Synergetic light-harvesting and near-field
enhancement in multiscale patterned gold

substrates

Luis A. Guerra,” M. Antonieta Daza Millone, Emiliano Cortés *% Marcos F.
Castez,* Baptiste Auguié,T’§ Maria Elena Vela,* Roberto Salvarezza,* and

Alejandro Fainstein®1

T Centro Atomico Bariloche e Instituto Balseiro, San Carlos de Bariloche, 8400 Rio Negro,
Argentina
TInstituto de Investigaciones Fisicoquimicas Tedricas y Aplicadas,
INIFTA-CONICET-UNLP, Universidad Nacional de La Plata, 1900 La Plata, Argentina
§ Current address: The Blackett Laboratory, Department of Physics, Imperial College
London, London SW7 2AZ, United Kingdom
§Current address: The MacDiarmid Institute for Advanced Materials and Nanotechnology,
School of Chemical and Physical Sciences, Victoria University of Wellington, PO Boz 600,
Wellington 6140, New Zealand.

E-mail: afains@cab.cnea.gov.ar

Phone: +54 (0)116 772 7947. Fax: +54 (0)2944 44 5102

Abstract

Sphere-segment void (SSV) cavities have emerged as promising substrates for re-
producible Surface Enhanced Raman Scattering (SERS), offering strong and uniform

electromagnetic enhancement associated with the excitation of cavity-like localized
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surface plasmon resonances tunable across the UV-vis-near IR range, with a facile
large-scale fabrication process. High-resolution electron micrographs of these structures
reveal a considerable departure from the idealised smooth spherical cavity shape; no-
tably, the electrochemical deposition of gold yields an important surface roughness.
We investigate this contribution to the SERS activity of SSV substrates with a series
of experiments, varying the degree of surface roughness using thermal annealing and
gradual electrochemical roughening. Notably we observe that both roughness features
and cavity-like modes operate in conjunction as a multiscale antenna to provide larger
SERS efficiency than the two mechanisms considered separately. We conclude that the
main role of the ordered cavity structure is to increase the plasmonic mode density
near rough surface features, thus optimizing the coupling of far-field radiation (light

harvesting) to locally enhanced near fields.
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The optical properties of gold nanostructures have been the object of intense research
activity in the past decades, owing to their promising potential in a variety of technological
applications ranging from solar cells, electronics, wave guiding, sensing, display technology,
etc.? As light interacts with noble metals, the high density of free conduction electrons
may sustain collective oscillations known as surface plasmon resonances, which entail these
nanostructures with unique optical properties, such as strongly enhanced scattering and
absorption, as well as focusing of incident radiation into localised regions of space with
enhanced near-fields. A prime example of plasmonic activity with important practical

applications is the field of Surface Enhanced Raman Scattering (SERS),% a powerful and



Figure 1: Illustration of imperfections in real SSV substrates. (a) 3D rendering of an ideal
SSV structure. The inset schematic defines the geometry and the truncation parameter ¢,
with a cross-section through a sphere used as template. (b) High-resolution SEM of a Au
SSV array. Sphere diameter 600 nm, ¢t = 0.15.

relatively mature material characterisation technique that relies heavily on electromagnetic
enhancement factors in the vicinity of nanostructured metal substrates. The SERS intensity
typically scales with the fourth power of the electric field, and for corrugated surfaces with
nanometric gaps and crevices the enhanced electric field can reach several orders of magnitude
in very localised regions. Unfortunately, the largest enhancement factors are generally
accompanied by poor spatial homogeneity and lacking reproducibility across substrates.
Indeed, one of the major hurdles of surface-enhanced spectroscopies remains the considerable
variation in enhancement factors* that precludes quantitative application of the technique
towards analytical studies.®

In recent years, sphere-segment void (SSV) arrays® ! have emerged as a promising platform

to combine uniform field enhancement with good reproducibility and ease of fabrication.



They consist of a regular two-dimensional array of spherical voids drawn onto a metallic
substrate (Fig. 1). The fabrication procedure involves a two-step deposition technique: first, a
close-packed hexagonal layer of polystyrene spheres is arranged onto a metal-coated substrate,
forming a well-defined mask; second, additional material is deposited through this masking
layer via electrodeposition.® The spheres are subsequently removed with appropriate chemicals,
leaving the metallic nanostructure exposed. More recently, a variation has been proposed by
the Baumberg group, whereby an intermediate mold is produced with polymer /silica opal
films, allowing direct transfer of the nanostructure over multiple copies via nanoimprinting. 2

The motivation of this work is to reach a better understanding of the role of surface
plasmon excitations in the Raman scattering enhancement of such substrates, grown with
nanosphere templates and presenting substantial surface roughness in addition to the regular
pattern. To this aim, we will carefully assess previous data on SSV arrays from the existing
literature, and conduct novel experiments to clearly expose the underestimated role of surface
roughness in the SERS response.

