presented in Figure 3.14f. The thickness of the feature in the AFM
images is ~400 nm at approximately the same location as the area analyzed from Figure 3.14b.
Once again, the AFM and optical thickness estimates are in good agreement.

This thin film interference based thickness quantitation is advantageous as a complement
to the surface plasmon-based estimates. The thin film interference calculations have the
advantage that they can be performed without prior calibration, and they can estimate thicknesses
larger than those possible using only plasmonic effects. This capability does not come without
drawbacks, however. The thickness range estimates can become very broad when imaging large
wavelength ranges, and the nature of the microscope objectives themselves results in a range of
thicknesses capable of producing constructive or destructive interference at a location, even if the
sample was illuminated with monochromatic light. The minimum thickness required to observe
thin film interference effects is one-half of the wavelength (or one-fourth, if reflection from the
upper surface results in a 180° phase shift). Even for 400 nm illumination at normal incidence,
this corresponds to a minimum thickness of 100 nm — at the upper limit for quantitating
thicknesses using plasmonic calibrations. While these considerations constrain the use of thin
film interference effects to quantitate material thicknesses, they also reveal possibilities for a
synergistic integration of both methods where plasmonic calibrations can be used to quantitate
surface thicknesses up to ~100 nm, and thin film interference can be used to estimate larger

thicknesses.
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3.4.8 Inferences Regarding Cell Structures Observed on Plasmonic Crystals

While thickness estimates of the material present on the plasmonic crystal surface
provide quantitative information regarding the neuron's outgrowth behavior prior to fixation, the
thickness estimates themselves provide little information regarding the function of those
structures. The growth and extension of neurites from the Aplysia pedal neuron body begins
with the emergence of growth cones, which can be very large (tens to hundreds of microns).*
The growth cone is defined by a thicker central region, where vesicles and microtubules can be
found, and a surrounding thinner ‘veil’ composed of lamellipodia and filopodia.***** As the

415 and it is

cell matures, this peripheral region is resorbed as the neurite thickens and rounds,
likely that the thin film regions examined in these plasmonic images reveal stages of this neurite
outgrowth process.

Figure 3.15a presents the cell image with thickness correlations from the combined 570-
600 nm and 570-1000 nm calibrations applied. The structure labeled ‘A’ in the image appears to
be a neurite which has fully formed (with a corresponding thickness of ~60 nm). The area
labeled ‘B’ in the image appears to be a sparse distribution of thin features and may be the
remnants of the peripheral region of the growth cone. Similar features are seen in the reflection
image of a different cell presented in Figure 3.15b. Tracing upwards from the cell body, the
darker neurite on the left side (labeled C’) is readily distinguished from the thinner region
(labeled ‘D’), and the patchy nature of the surface coverage moving further away from the cell
body (labeled ‘E’) may be indicative of the resorption or partial resorption of the peripheral

portion of the growth cone. The cell structures characterized by ‘Newton’s rings’ in the thin film

interference analysis may be the central regions of the growth cones. These regions are more
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readily observed in the image in Figure 3.15c, and several have been marked for ease of
reference. Many of these regions appear to be surrounded by the thin ‘veil’ previously
associated with the peripheral region of the growth cone, and the thicker nature of the central
region lends credence to this identification.

The images presented in Figure 3.15 appear to show Aplysia pedal neurons in different
stages of growth. The neurons in Figure 3.15a and Figure 3.15b have more clearly defined
neurites and fewer central regions and thus may be more mature (or were allowed to grow for a
longer time), while the neuron in Figure 3.15c has fewer defined neurites and many more growth
cone regions. Although these same conclusions could be drawn from reflection images without
the need for quantitation, the thicknesses of the cell features may be indicative of the health or
function of the cell or of the nature of the interaction between the cell structure and the surface.
Imaging sensitivity to thin films can be optimized in part by proper choice of the wavelength
range used, and this sensitivity could be used to observe features that may not be visible in other
forms of optical imaging. Additionally, while these images were acquired using fixed cells, this
imaging method could be adapted for imaging the growth of live cells. One consideration for
live cell growth would be a decreased refractive index contrast between the cell structures and
the surrounding aqueous medium. Based upon spectroscopic transmission measurements of the
bulk refractive index sensitivity, this class of plasmonic crystals should be capable of
differentiating refractive index changes on the order of 10 refractive index units,?** and this
would be sufficient to observe a difference between water (n = 1.33) and cytoplasm (n = 1.36),%°
for example. More recent reports even suggest that reflection mode measurements may be more
sensitive to changes in refractive index.> These potential applications certainly call for

additional investigations.
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3.5 Conclusions

