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Chapter

Nanoplasmonic Arrays with High
Spatial Resolutions, Quality, and
Throughput for Quantitative
Detection of Molecular Analytes

Rishabh Rastogi, Matteo Beggiato, Pierre Michel Adam,
Saulius Juodkazis and Sivashankar Krishnamoorthy

Abstract

Recent developments in nanoplasmonic sensors promise highly sensitive detec-
tion of chemical and biomolecular analytes with quick response times, affordable
costs, and miniaturized device footprints. These include plasmonic sensors that
transduce analyte-dependent changes to localized refractive index, vibrational
Raman signatures, or fluorescence intensities at the sensor interface. One of the key
challenges, however, remains in producing such sensors reliably, at low cost, using
manufacturing compatible techniques. In this chapter, we demonstrate an approach
based on molecular self-assembly to deliver wafer-level fabrication of nanoplas-
monic interfaces, with spatial resolutions down to a few nanometers, assuring
high quality and low costs. The approach permits systematic variation to different
geometric variables independent of each other, allowing the significant opportunity
for the rational design of nanoplasmonic sensors. The ability to detect small mol-
ecules by SERS-based plasmonic sensing is compared across different types of metal
nanostructures including arrays of nanoparticle clusters, nanopillars, and nanorod
and nanodiscs of gold.

Keywords: nanofabrication, self-assembly, nanoplasmonic sensor, nanoarray,
nanoclusters, nanopillar, nanoparticle, hot spots

1. Introduction

The optical properties of metal nanostructures and nanoarrays have been
widely investigated in the context of exploiting particle plasmons to derive high
performance within chemical and biosensing devices. These include sensing
of range of analytes to diagnose the medical status of an individual [1]; detect
the presence of chemical or biowarfare agents [2, 3], toxins, or adulterants in
food [4]; or assess/monitor air, water, and soil quality in the environment [2, 5].
Plasmonic sensors offer a range of advantages over other analytical tools includ-
ing high analytical and calibration sensitivity, quick response times, label-free
detection opportunities, ease of integration within different sensor form factors,
and the need for simple and portable instrumentation. Plasmonic sensors rely on
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metal nanostructures that act as nanoantennae to concentrate and enhance the
electromagnetic field close to surface [6]. The enhanced EM field can be leveraged
within different configurations, namely, localized surface plasmon resonance
sensors (LSPR) that follow analyte-induced changes to local refractive index or
report vibrational Raman or fluorescence intensities with high signal-to-noise
ratios using surface-enhanced Raman spectroscopy (SERS) and metal-enhanced
fluorescence (MEF), respectively. In all these cases, the performance of the sensor
is critically linked to the optical properties of the plasmonic structures, which in
turn correlates with their geometric attributes, namely, size, shape, aspect ratios,
separation, distribution, and roughness. Control over geometries is the key to
engineering profiles and intensities of the electromagnetic field around plasmonic
nanostructures, which in turn determines the performance of the plasmonic
transducer. The typical length scales for characteristic dimensions of
plasmonic nanostructures correspond to spatial resolutions of few nanometers
to few tens of nanometers. Geometric features such as pointed structures or
nanoscale gaps have shown to concentrate and enhance EM field, thus acting as
EM hot spots, as a function of decreasing radius of curvature or gap distances,
with length scales down to sub-10 nm regime [7]. Enhanced EM fields at gap hot
spots have shown to result in enhancement factors of the order of a million- to
billion-fold in practice. A sizeable contribution to observe SERS signals (24%
of the overall intensity) was observed to be rising out of <100 molecules per
million when these molecules are positioned in EM hot spots with EM enhance-
ment factors of the order of 10°-10'° [8]. The EM hot spots help enhance the
sensitivity of different plasmonic sensors, and especially those based on enhanced
spectroscopies, namely, SERS and MEF. Gaining high sensitivity would thus be
largely determined by the quality and number of EM hot spots [9]. However,
addressing the production of EM hot spots with length scales of the order of only
a few nanometers pose a profound and non-trivial challenge for nanofabrica-
tion. Traditionally, such hot spots have been attained as a natural consequence
of stochastic growth or deposition processes [10, 11], including electrochemical
growth or roughening, de-wetting of nanoparticles or salts from solution phase
[12-14], and de-wetting of thin films on the surface. The stochastic processes,
by nature, result in a broad standard deviation in geometries, which reduces the
number of most efficient hot spots and also leads to greater spot-to-spot variabil-
ity in signal intensities [15, 16]. The randomness in geometry makes it particularly
hard to predict response, to identify the source of issues, and to adopt a rational
approach to optimize performance. Geometries with improved definition have
remained forte of top-down lithography tools, for example, E-beam lithography,
focused ion-beam milling, and X-ray interference lithography, which are all very
time-consuming and also quite expensive [17-19]. The throughput and cost of
fabrication is not only an issue for manufacturing but also reduces the efficacy of
research due to the limitation in the number of samples available for investiga-
tions [20] (Figure 1). From the manufacturing perspective, the throughput of the
process would be a key determinant of the cost, which is driven to <$5 per sensor
chip for point-of-care applications [28].