SSV arrays have been extensively studied since the original work of Bartlett et al, 68
with detailed studies of the plasmon modes supported by the structure (propagating Bragg

11,14716) " aided by numerical simulations.* The

plasmons, '* and localised Mie-type plasmons
system was found extremely versatile, with possibilities to tune plasmon resonances from
the near UV to the near IR ends of the spectrum by varying the sphere size. The relative
contribution of distinct plasmon modes can also be easily tailored for a particular application
by varying the truncation parameter ¢ (see Fig. 1). SSVs support a rich variety of plasmonic
modes, with different field profiles and dispersion. We find, however, that some important
features in the data should be analyzed critically, as they depart substantially from the
theoretical claims for idealised structures (with perfect symmetry, and smooth surfaces). In
attempting to correlate spectral reflectivity maps for a variety of samples with observed SERS
enhancement factors for a probe molecule uniformly deposited over the cavities, plasmon

resonances were seen to have a role in the response, but were not the only factor at play.'"!®



Indeed, SSV arrays are complex nanostructures presenting numerous unavoidable fabrication
defects and intrinsic roughness. Their complex geometry yields many plasmonic excitations
that can be hard to capture even with state-of-the-art electromagnetic modeling tools. In
this context, detailed and systematic experimental studies are often needed to fully explore
the rich optical response of such samples.

The interplay between nanoscale surface roughness and plasmonic modes of larger fea-
tures is a topic of great practical importance, since practically all fabrication techniques
will introduce a residual amount of surface imperfections, yet only few studies have been
devoted to this question. Hohenau and co-workers recently concluded, %2 after a series of
carefully controlled experiments on simpler geometries, that surface roughness and plasmon
resonances may interact in synergy, with a combined near-field enhancement surpassing
either effect taken separately. Interestingly, the far-field properties of the substrate may

21,22 vet the near-field

appear relatively unchanged from the ideal (smooth) nanostructure,
enhancement experienced by local probes can differ substantially provided conditions are
met for the nanoscale roughness to be located in regions of high plasmon mode density. This
important conclusion will be used as our working hypothesis throughout the manuscript,
and motivates the importance of precise structural characterisation, and surface morphol-
ogy of SSV arrays with respect to their SERS activity. In fact, studies on films patterned
into cavity shapes and made of colloidal gold nanoparticles suggested the existence of an
increased electromagnetic enhancement, presumably caused by the combination of optical
interactions on two different scales: surface plasmon-enhanced near-fields due to nanoscale
features and far-field photonic coupling by periodic structures at the microscale.?® Recently,
the incorporation of Au nanoparticles into the voids of SSV arrays has been explored, showing
also an important increase in field enhancement at the particle-cavity junction.?4 26 These

results reinforce the idea that electromagnetic fields in SSV arrays may be further confined

by smaller metallic features at the nanometric scale.



If a small but non vanishing amount of roughness participates in the SERS response
of these cavity substrates, we anticipate that there may be an optimum level of roughness,
which may be varied with the deposition process. This important question will thus be
first addressed with experiments on unpatterned gold substrates, treated with progressive
amounts of electrochemical roughening. Once the effect of purposely introduced roughness
is independently established, we will proceed to study its effect on Au SSV arrays. We
will show, by detailed studies as a function of truncation of the SSV array, the existence
of strong SERS resonances tuned with cavity-like plasmons of the structure, thus clearly
demonstrating efficient light-harvesting by this microscale metallic antennas. In addition,
by purposely tailoring their roughness, either increasing it by electrochemical methods, or
decreasing it by controlled annealing, we demonstrate the multiplicative strong contribution
to the field enhancement by structures at the nanoscale. Detailed surface studies by STM
and image processing techniques quantify the amount and characteristics of the introduced
roughness, identifying the structures potentially involved in the observed combined multiscale

performance of these SERS substrates.

Results and Discussion

The role of roughness in SERS with unpatterned gold

In order to correlate the effect of surface roughness in SSV arrays, we started with experiments
on a flat, unpatterned gold surface. Increments in area (R = Af/A7) up to 100 times can
be readily obtained via electroreduction of Au oxide formed during variable times of an
anodization procedure (Fig.2a). This study has been complemented by a detailed surface
characterization with atomic force microscopy (AFM) and SERS.