In this work, nanoimprinted plasmonic crystals were used to perform label-free reflection
imaging capable of quantitating the thickness of thin films present on the metal surface.
Calibrations based on polyelectrolyte layer-by-layer assemblies were applied to Aplysia pedal
neurons cultured on the plasmonic crystal surface to estimate the thickness of cell structures
produced during the neurons’ growth, and these thicknesses were confirmed using atomic force
microscopy. The use of bandpass filters to restrict the wavelengths of light imaged can improve
image contrast and sensitivity, with further improvements possible by the post-acquisition
combination of images captured using different wavelength ranges. Significant improvements to
image contrast and sensitivity may be possible through optimization of the plasmonic crystal
structure and metal thicknesses in tandem with investigations of reflection contrast over different
wavelength ranges. Additional computational studies incorporating non-normally incident
angles could provide insight into the plasmonic phenomena underlying the experimental results
and provide theoretical guidance for design of the plasmonic crystal and the wavelengths used.
This plasmonic reflection imaging holds great promise for detailed investigations of the
interactions between live cells and their substrates, all in a fully label-free, quantitative format

using otherwise common laboratory equipment.
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3.7 Figures
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Figure 3.1: Schematic of the soft nanoimprint lithography process for fabrication of plasmonic

crystals: a) A nanostructured PDMS stamp is originally cast from a square nanohole array

master and used to imprint a photocurable polyurethane cast onto a glass slide. b) The stamp is

pressed into the polyurethane, and the assembly is exposed to ultraviolet light to cure the

polymer. c¢) The stamp is removed, leaving a replica of the square nanohole array in the

polymer. d) An adhesion layer (TiO2) and a metal (Au) are sputter coated onto the patterned

polymer surface to create the plasmonic crystal.
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Figure 3.2 Correlation between ellipsometrically determined polyelectrolyte (n = 1.64) layer

thicknesses and index corrected material (n = 1.50) thicknesses.
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Figure 3.3 FDTD simulated transmission spectra for pairs of ellipsometrically equivalent
polyelectrolyte and refractive index corrected thin films conformally covering a plasmonic
crystal: a) 20 nm polyelectrolyte, 24 nm index corrected material; b) 24 nm polyelectrolyte, 28

nm index corrected material; ¢) 40 nm polyelectrolyte, 48 nm index corrected material.
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Figure 3.4 a) Example of a characteristic image of a polyelectrolyte layer-by-layer film
deposited on a plasmonic crystal used for the calibration of reflection contrast. This image was
acquired using a 500-550 nm bandpass filter. ‘LBL’ denotes region where polyelectrolyte films
were grown, and ‘NOA’ denotes region where a drop of polyurethane was cured to block
polyelectrolyte film deposition. Average pixel intensities were calculated in the regions marked
with red boxes and used to determine the reflection contrast calibration. b) Normalized
reflection contrast step edge profile (blue circles) along yellow line drawn in panel a with a fitted

curve (red line) with a Gaussian width of 1.0 pum.