Techniques such as nanoimprint lithography and polymeric or colloidal self-
assembly techniques allow enhancing throughput, albeit, at the cost of defects.
The ability of self-assembly techniques in catering to the parallel fabrication
of nanopatterns across arbitrarily large areas at low cost, as well as the several
handles it offers toward tunability of structure dimensions down to molecular
level, is unmatched by conventional lithography tools. However, self-assembly-
based approaches carry limitations that demand careful attention to ensure their
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Schematic representation of the trade-off between resolution, quality, and throughput in fabricating plasmonic
nanoarvays with high spatial resolutions, showing the comparative advantages and limits of (a) nanoparticle
assemblies [21] (b) top-down-bottom-up control over nanoparticle assemblies [19], (c) direct-write techniques

[22], (d) nanostencil lithography [23], (e) nanoimprint lithography [24], (f) photolithography [25], (g¢)
porous anodized alumina templates [10], and (h) stochastic, random structuves, including island films [11, 26],
and (i) stochastic chemical growth processes [27].

usefulness: (a) Poor uniformity, which is often a result of poor process optimization
and in some cases due to the susceptibility of process parameters to environmental
variables. This can be addressed by mapping the impact of environmental variables
and factoring them within the process optimization. (b) Large standard deviations,
either inherent to the primary templates produced by the technique or those that
may creep in during different stages of processing. (c) Feature shape: Typically,
self-assembled template patterns have a circular feature cross section. Rectangular,
triangular, or other feature shapes with lower symmetry are uncommon. (d) In

the absence of any external guidance, self-assembly techniques typically lead to a
polycrystalline 2D hexagonal order. Long-range ordering, square, or other lattice
types besides hexagonal symmetry remain uncommon and can be attained through
guidance from a top-down lithographic tool [29-34]. The lack of long-range order
and presence of point or line defects are better tolerated by plasmonic sensing
applications, so long as the averaged properties are consistent and reproducible
with low standard deviations. The chapter will present our approach to plasmonic
nanoarrays with high spatial resolutions relying on hierarchical self-assembly of
amphiphilic di-block copolymers into soft colloids and their subsequent quasipe-
riodic organization when deposited on a planar surface [35]. The approach results
in well-defined organic templates on the surface with nanometric control over the
width, topography, and pitch, realized by control over parameters of molecular
self-assembly. By understanding the impact of the different process parameters on
the resulting geometric outcome, it is possible to deliver templates with high repro-
ducibility and uniformity on full wafers, with a yield >90% [36]. These templates
are translated into highly sensitive SERS-based plasmonic sensors, with control
over metal nanogaps down to sub-10 nm regime.
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2. Spatially controlled fabrication of nanoscale templates
2.1 Fabrication of self-assembled templates

Amphiphilic di-block copolymers can self-assemble into reverse micelles
when dissolved in a solvent that selectively dissolves only the apolar block of the
copolymer. These reverse micelles can be obtained or be induced into attaining a
spherical morphology, with a feature size determined by their aggregation number.
The micelle aggregation number is not only a function of the molecular weight
and composition of the copolymer but also the quality of the solvent used and the
presence of additives. As a consequence, the size can be varied independent of the
molecular weight, using solvent quality and concentration of additives as useful
handles to fine-tune template geometries and eventually those of resulting plas-
monic arrays. The spherical micelles are solvent-laden colloidal structures which
can be readily organized on a variety of surfaces to yield a 2D hexagonally ordered
dot-array templates. These templates are subjected to physical or chemical means
of pattern transfer to produce nanopatterns of desired materials. Pattern formation
on surfaces using copolymer reverse micelle approach is fundamentally different
from that of microphase separation in block copolymer thin films [37-39]. The size
of reverse micelles in solution, which eventually determines the feature sizes on the
surface, is independently variable by engineering the solvent quality or the use of
additives. The standard deviation of the templates on the surface is determined by
that of the micelles in solution phase before deposition, which in turn is governed
by the intermicellar exchange process. The exchange process is slow due to the
slower diffusion for larger molecular weight polymers or when solvent with high
selectivity to the corona-forming blocks is employed [40]. During the spin-coating
process, the solvent-laden micelles in solution deform on the surface to assume
an ellipsoidal shape, with partial fusion of corona from adjacent reverse micelles
resulting in the globally continuous organic film presenting periodic contrast in
topography with an ultrathin film (<5 nm) in the background. The pitch of the
ensuing pattern on the surface can be varied in steps <5% of its mean value, through
control over evaporation rate or the concentration of the micelles in solution. The
evaporation rate can be controlled using spin or dip coating speeds. The ability
to vary the lattice periodicity within a certain window is attributed to a range of
distances for which the PS blocks from the corona of adjacent micelles can still meet
upon deformation and film formation. When this condition is not met, namely, at
low solution concentrations or high spin speeds, the reverse micelles are spaced too
far apart, resulting in patchy coverage. On the other hand, at high solution concen-
trations or at low spin speeds, the excess concentration beyond what is necessary
toward a monolayer appears as multilayers [36]. The topography of the reverse
micelle film is a variable that can be determined by the relative humidity in the
ambient environment during the coating process. This is attributed to the change
in moisture that is likely to concentrate at the polar core-forming PVP and conse-
quently increasing the interfacial tension resulting in resistance to collapse and as
aresult a higher topography. Under optimal conditions of coating, micelle arrays
can be produced with a standard deviation of <10% in geometric attributes across a
complete wafer.