Scanning electron microscopy (SEM) images of the overlayer cross-section®” and AFM
images of the surface (see Fig.2b) indicate that the high-area nanostructured gold presents a

columnar like structure containing a large density of pores. Ellipsometric data have shown that
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Figure 2: (a) Cyclic voltammograms of a Au wire in 0.5 M H,SO, at v = 0.1 V.s™! before
(solid blue curve) and after (dashed red curve) electrochemical roughening, yielding a 2.5
times increment in surface area. (b) AFM images of a typical area for the initial Au surface
(left) and after electrochemical roughening (right).

the density of the electrochemically prepared nanostructured gold is half that of pure gold.?®%

Enhanced stability of thiolate self-assembled monolayers (SAMs) on these nanostructured

substrates also suggests the presence of a large number of defects.?



Effect of roughness on SERS and evidence for surface relaxation

In Fig. 3 we summarize our SERS measurements for substrates with a varying amount of
surface roughness. The amount of roughness is quantified by the relative change of surface area,
R = A;/A;, with A; the initial area, and Ay its value after the electrochemical roughening
procedure. The typical spectrum of 4-mercaptobenzoic acid (MBA) is shown for reference
in the top panel. The strong Raman band at 1076 cm ™!, associated with v12 aromatic ring
vibrations,?! was monitored for different samples, and the integrated intensity is presented
in the bottom panel as a function of increased surface area (each point is the average of at
least five measurements at different spots, the error bars indicate their maximum dispersion).
Smooth wires (without roughening procedure) do not exhibit any Raman peak in the spectra
recorded. We considered two situations: first, the electrochemically roughened surface was
allowed to relax in the acid solution, rinsed with ethanol and immersed in a 1 mM MBA
ethanolic solution; second, the freshly electro-roughened surface was rinsed and its structure
quickly frozen using MBA molecules, thus limiting considerably the surface relaxation prior
to SERS characterisation. These two initial conditions yield a vastly different SERS response
at high rugosity, as shown in Fig. 3(b).

From these data, confirmed with a number of repeated experiments, we note the following
trends. First, a considerable sample-to-sample variation is observed, as visible in the relatively
scattered data for low surface area. This suggests that the level of control in electrochemical
roughening of such substrates is not sufficient to guarantee reproducible and homogeneous
enhancement factors in SERS, and variations of a factor of 2 are to be expected with this
type of fabrication method. Second, even the lowest level of surface roughness appears to
produce substantial increase in SERS intensities, with a peak at R ~ 5 — 10. Beyond this
initial regime of low rugosity, we need to differentiate the two cases corresponding to the
previously relaxed surface (solid symbols), or the thiol-frozen surface (open symbols). At high

rugosity, the surface presents nanostructures of high aspect ratio, in the form of deep crevices

and heterogeneous nanopilars. These features are associated with a large increase in surface
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Figure 3: (a) SERS spectrum of mercaptobenzoic acid (MBA) adsorbed on a rough Au surface
with R = 15. (b) Evolution of the intensity of the 1076 cm™' Raman band, normalised by
laser power and acquisition time, as a function of surface roughness. The solid symbols (solid
line) correspond to experiments performed on a “relaxed” surface, while the open symbols
(dashed line) are for a “frozen” sample, limiting surface relaxation. The error bars correspond
to the maximum dispersion of values for at least 5 different positions across the sample.



free energy, and are thus thermodynamically unstable. Relaxation of the surface towards
smoother surfaces with lower curvature gradients occurs naturally at room temperature in
short time scales, as we shall discuss below. The chemisorption of thiol molecules immediately
after electrochemical treatment partially stops this surface restructuration.®® We observe a
relatively stable SERS intensity at higher surface area, suggesting that additional rugosity is
not useful for surface-enhanced spectroscopy. Detailed structural characterisation with high-
resolution scanning electron microscopy reveals deeper structures that penetrate hundreds of
nanometres inside the bulk sample,?” thus poorly accessible to incident light. This apparent
saturation is not seen for unthiolated surfaces, where surface relaxation occurs in the time-
frame of minutes to hours, and cancels the effect of high initial rugosity. We will discuss next

a model for the evolution of a high rugosity 2D interface.

Mullins model of interface evolution

The surface diffusion is often an important mass-transfer process that affects the evolution of
the surface morphology at the nanoscale. It is particularly important for metallic nanostruc-
tures, that suffer drastic morphological changes at relatively low temperatures®? and even at
room temperature.3?