131



~—

a) b
500-550 Nnm 525-1000 nm
_ 0.15 - _ 0.15 1
2] 0
@ o
S 01 S 0.1 y=0.00085x + 0.01872
o © R2 = 0.81404
5 5 "
= 0.05 - y = -0.00224x + 0.03183 = 0.05 [
S ¢ R? = 0.94156 8 =
© ©
_; 0 T T _; 0 T T T
@ 60 e D 20 40 60
T 0.05 - T 0.05 -
£ 0.05 £ 0.05
(@] o
p4 pa
-0.1 - ) S -0.1 - )
Index corrected thickness (8, nm) Index corrected thickness (8, nm)
c)
570-1000 nm
0.15 +
@
s
1= A
s 01+ A A
2 A
s A .
= 005 &, ™
2 A
©
_o o T T T
o ) 20 40 60
T .0.05 -
£ 0.05
o
P
-0.1 -

Index corrected thickness (8, nm)

Figure 3.5 Calibration data for normalized reflection contrast as a function of adsorbed index
corrected material thickness for images acquired using bandpass filters: a) 500-550 nm, b) 525-
1000 nm, ¢) 570-1000 nm. Error bars calculated using a formal propagation of error are included
on each plot but are of the order of the size of the data symbols, and linear regressions were

calculated for the data in panels a and b.
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Figure 3.6 FDTD simulated reflection spectra for different polyelectrolyte layer thicknesses on
a) nanostructured gold plasmonic crystal surface and b) flat gold surface. The reflection spectra
in panel a clearly show more complex reflection characteristics than those observed on the flat

gold surface.
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a) 500-550 nm b)  525-1000 nm

Figure 3.7 Reflection images of Aplysia pedal neurons cultured on a plasmonic crystal surface
(a, b) and on flat gold (c, d). Images in panels a and ¢ were acquired using a 500-550 nm
bandpass filter, and images in panels b and d were acquired using a 525-1000 nm bandpass filter.
Images of cells grown on plasmonic crystals (a,b) clearly show contrast inversion, where the thin
cell regions in the lower left portion of the image are darker (a) or lighter (b) than the
surrounding area, depending on the wavelength range. Images of cells on flat gold (c,d) do not

show this inversion.
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Figure 3.8 Index corrected thickness calibrations applied to reflection images of Aplysia pedal
neurons cultured on a plasmonic crystal surface acquired using 500-550 nm (a, b) and 525-1000
nm (c, d) bandpass filters. Tilted 3D projections of index corrected thickness data are presented

in panels b and d.
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Figure 3.9 Index corrected thickness calibrations applied to reflection images of Aplysia pedal
neurons cultured on a plasmonic crystal surface acquired using 500-550 nm (a, b) and 525-1000
nm (c, d) bandpass filters. Red lines in panels a and ¢ denote image areas where the index

corrected material thickness () profiles in panels b and d were calculated.
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Figure 3.10 a) Atomic force microscopy measurements of an Aplysia pedal neuron cultured on
a plasmonic crystal surface showing modulations on the surface due to the underlying plasmonic
nanostructure. b) Scanning electron microscope image of a portion of an Aplysia pedal neuron
cultured on a plasmonic crystal surface showing the nanostructured surface visible underneath
the cell structures. c¢) 3D projection of the original AFM data shown in panel a prior to fast
Fourier transform filtering. d) 3D projection of AFM data from panel a after fast Fourier

transform filtering to remove plasmonic nanostructure contributions from data.
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Figure 3.11 a) Reflection image (525-1000 nm bandpass filter) of Aplysia pedal neurons
cultured on a plasmonic crystal surface with index corrected thickness calibrations applied. b)
Height profile along the red line drawn on the image in panel a. ¢) FFT filtered AFM image of
the Aplysia pedal neuron feature highlighted in panel a. d) Height profile along the red line
drawn on the image in panel c. Feature height estimates are consistent between the reflection

and AFM images.
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Figure 3.12 a) Normalized reflection contrast calibration curves as a function of index corrected
material thickness for images acquired using bandpass filters: 570-600 nm (green triangles),
570-1000 nm (red squares) and after combination of these wavelength regions (570-600 nm
combined with 570-1000 nm, blue diamonds). A power law regression was applied to the
combination calibration curve. Error bars derived from formal propagations of error are included
for the combination calibration curve only but are of the order of the size of the data symbols. b)
Wavelength combined (570-600 nm and 570-1000 nm) reflection contrast calibration applied to
combined wavelength image of Aplysia pedal neuron cultured on plasmonic crystal surface. c)