In a specific example shown in Figure 2, reverse micelles of polystyrene-
block-poly (2-vinylpyridine) (PS-b-P2VP) are obtained from dilute solutions of
m-xylene. Here, a copolymer with a molecular weight of 81.5 kDa and a PDI of
1.10, at a concentration of 0.5% w/w in m-xylene, is spin-coated on a clean silicon
surface at 5500 rpm resulting in a hexagonally ordered array with feature heights of
20 nm and pitch of 66 nm with typical standard deviations <15% in all geometric
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Figure 2.
Schematic representation of the self-assembly of amphiphilic di-block copolymer into reverse micelles and their
subsequent assembly to form two-dimensional arrays on the surface.

variables. During the spin-coating process, the solvent-laden micelles in solution
deform on the surface to assume an ellipsoidal shape, with the corona from adjacent
reverse micelles coming together resulting in the globally continuous thin film
presenting periodic topography and ultrathin film (<5 nm) in the background. The
center-to-center distance or the pitch of the template arrays could be systemati-
cally decreased in steps of <5 nm between 45 and 60 nm by increasing the solution
concentrations from 0.6 to 1% at a fixed spin-speed of 5000 rpm or decreasing
spin-speeds from 9000 to 2000 rpm at a fixed concentration of 0.7%. The ranges
were found to constitute an optimal window of conditions where a continuous
uniform film was obtained.

2.2 Reproducibility and scalability

Among key limitations encountered by self-assembly-based approaches, in
general, is the scaling up to practically large areas while ensuring high consistency
and reproducibility. The issues of reproducibility arise mainly due to the sensitiv-
ity of the process outcome to environmental parameters. Such sensitivity also
limits process scalability, due to inconsistencies encountered when coating large
areas like full wafers and to limited batch-to-batch reproducibility. These issues
are true also for the case of self-assembly of amphiphilic copolymers, and this
can be addressed only by adequate investigations directed at mapping the impact
of different environmental variables on the process outcomes. Several sources
of variability were identified and addressed for the self-assembly of amphiphilic
copolymers, including the presence of moisture and contaminants in solution;
history of preparation (agitation and incubation), temperature, and humidity; dif-
ferences in surface roughness or surface energy (e.g., due to organic or particulate
contaminants on the surface); changes to solution concentrations due to solvent
evaporation during use; and inadequate mixing of polymer. Under optimal condi-
tions, the assemblies of reverse micelle feature exhibit standard deviations lower
than 15% across full wafers.

A specific outcome of optimization of the templates represented in Figure 2c
on a 100 mm silicon wafer can be seen in Figure 3, which shows the distribution
for height, diameter, pitch, and nearest neighbors, at different regions of the wafer.
Typical characterization involves AFM topography for heights and diameters (within
errors of AFM tip-convolution) and SEM top view and image analysis using Image]J
or MATLAB. A representative AFM image recorded in the tapping mode is shown in
Figure 3b. The characterization is critical for each batch of samples, and it is possible
to scale the process to several batches of wafers [41]. Points A, B, C, and D corre-
spond to four positions representing systematically increasing radial distances from
the center to the edge of the wafer. AFM measurements at these points show standard
deviation <15% for geometric variables and <10% variation of their mean values
across the full wafer. Voronoi analysis of the AFM images shows a predominance of
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Figure 3.