The continuous theory of interface evolution mediated by surface diffusion is a well-

established topic after the pioneering work of Mullins.?%3% In this framework, a given interface

enclosing an isotropic sample evolves according to the Mullins equation
Uy = —-K Asc y (1)

where v,, is the normal velocity at a given point on the evolving surface, Ag is the intrinsic
surface Laplacian (the so-called Laplace-Beltrami operator), and C is the local curvature.

The coefficient K depends both on the type of material considered and on the temperature
vD Qv

through the relationship K =
kgT

where 7 is the surface tension, D, the diffusion

10



Figure 4: Simulated snapshots of surface relaxation obtained by numerical integration of
the Mullins equation (Eq. 1), with K = 10®> nm*/s. Starting from an initial 2D structure
composed of sharp corners of varying size and geometry, the evolution of the protuberances
and holes due to surface diffusion progressively yields a smoother surface, with the possible
development of internal voids isolated from the surface. The arrows in the top left panel
correspond to 100 nm.
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constant, €2 the atomic volume, v the adatom density on the surface, kg the Boltzmann
constant, and 7" the absolute temperature.

For high-surface roughness, depending on the specific initial condition, the surface diffusion
flow dictated by Eq. 1 can promote diverse morphological changes at interfaces, including the
formations of necks, coalescence of structures, formation of voids, tunnels and overhangs, etc.
In fact, the Mullins equation is a fourth order nonlinear equation that can produce a rather
intricate surface evolution. To give a simple example of such phenomena, let us consider
Fig. 4, where we draw the evolution of a 2D interface obtained from a numerical integration
of Eq. 1 for an initial condition (Fig. 4 (a)) consisting of a sample with certain distribution
of rectangular wells with different sizes and aspect-ratios. The coefficient K used in the
simulation was K = 10® nm*/s, a value typical for metals at temperatures around 100 °C.3°
Overhangs can be appreciated in (b), void formation and coalescence of structures are clearly
seen in (c), (d) and (e), while the coexistence of equilibrium structures (circular voids) with
non-equilibrium voids is evident from (f). Considering the qualitative properties of this
simple 2D simulation, we can readily infer that the surface diffusion of a 3D spongy structure,
will likely yield a very complex morphological evolution with a non-uniform distribution of
voids, tunnels and metastable transient structures. Evidently, some of such structures will be
partially, when no totally, occluded to the incident light.

On the other hand, for an initial state of lower surface roughness other parameters must
be considered, like the Ehrlich-Schwoebel barrier.373® Diffusion barriers at grain boundaries
prevent a complete surface relaxation of the surface.?® Consequently, a complete suppression
of the surface roughness at the nanoscale might never be achieved at room temperature and
under practical time scales. We thus conclude that for a typical experiment lasting a few
hours, an irreducible component of nanometre-scale roughness does not relax and contributes
to SERS, and that higher levels of initial rugosity will not improve the SERS signals unless

special stabilising agents (here thiol molecules) are used to “freeze” the surface.
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Following the results of this section on unpatterned gold substrates, we now turn to SSV
arrays, where in addition to the intrinsic surface roughness associated with the electrodepo-
sition process, a variety of plasmon modes strongly influence the optical response in both

near-field and far-field experiments.

Effect of surface roughness in SSV arrays

As reviewed in the introduction, SSV arrays sustain a variety of plasmon modes, with
frequencies that can be tuned across the visible-IR range varying the sphere diameter or
the truncation height. In the current work, we are interested in the possible interaction, as
evidenced in SERS intensities, between such plasmon modes and intrinsic surface roughness.
As discussed in the previous section, a residual component of roughness does not fully relax
and should therefore be present in SSV arrays. Likewise, we will vary the initial rugosity
by electrochemical roughening. An illustration is shown in Fig. 5 with high-resolution SEM
images of a cavity before (as-grown), and after electrochemical roughening.

The SERS characterization of as-grown substrates covered with MBA was complemented
by subsequent cleaning of the substrate and electrochemical roughening. SEM images of
typical samples are presented in Fig. 5, together with cyclic voltammograms showing the
increase in surface area. For reference, a region with the bare Au substrate was left on the
side of the selfassembled polystyrene spheres. The electrodeposition with the same truncation
sequence as the SSV array structure was performed also in this unpatterned region, which
was also later electrochemically roughened together with the ordered cavity array. In this
way the SERS response of the SSV arrays could be compared to that of planar substrates
with roughness originated either from the electrodeposition process, or purposely increased