Tilted 3D projection of index corrected thickness data presented in panel b.
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Figure 3.13 a) Wavelength combined (570-600 nm and 570-1000 nm) reflection contrast
calibration applied to combined wavelength image of Aplysia pedal neuron cultured on a

plasmonic crystal surface. b) Height profile along the red line drawn on the image in panel a.
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Figure 3.14 a) Reflection image of Aplysia pedal neurons cultured on a plasmonic crystal
surface acquired using a 500-550 nm bandpass filter. b-d) Rotated and magnified images of the
region in the red box in panel a acquired using b) 500-550 nm, c¢) 570-600 nm, and d) 610-700
nm bandpass filters. Based on thin film interference calculations, the region indicated by the red
asterisk in panel b is ~330-400 nm thick. e) FFT filtered AFM image of Aplysia pedal neuron
feature displayed in panels b-d. f) Height profile along red line drawn on the AFM image in
panel e showing good correspondence with thin film interference estimates of structure

thickness.
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Figure 3.15 a) Thickness calibration applied to combined wavelength (570-600 nm and 570-
1000 nm) image of Aplysia pedal neurons cultured on plasmonic crystal surface with a neurite
(‘A’) and the remnants of the growth cone peripheral region (‘B’) indicated. b) Reflection
image of an Aplysia pedal neuron cultured on a plasmonic crystal surface with a neurite (‘C’) and
the remnants of the growth cone peripheral region (‘D’ and ‘E’) indicated. Image was acquired
using a 500-550 nm bandpass filter. c¢) Reflection image of an Aplysia pedal neuron cultured on
a plasmonic crystal surface acquired using a 500-550 nm bandpass filter. ‘Bulls-eye’ structures
illustrating thin film interference areas potentially corresponding to the central region of the
growth cone are denoted with red asterisks and are surrounded by thinner ‘veils’ corresponding

to the peripheral region of the growth cone.
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CHAPTER 4
Future Research Directions for

Nanostructured Plasmonic Crystal-Based Sensing and Imaging

The research directions explored in this dissertation and previously reported work
demonstrate the versatility of these plasmonic crystal systems as a platform for surface-sensitive
imaging and spectroscopy. In fact, the applications detailed in this present work provide starting
points for a number of potential derivative projects, some of which are described in this chapter.
The ideas proposed broaden the scope of prospective analytical applications by exploiting the
advantages of these nanoimprinted plasmonic crystals which have been outlined previously:
inexpensive, facile replication of plasmonic structures with nanometer-scale features; high
fidelity replication of these plasmonic nanostructures over large areas; and good compatibility

with computational simulations for device tuning and optimization.

4.1 Embedded Monitoring Applications for Nanostructured Optical Fiber Probes

Although the detection of adsorbed benzenethiol monolayers and aqueous Rhodamine
solutions demonstrated the capacity of these nanostructured optical fibers to enhance Raman
scattering in different sensing environments, other analytes are of more practical interest. For
example, perchlorate, arsenate, and arsenite are groundwater pollutants of increasing concern,
and demonstrations of their detection through SERS has been reported in the literature.™ These

nanopatterned optical fibers are particularly well-suited for field monitoring applications: The
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small size and physical flexibility of the optical fiber allows them to be threaded into sampling
locations that would not accommodate larger instruments, and the silica substrate’s stability
would allow them to remain in place for extended periods of time. Provided that power could be
supplied to the excitation laser and detector, these fiber optic probes are highly amenable to
unattended monitoring; the insertion of the probe tip into the body of water being sampled
obviates the need for sample collection or preparation. The surfaces of these plasmonic crystals
can be readily functionalized to enhance their sensitivity; for example, a cystamine layer can be
adsorbed onto the nanostructured metal surface to electrostatically attract negatively charged
ions (such as perchlorate, arsenate, and arsenite) to the probe surface, maximizing the achievable
Raman scattering.’