Demonstration of scalability combined with uniformity on full wafers of optimized coatings: (a) Schematic of
radially separated points from center to edge of 100 mm wafer, (b) where tapping mode AFM measurements
are performed (image indicated for point a), (c) the distribution of height and pitch acvoss full wafer, (d) with
mean values plotted as function of vadial distance from center, and error bars showing standard deviation in
corresponding feature dimensions at a single point, (e) histogram of nearest neighbors showing predominantly
six neavest neighbors as expected for hexagonal assembly, maintained across the wafer, and (f) representation
of nearest neighbors using Voronoi analysis, with the features colored corvesponding to the number of neavest
neighbors as indicated in (e).

six nearest neighbors as expected for hexagonal packing, which is uniformly main-
tained across the wafer (Figure 3e, f). The outcome clearly demonstrates the feasibil-
ity for reliable scaling up of the technique to cater to nanostructures over large areas.

3. Nanoplasmonic arrays by pattern transfer
Fabrication of plasmonic nanoarrays starting from organic templates relies on

pattern transfer approaches, for example, template-guided growth, deposition,
or etching, to define noble metal nanoarrays with the conservation of pitch from
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Figure 4.

Fabrication of plasmonic nanoarrays with different profiles, size, and distributions of metal nanostructures
can be attained by control over pattern transfer processes. In all cases, the advantages of the original templates
including the uniformity and scalability are preserved [42—44].

the original template. The pattern transfer approaches offer large flexibility in the
geometry of the individual features, thus making it possible to fabricate plasmonic
nanoarrays of different types, for example, nanoparticle cluster arrays, nanopillars
arrays, nanorods, or nanodiscs. The pattern transfer parameters provide indepen-
dent control over the size, shape, and aspect ratio of the features and should be
optimized to ensure that they do not affect the spatial arrangement, uniformity,
and reproducibility from the original template. Although the pattern transfer
approaches are common in semiconductor fabrication, extending them to work at
the scale of few nanometers requires rigorous optimization and quality assurance
to ensure low standard deviations and reproducibility in geometries. Further in this
section different pattern transfer methods to reach such three different plasmonic
nanoarrays have been discussed in detail (Figure 4).

3.1 Nanoparticle cluster arrays

Clusters (used interchangeably with “aggregates” in this report) of metal
nanoparticles behave differently from their isolated counterparts due to the collective
optical behavior arising out of plasmonic coupling between the constituent nanopar-
ticles [45-50]. Clusters of nanoparticles are known to behave as hot particles, with
significantly enhanced electromagnetic fields at the inter-particle junctions [51-54].
Consequently, clusters exhibit higher extinction cross sections, with hot spots that
can be excited at lower energies than the isolated particles. The aggregation-induced
color change of gold nanoparticle suspensions caused by the analyte of interest
has been the basis of several biological assays [55]. Such random aggregation typi-
cally results in a large distribution in the number of particles per cluster, with a
distinct lack of control over those numbers. To achieve clusters with desired optical
properties, it is essential to be able to produce them with a narrow distribution in
the size, shape, and spatial arrangement between nanoparticles within the cluster
and between clusters in an array. Such clusters were demonstrated using templates
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fabricated by electron- beam lithography (EBL) [45-47, 53, 56-58] and controlling
the size of the template to obtain dimers, trimers, quadrumers, and multimers. Since
EBL is time-consuming and expensive to achieve high-resolution patterns spanning
large areas, other low-cost means to achieve controlled nanoparticle aggregates using
template-assisted means have been reported in the literature. These include the use
of DNA, [59] surfactants, [60] block copolymers [60-62], carbon nanotubes [61],
cylindrical micelles [62], or microorganisms like bacteria or viruses [63] as templates
to attach nanoparticles. While the template-assisted cluster formation allows creating
clusters with desired size (or a number of particles per cluster) and shape, they often
fall short of abilities to control inter-cluster arrangement within an array. Such an
arrangement is important to ensure reproducible inter-cluster plasmonic interactions
as well as an ability to engineer them to achieve desired optical properties. In this
direction, block copolymers are an excellent solution, as they allow effective control
over the spatial arrangement of eventual clusters. Microphase separation of block
copolymers (BCP) in thin films, as well as BCP reverse micelles, has been utilized as
templates to attain clusters of metal nanoparticles on surfaces. These techniques have
exploited the BCP templates either to organize one or more particles from solution
phase [64-66] or to drive selective complexation of metal ions and in situ reduction
to form clusters [67]. However, these fall short of opportunities for the rational
design of the cluster properties. The approach based on copolymer reverse micelle
template allows preparing clusters based on electrostatic self-assembly of preformed
gold nanoparticles from the solution phase on to the features on the surface. The
cluster dimensions (the number of nanoparticles per cluster) and the inter-cluster
separation were controlled by control over the template size and their separation.
The low standard deviation of the template enables low standard deviation in the
geometric attributes of the clusters as well (Figure5).

In a typical experiment, the reverse micelle arrays prepared from PS-b-PVP
with a molecular weight of 114 kDa and PDI of 1.1 were spin coated from m-xylene
solutions and subsequently exposed to an aqueous suspension of gold nanopar-
ticles. Due to the presence of the pyridyl groups of PVP in the core of the features,
the reverse micelle features are positively charged and attract negatively charged
citrate-stabilized gold nanoparticles from the suspension. The electrostatic attrac-
tion between the nanoparticles occurs locally on the features and not in between
them, therefore resulting in a patterned array of nanoparticle clusters. The number
of nanoparticles in each feature is a function of its size. The inter-cluster separa-
tions are controlled by the control over the pitch of the template. Extinction spectra
of the nanoparticle clusters showed a peak at 620 nm, which was over 100 nm
red-shifted from the plasmon resonance band of isolated Au nanoparticles. This is
attributed to the strong plasmonic coupling between the nanoparticles within the
cluster. Further, the absence of a strong contribution at 520 nm would confirm the
geometric observation of the absence of isolated nanoparticles (Figure 6). Finite-
difference time-domain (FDTD) simulations show inter-particle as well as inter-
cluster hot spots. The 3D shape of the clusters was found to be necessary for the
inter-cluster plasmonic coupling, and an increase in EM field at inter-particle and
inter-cluster hot spots was found to correlate with decreasing inter-cluster separa-
tions. The expectations from the geometry and optical properties of the nanoparti-
cle cluster arrays were validated by SERS measurements of a probe molecule. Three
different probe molecules were tested, namely, crystal violet, naphthalene thiol,
and 2, 2'-bipyridine. In all three cases, the SERS intensities were found to be highest
for the largest clusters with the smallest separations. The SERS intensities were
higher for crystal violet than for smaller molecules due to resonance Raman effects,
enabling SERS enhancement factors over 10%. SERS quantitative assays showed the
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(a) Schematic of the fabrication of gold nanoparticle cluster arrays by electrostatic attraction of negatively
charged Au nanoparticles to positively charged templates on surface, (b) zeta potential titration showing

the template acquiring positive potential for pH below 8.3, (c) systematic control over the size (pitch kept a
constant), and (d) separation (S.) between the nanoparticle clusters (size kept a constant at N~18) which is
shown by the histograms and AFM measurements, vespectively [42].
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Figure 6.

(a) Graph shows the shift in the extinction peak of the nanoparticle clusters with change in separation, Sc, and
change in no. of nanoparticles/cluster, N. (b) SERS spectra of CV shows the increase in the peak intensity at
1625 cm™" with change in the separvations, Sc, and no. of nanoparticles/cluster, N. (c) and (d) SERS intensity vs.
concentration showing linear velationship for 1-NT and BPE, respectively [42].
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lowest detection limits for naphthalene thiol to be an order of magnitude lower
than 2,2’- bipyridine. This is attributed to the higher density of molecules for
naphthalene thiol on the surface due to the covalent bonding of the thiols to the
gold surface at a given concentration. The low standard deviations of the cluster
arrays enabled signal intensity variations below 10% on several square millimeters
on the surface.

3.2 Metal nanopillars arrays

Nanopillar shapes offer a unique opportunity to control and enhance EM field
profiles and enhancements [68]. Nanopillar arrays for plasmonic sensing have
been reported previously in the literature, for detection of disease markers and
identification of bacteria as well as environmental pollutants [43, 69-71]. Such
configurations can be obtained by metal deposition of optimal thickness on top of
high aspect ratio dielectric pillars that can be produced by different approaches,
namely, VLS growth [72], pulsed laser deposition [73], black Si production by RIE
with gas plasmas [74], and patterned wet or dry etching with templates produced
by other means, for example, photolithography, soft-lithography, EBL, NIL, NSL,
and molecular self-assembly [75-80]. Nanopattern of pillars offers an advantage
over stochastically arranged counterparts due to a better definition of the spatial
relationship between the pillars that help rational enhancement to sensing per-
formance. The stochastic arrangements, despite promising results, rely largely on
empirical optimization and suffer from difficulty in identifying issues when they
arise. Another aspect to consider is the stability of the pillar arrays, which is espe-
cially a concern for high aspect ratio structures [81-84]. High aspect ratio pillars
can capture analyte between the pillars when they collapse by drying that may offer
interesting means to trap analyte potentially at EM hot spots [85, 86]; the approach,
however, gives less control over the collapse nor the concentration of analyte that
is trapped, thus offering limited opportunity for rational design. The irreversible
nature of such collapse would make it difficult to subject the pillars to solvent-based
washing and drying steps, limiting them to a single time or single-step usage. Pillars
of smaller aspect ratios would solve many of these issues,; however, it will need
to be produced with high spatial resolutions to ensure a large number of EM hot
spots and preferably with good geometric definition allowing rational optimiza-
tion toward both enhancing EM hot spots and analyte capture on the surface. An
approach based on colloids of amphiphilic copolymers allows the possibility to
generate nanopillars that are stable and reusable while allowing significant oppor-
tunities to rationally engineer the optical properties toward high plasmonic sensing
performance.