The incorporation of plasmonic nanostructures on optical fibers also opens possibilities
for their integration into a larger biological and chemical ecosystem. A natural extension of
these SERS fiber probes would be to interface them with commercially available handheld
Raman spectrometers,® realizing a truly field-portable analytical system capable of high
performance detection. Alternatively, an array of optical fibers embedded in a cell culture plate
could be used to monitor changes in the chemical expression of cultured cells tin response to
external stimuli; simultaneously multiplexed SERS measurements of these systems could be
performed in real time by interfacing the non-patterned fiber ends to a grating-coupled imaging
device. Arrays of SERS fiber probes could also be distributed and embedded within
environmental systems to provide time-resolved profiles of the migration of chemical species of

interest.
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4.2 Computational Electrodynamic Modeling of Plasmonic Crystals

The nanohole array structures of our plasmonic crystals support a number of propagating
and localized surface plasmon modes, and while analytical expressions exist to describe the
propagating surface plasmon polariton modes, a full analytical accounting of the complex optical
response is nonexistent. In lieu of this formal description, we have relied on an implementation
of the finite-difference time-domain method in order to computationally solve Maxwell's
equations, calculating the propagation of electric and magnetic fields through representations of
the plasmonic crystal structure.®** This method has proven to be highly effective in replicating
the optical properties of these plasmonic structures, and future iterations of plasmonic crystal
design will require the theoretical guidance provided by these simulations.

A limitation of our existing FDTD implementation is that it does not account for optical
contributions resulting from illumination of the plasmonic crystal at oblique (non-90°) angles,
and this has become a greater impediment as the application space for these devices expands to
systems which have inherent spreads in the illumination angles. Including this capability in our
modeling would provide a more complete theoretical understanding of the plasmonic crystal
behavior in the reflection microscopy and SERS fiber systems and could reveal the relative
contributions associated with specific illumination angles. These angle-incident simulations
could also be verified experimentally using techniques such as darkfield microscopy in which the
illumination is explicitly oblique to the surface.

These computational simulations could be used to tune the optical response of the
plasmonic crystal by modifying its design rules to maximize the normalized reflection contrast

within particular wavelength ranges corresponding to specific bandpass filters available.
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Alternatively, these simulations could identify specific wavelength ranges to target in order to
achieve the highest contrast possible, and the incorporation of oblique illumination is crucial to
adequately characterize the reflection imaging behavior. A particularly intriguing optimization
direction would be to maximize the normalized reflection contrast within the wavelength ranges
covered by the red, green, and blue imaging pixels of a color digital camera. By exploiting the
rudimentary wavelength discrimination from the camera itself, it may be possible to capture
multiple wavelength ranges simultaneously without the need for filter changes — the red, green,
and blue channels in the images themselves would capture different wavelength-dependent
optical responses in a form of hyperspectral imaging that does not require expensive filters or
gratings. The individual channels could then be rationally combined, using knowledge of the
wavelength-dependent optical response, to generate a composite image with increased contrast

and sensitivity in a manner analogous to the methods developed in this work.

4.3 Simulation-Driven Plasmonic Crystal Design for SERS

The Raman scattering enhancement of a plasmonic substrate has been correlated with the
wavelength of a supported localized surface plasmon mode, and a maximum enhancement is
achieved when the wavelength of the localized surface plasmon falls halfway between the
excitation wavelength and the absolute wavelength of the Raman scattered photon.'** The
presence of the LSPR mode halfway between the excitation and scattering wavelengths is
believed to result in a moderate enhancement in the coupling of light into and out of the analyte.
While the LSPR could be centered at one of the wavelengths (either the excitation or the

scattering wavelength) to maximize the enhancement of that process, empirical results indicate
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that this ultimately results in a lower overall Raman enhancement — a moderate enhancement of
both processes is preferable to a large enhancement of only one.