Organic reverse micelle templates can be transferred into the underlying Si by
adopting nanolithography processes based on reactive ion etching with halogen gas
plasmas. Given the low template thickness (typically less than 30 nm) and small
widths (sub-100 nm), nanolithography using these templates requires signifi-
cant process optimization to ensure high selectivity to the underlying substrate,
minimum undercut, and high anisotropy. It is possible to substitute the organic
templates with a harder inorganic template to improve the selectivity and durability.
This is achieved by transferring the organic template pattern into a thin dielectric
film to generate harder dielectric masks for the next step of pattern transfer into
Si. We had earlier shown a high degree of control over the incorporation of the
organometallic precursor by using atomic layer deposition, with the resulting
oxide nanostructures enabling nanolithography down to sub-10 nm regime [35].
This was followed by several other investigations in literature focusing on vapor
phase incorporation of metal-organic precursors within different block copolymer
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domains using ALD processes [87-91]. It is important that the nanolithography pro-
cess is optimized to not widen standard deviations between the features or across
the wafer. The optimization processes across the full wafer level should take into
account the “loading effects,” which impacts the outcome of the reactive ion etching
process depending on the proportion of exposed surface area available for etching.

Nanopillar arrays that are shorter and closer allows all advantages of the other
reported approaches, while in addition also conserving the metal to be depos-
ited. Nanopillar arrays of silicon obtained by molecular self-assembly approach
(Figure 8) can subsequently be coated with gold or silver to prepare plasmonic
nanopillar arrays. The conditions of the coating, including the choice of evapora-
tion versus sputtering, the respective deposition parameters are critical to the
structure and property of the resulting plasmonic arrays. The thickness of the films
deposited in relation to the geometry of the underlying silicon pillars would be a key
process parameter that determines the aspect ratio and the separation between the
metal pillars. Both aspect ratio and the feature diameters increase, while the feature
separations decrease systematically as a function of the thickness of metal depos-
ited. The observed film growth is strongly anisotropic with slow growth laterally
as compared with vertically. The growth on top of the silicon pillars correlates well
with the thickness of the metal deposited, while the increase in diameter occurs
much slower. The challenge in the processing includes the conformal deposition of
metal, with good step edge coverage, especially when the deposition is made on top
of closely separated high aspect ratio nanopillars.

In a specific example, organic templates prepared using PS-b-PVP with a
molecular weight of 80.5 kDa was spin-coated on a 100mm Si wafer consisting of
a 25 nm film of thermally grown SiO, layer (Figure 7a). The coating is exposed to
brief O, plasma to remove the thin residual layer between the template features and
expose the substrate beneath. The resulting organic template is then transferred
into an underlying SiO, thin film using C,Fg/CH,4 gas plasma. The resulting SiO,
islands provide high selectivity in etching underlying Si using SF¢/C4Fg plasma to
yield Si nanopillars. The RIE conditions employed resulted in silicon pillars with
a positively tapered profile with a feature size of 40 nm (at half-width) and pitch
of 78 nm and height of 120 nm, as measured by SEM (Figure 7b). The RIE process
conditions can be varied to obtain pillars with other shapes as well (Figure 7c). The
pillar arrays were found to be uniform throughout the wafer, as qualified by uni-
form color, with a variation of <10% as measured by reflectance spectroscopy [35].
Figure 8 shows another case of similarly obtained nanopillars arrays prepared using
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Figure7.

(a) Fabrication process involved in pattern transfer from polymer template to fabricate silicon nanopillar
arrays. (b) SEM image taken from a random position on the wafer with nanopillar arrays. (c) SEM images of
different shapes of nanopillars obtained by varying etching conditions [35].

11



Nanoplasmonics

% Edk Jl 120 nm E
5 = : =100 nm = _— 1
5= E | A som = 10001
= "gzk S S 1 F oy t s
g3 ~ 20nm § 500, %
-
7850m 58 10 nm LOD ~ 74 ppb
0 1)
fooaﬂve nuﬁuger (c}??) ¥ e A o
[NT] (nM)

Scale Bar: 100nm

Figure 8.

(Top) Silicon nanopillar arrays with increasing thickness of gold (top, insets) show evolution in electromagnetic
field profiles (bottom, left) and SERS spectra of 1-naphthalene thiol as function of metal pillar geometry
(bottom, right) concentration dependence of intensity of the peak at 1371 cm™ showing quantitative detection
with low detection limits [43].

a different PS-b-P2VP (114 kDa, PDI - 1.1, fPS ~0.5) system. The Si pillar arrays
are converted to plasmonic nanoarrays bycoating with thin layer of Cr, followed by
systematically increasing thicknesses of gold by electron beam evaporation. The
nanopillars coated with 5 nm Cr/120 nm of Au were found to result in gold pillars
with separations below 10 nm. The optical modeling of the nanopillars proved

EM hot spots with increasing intensity and with increasing metal thickness, as
expected. This was correlated well with SERS experiments of 1-naphthalene thiol,
where the evolution in SERS intensity was found to saturate at 100 nm. SERS-based
plasmonic assays of naphthalene thiol show analytical sensitivity down to 74 ppb,
low standard deviations in SERS intensities for different concentrations, and feasi-
bility for quantification with large dynamic range. The approach established clear
control over structure, property, and function to optimize the final performance of
the plasmonic sensor.

3.3 Nanorods and nanodisc arrays from nanoimprint lithography from
self-assembly derived high-resolution masters

The uniform templates obtained using reverse micelle approach is well-suited as
masks for nanolithography to produce Si nanopillar arrays. These nanopillar arrays
are highly interesting for exploitation as high-resolution molds for nanoimprint
lithography (NIL) [44]. NIL is a convenient top-down patterning tool that allows
replication of surface relief structures down to sub-10 nm feature sizes present in
amold into the polymer substrate [24, 92]. Replication using the NIL process is
achieved by pressing the mold against a molten polymer film, followed by solidify-
ing the polymer either by cooling below its Tg or by cross-linking, before removing
the mold. Among the several top-down techniques known, NIL has particularly rec-
ognized as manufacturing compatible, scalable and low-cost solution for fabricat-
ing nanoscale templates of high resolution. The use of the silicon nanopillar arrays
as NIL molds offers a distinct advantage of producing multiple copies of templates
with identical pitch and width as the original pillars. Since these templates are used
to produce metal arrays in the next step, it is possible to attain asymmetric metal
features, with reproducibility in optical properties within and between samples.

In a specific example, full wafers consisting of Si nanopillar arrays with a height of
120nm were fabricated as described in Section 3.1. They were subsequently diced
into smaller pieces and used as NIL molds to replicate the pillar arrays into a thin
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film of PMMA (100 nm thick) coated on Si substrate. Prior to imprinting, the pillar
arrays are functionalized with a perfluorosilane layer to enable anti-stiction prop-
erty. The NIL process results in a nanoporous PMMA film with geometric charac-
teristics that match with the Si pillar array mold (Figure 9). The pores were found
to be ~120 nm deep, with a residual layer of ~10 nm thickness present beneath the
pores. The residual layer was removed using a controlled O, plasma exposure and
treated with HF in order to expose the bare Si substrate beneath. The porous tem-
plate with through-holes was subsequently employed to guide the growth of metal
to achieve gold nanorods from the surface through an electroless deposition process.
The electroless deposition of gold was performed by galvanic displacement reac-
tion where the oxidation of silicon substrate by HF provides electrons to reduce the
Au(III) ions to Au(0), in a process earlier shown by Aizawa et al. [93, 94]. Exposure
of the nanoporous template to an electroless plating bath consisting of 0.9% HF
and 2.3 mM of HAuCl, for a duration of 1 min was sufficient to grow the nanorods
within the pores. The selectivity of the process to the Si substrate ensured the
absence of any non-specific metal deposition in unintended areas. The nanoporous
PMMA template was then removed using an O, plasma exposure. The Au nanorod
arrays were found to be 80 nm in height with a pitch identical with that of the NIL
mold used. Upon annealing the nanorod array at 200°C for 2 h, a transformation in
morphology into nanodiscs was observed. Such transformation that was observed
to occur significantly below the melting point of bulk gold metal is likely due to
compacting of nanoparticulate and porous gold features obtained upon electroless
deposition. The nanoparticulate nature of nanorods is evident from the SEM mea-
surements. The nanodiscs exhibit an ellipsoidal shape, with a diameter of 55.2 (+ 4)
nm and height of 35.3(+ 5.4) nm, as measured using SEM and AFM. TEM cross sec-
tion of the nanodisc arrays shows that the discs were present within depressions on
the surface with a depth of ~5 nm. The depression below the nanodisc is presumably
formed by substrate etching, due to the presence of HF in the electroless chemical
bath. The transformation of the rod to disc morphology was found necessary in
order to ensure mechanical stability of the metal arrays when exposed to solvents. It
was found that the nanorod arrays disintegrated when dipped in aqueous solutions,