While much of this work has been performed for nanoparticle-based systems, analogous
behavior has been observed in plasmonic crystal systems where the transmission at this half-
wavelength of merit is positively correlated with the relative Raman enhancement.'*****> While
nanoparticles can (generally) only support one LSPR mode, these plasmonic crystals can support
several different plasmonic modes (both propagating and localized), and it would be
advantageous to tune the optical response (and thus the Raman enhancement) by optimizing the
design rules of the device to maximize this metric (the spectral transmission at this ‘half-
wavelength’ of merit). Regardless of the fabrication method, physically producing specific
nanoarchitectures can be time consuming and expensive, but computational simulations offer a
route for predicting the optical properties (and thus indirectly predict the relative SERS
enhancements) of the modified plasmonic crystals in silico, avoiding the costly nanofabrication
of intermediate design iterations.

These simulations can also inform efforts to maximize SERS performance by illustrating
the nature of the electric fields at both the excitation and the scattering wavelengths and
revealing regions on the nanohole array where the electric field intensities are highest. It stands
to reason that analytes present in areas of high electric field intensity for both processes will
experience the greatest Raman enhancement, and this understanding can be exploited to design
plasmonic crystal sensors such that the analytes are localized in the same regions as these electric
field maxima.

For example, simulations suggest that the electric field intensities for spin-on-glass-based

plasmonic crystals at both the excitation (785 nm) and scattering wavelengths (857 nm for the
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benzenethiol scattering peak at ~1070 cm™) are localized around the rim of the nanohole, with
little electric field intensity across the majority of the gold surface. (Depictions of these electric
fields calculated using our FDTD method are presented in Figure 4.1a and Figure 4.1b.)
Additionally, the product of these electric fields (displayed in Figure 4.1c) reveal that the regions
of maximum overlap between these high electric field intensities are also localized around the
nanohole rim. This modeling suggests that analyte molecules found in other areas of the
plasmonic crystal are unlikely to experience large Raman enhancements. This finding could be
verified experimentally by comparing the relative Raman scattering intensities for benzenethiol
adsorbed on a plasmonic crystal as previously described and for benzenethiol adsorbed on a
plasmonic crystal modified to prevent adsorption of the analyte in low-sensitivity areas;
directional evaporation of a thin dielectric film (such as SiO,) could block the gold surface while
leaving the nanohole rim free for the adsorption of benzenethiol. Furthermore, this electric field
localization could be exploited indirectly by first filling the nanoholes with silica nanospheres to
which antibodies have been immobilized. These antibodies could effectively trap analytes near
the nanohole rim (and the higher electric field intensities), resulting in increased Raman

enhancement and sensitivity.

4.4 Live Cell Imaging on Plasmonic Crystals

The quantitation performance and image acquisition speed demonstrated in the cell
imaging performed as a part of this dissertation strongly suggests an ability to perform similar
imaging measurements on live cells. While additional efforts will be required in order to adapt
this reflection imaging protocol for live cell imaging, the protocol itself would be expected to

remain largely the same. The work performed in this dissertation utilized an upright optical
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microscope with the plasmonic crystal surface turned upside-down in order to image the surface
from the opposite side; this is clearly undesirable for imaging live cell cultures. Thus, an
inverted microscope is needed, along with a camera and the ability to place bandpass filters in
the optical train. Higher spatial resolution, accomplished by using a higher magnification
objective, would be desirable to monitor the dynamics of cell growth at the periphery. These
changes would necessitate new calibrations for polyelectrolyte layers (or other suitable thin films
of controlled thickness) in water to better mimic the refractive index of the cell culture medium.
The image analysis protocols themselves, however, would remain unchanged.

One area for concern is a marked drop in refractive index contrast when imaging live
cells (surrounding n ~ 1.3) as compared to the fixed cell systems (surrounding n ~ 1.0) explored
in this work. While the refractive index of hydrated cell materials are expected to be much
closer to those of the aqueous surroundings, previous investigations of the refractive index
sensitivity of transmission-based spectroscopic measurements demonstrate a sensitivity to

69 which would be

refractive index changes on the order of 1x10 refractive index units,
sufficient to differentiate the cell cytoplasm and membranes from the surrounding aqueous

medium.