a) Copolymer template b) High Resolution NIL mold c) Pattern Transfer by Imprinting
= -
B
E d) PMMA with inverse
f) Au Nanodiscs e) Au Nanorods template at mold

Scale Bar: 100nm

Figure 9.

Process steps involved in production of (a, b) high-resolution molds for NIL produced from self-assembled
polymeric templates, (c, d) followed by replication onto PMMA thin film to form nanopore arvays and (e, f)
selected area growth of gold nanovods within the pores and their subsequent transformation into nanodiscs [44].
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while the nanodiscs remained undisturbed. Since our study primarily intended
application of these arrays within a SERS-based sensor in liquid media, the nanorod
arrays could not be considered further. Despite this instability, the nanorods could
still find a use for plasmonic sensors functioning in the gas phase, or alternatively, if
their mechanical stability can be improved through deposition of an overcoating of
a dielectric, for example, alumina as shown earlier in literature [95]. The nanodisc
arrays were evaluated for SERS performance against three different molecules,
namely, naphthalene thiol that represented a covalently bound analyte, 2,2'-bipyridyl
that represented non-covalently bound analyte, and crystal violet which repre-
sented the possibility of resonance Raman effect. The SERS performance was
benchmarked against commercially available Klarite substrates and was proved
better for all three molecules. The approach demonstrated an inherently reproduc-
ible approach to the fabrication of plasmonic arrays, as several copies can be derived
starting from the same nanopillars NIL stamp. The performance of these arrays
nevertheless has scope for improvements by further EM enhancements by reducing
feature separations. The inability to deliver low feature separations is a limitation of
the approach, which can be overcome by post-processing of the porous templates
obtained after NIL, for instance, via pore-widening approaches.

4. Conclusions and outlook

Molecular self-assembly using amphiphilic copolymers and colloids derived
thereof can deliver nanoplasmonic interfaces with high spatial resolutions, with
control over geometric variables in steps of only a few nanometers. The approach
enables metal nanoarrays with spatial coherence between features, orthogonal
control over the different geometric attributes, and standard deviations below 10%.
These characteristics can be leveraged to better understand and predict the optical
properties of these arrays, allowing rational routes to maximize plasmonic sensing
performance. The self-assembly parameters at both the template production and
pattern transfer stages could be rigorously controlled to ensure high uniformity,
reproducibility, and scalability of the resulting plasmonic arrays on full wafers. The
correlation of the geometry < optical & SERS performance was demonstrated with
a combination of experiments and numerical simulations. Plasmonic nanoarrays
presenting a large number of gap hot spots, with gap distances down to sub-10 nm
length scale, are possible to obtain in case of nanoparticle cluster arrays and nano-
pillar arrays. The homogeneously distributed hot spots over large areas present
an opportunity to not only detect but also quantify the concentration of analytes,
with large dynamic range with promisingly low limits of detection. Among the key
challenges for future developments is to identify configurations that naturally drive
the co-localization of analytes with EM hot spots to achieve maximize plasmonic
signal enhancements. Further, the efforts to enhance EM fields solve only a part of
the sensing challenge. In addition to maximizing the EM enhancements, the surface
needs to be tailored to maximize analyte interactions and their concentrations on
the surface.

Yet another challenge is the application of plasmonic arrays for biosensing. The
high spatial resolutions sought for maximizing EM enhancements at gap or cur-
vature hot spots are not compatible with the spatial requirements to accommodate
large biomolecules like proteins. Further, the sensitivity of the plasmonic sensor
extends typically to only a few nanometers from the surface. This is a challenge
considering that the size of biomolecular interactions can already be a few tens of
nanometers, for example, for an immunosandwich assay. Further, the plasmonic
sensor needs to be adapted to work in complex media, for which the surface
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functionalization to avoid non-specific binding would also consume part of the
sensitive space above the plasmonic interface. While the plasmonic sensors have
held high promise for highly sensitive, fast responding, and portable configura-
tions, they need significant transversal development cutting across topics beyond
fabrication, physics, and photonics, to ensure reliable devices that address emerging
analytical challenges.
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