4.5 Label-free Chemical Imaging of Live Cells on Hydrogel-Modified Plasmonic Crystals

While the plasmonic reflection imaging technique demonstrated in this dissertation
showed exceptional capabilities for quantitative thickness measurements on the plasmonic
crystal surface, surface plasmon resonance methods in general are limited by their sensitivity
only to refractive index — they provide no other chemically specific information, although

secondary mechanisms for providing chemical selectivity or specificity (such as the inclusion of
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antibodies or DNA aptamers) can be engineered into the sensor’s design. An additional
limitation encountered in the imaging of cultured cells is the extent to which the Aplysia
neuron’s outgrowth conformed to the nanohole relief structure — it is known that a certain level
of control can be exerted over a neuron’s outgrowth by the topography of the cultured surface.

A potential method for addressing both of these issues is to functionalize the plasmonic
crystal surface with a pH-sensitive hydrogel. Such a functionalization was performed previously
using these plasmonic crystal systems in order to measure pH changes in a bulk solution, and pH
changes as small as 0.1 pH units could be readily detected.’® The hydrogel itself could be used
to infill the plasmonic nanoholes, effectively planarizing the surface and reducing its potential
impact on the outgrowth behavior of the cultured cells. In addition, acrylic acid moieties could
be incorporated into the hydrogel as in that previous work to render it sensitive to changes in the
local pH. Changes of pH within the cultured cell’s microenvironment would result in swelling or
deswelling of the hydrogel in those same areas, and this swelling behavior would be detected as
a change in reflection intensity relative to a reference image chosen from inside the image. This
behavior could be observed in near real time thanks to the rapid imaging capabilities using these
plasmonic crystals, and these observations would be possible without the need for external labels
(such as fluorophores).

Extending this idea further, the pH sensitive hydrogel itself could be functionalized
further with enzymes whose reactions result in a change in pH. For example, a redox hydrogel
system sensitive to glutamate has been implemented for electrochemical studies of
neurotransmitter secretion, and the glutamate oxidase and horseradish peroxidase enzymes
incorporated as part of the hydrogel consume protons during the course of the reaction.’’*® The

secretion of glutamate could then be detected indirectly as a local change in pH (as protons are
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consumed) with the associated swelling or deswelling of the hydrogel. The coupling of this
enzyme augmented hydrogels to nanostructured plasmonic crystals could very well provide an
inexpensive method for detailed, label-free chemical imaging of cellular secretion events across

the entire cell.

4.6 Final Remarks

The work described in this dissertation has explored applications of nanostructured
plasmonic crystals for surface-enhanced Raman spectroscopy as well as for surface plasmon
resonance imaging, demonstrating the versatility of this single, common sensing platform. The
underlying surface plasmon phenomena and their associated electric fields are associated with
other surface-enhanced analytical methods, such as metal-enhanced fluorescence, surface-
enhanced infrared absorption spectroscopy, and surface-enhanced mass spectrometry. The cost
advantages and inherent tunability of these nanoimprinted plasmonic crystals make them well
suited for incorporation throughout the broader landscape of surface-enhanced (and surface-
sensitive) sensing.

The applications investigated in this dissertation and the research ideas proposed in this
chapter are certainly not an exhaustive listing of the potential applications for plasmonic crystals,
but they do seek to broaden and enhance the utility of these devices for high performance
chemical sensing and imaging in directions which preserve the cost and fabrication advantages
of soft nanoimprint lithography as a fabrication method. To this end, these research directions
use basic laboratory instrumentation to perform analyses capable of performance on a par with

alternate methods and instrumentation which would cost an order of magnitude higher. This
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versatile sensing platform heralds a significant advance towards next-generation chemical

sensing and imaging which is truly available to the masses.
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4.7 Figures

a)

Figure 4.1 a) and b) Electric field distributions for a spin-on-glass based plasmonic crystal at
the excitation wavelength (785 nm, panel a) and at the Raman scattered wavelength (857 nm for
the benzenethiol Raman peak at ~1070 cm™, panel b). c) Resulting electric fields calculated by
a point-by-point multiplication of the electric fields shown in panels a and b showing regions of

maximum electric field intensity overlap localized around the nanohole edge.
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