by electrochemical procedures.
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Figure 5: Surface morphology of Au SSV arrays (600 nm in diameter, ¢t = 0.27). (a) Cyclic
voltammogram at 0.1V /s in 0.5 M H,S0, before (solid blue line) and after (dashed red line)
electrochemical roughening. (b) Corresponding SEM images, showing the surface topography

before and after the roughening procedure (R = 3.4).
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Figure 6: (a) Reflectivity characterization of as-prepared Au SSV arrays (blue, 600 nm sphere
template) and after electrochemical roughening (red, R = 6). The truncation parameter
was varied between ¢ = 0 (unpatterned Au surface) and ¢t = 0.93 (almost full coverage of
the sphere template). Reflectivity curves are vertically offset by steps of 0.5 for clarity. The
dispersion of the 'P Mie-type mode is superimposed as guide to the eye. The values at which
the laser wavelength crosses the mode dispersion are highlighted by solid and hollow points.
(b) Raman intensity of the 1076 cm™! band as a function of truncation ¢, with 647 nm incident
light and TE polarization. Integrated intensities for the as-prepared sample (blue circles)
were scaled up by a factor 10 to facilitate comparison with the corresponding intensities for
the rough sample (red triangles). Green squares correspond to data collected at the side of
the SSV-array, in flat regions without polystyrene assembled spheres, that followed the same
electrodeposition and posterior electrochemical roughening procedure.
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SERS on roughened SSV arrays

We summarize in Fig. 6 the results of these experiments on SSV arrays. Figure 6(a) shows the
reflectivity measured with TE and TM polarizations for the same SSV substrate, as-prepared
and later roughened (R=6), for varying truncation steps. For the roughened case the curves
for higher truncation have been multiplied by two for clarity (strong diffuse reflection of light
is observed with the naked eye in this situation, corresponding to a reduction in specular
reflection). Quite similar spectra are observed with TE and TM polarization. Although
essentially the same modes can be identified in the two cases, TM measurements provide
clearer traces and will therefore be used for our discussion. While significant changes occur
upon roughening, it is clear that the plasmonic response is still present. This is clearly due to
the fact that the basic SSV structure is essentially conserved (see Fig. 5). Note the truncation
(t) values at which the laser wavelength crosses the 'P Mie-type mode (highlighted by solid
and hollow points). At around the laser wavelength the main effect seems to be a slight
red-shift of the plasmon modes upon roughening, indicated in the left panel of Fig. 6 with
guides to the eye. At longer wavelengths and for the roughened sample the identification of
the modes becomes less clear. We have also observed that the details of this latter region are
also more sample dependent, with different features observable in repetitions of the same
experiment.

Figure 6(b) summarises the corresponding SERS experiments. Data as a function of
truncation are shown for the as-grown and roughned SSV arrays, together with the flat Au
substrate region that followed the same electrodeposition and roughening procedures. In the
latter case only results for the roughened sample are shown, the flat initially electroplated
region did not lead to observable Raman spectra under the same experimental conditions
(laser power and acquisition time). Several important features can be highlighted: (i) A strong
SERS enhancement is observed for truncation steps close to the resonant crossing between the
incident laser wavelength and the dispersion of the 'P Mie-type plasmon modes (indicated

with open and solid circles in Fig. 6(a)). This unambigously demonstrates the involvement
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of the micron-scale cavity-like features of the SSV-array as efficient light-harvesting far-
field antennas. (ii) The resonant character of this SERS enhancement is conserved for the
roughened SSV arrays, displaying increased amplifications (a factor of 20) as compared
to the as-grown cavity substrates. The combined effect of far-field light focussing by the
SSV-array, and near-field enhancement by the introduced surface nanostructuring is thus
clearly evidenced. (iii) A slight shift of the resonance towards smaller truncation levels is
observed in the latter case, something that is compatible with the small red shift of the
plasmon modes observed upon roughening in Fig. 6. (iv) While SERS signals are observed
for the non patterned Au regions that were first electrodeposited and then electrochemically
roughened, this enhancement is essentially independent of the height of initial deposition,
and much weaker than for the SSV arrays. (v) The 20 fold increase in the Raman signal
after roughening the SSV array cannot be accounted for by the 6 fold increase in the surface
area (R = 6), but must originate from additional near-field enhancement contributing to the
overall SERS response. The six-fold increase in area can be understood as an upper limit for
the expected increase of SERS signal originated in a larger number of immobilized molecules,

in view that not necessarily all the new binding sites are accessible to the laser light.

Thermal annealing of SSV arrays

As further confirmation of the role of surface roughness in the SERS response of SSV arrays,
we also set out to decrease the residual roughness intrinsic to the electrodeposition, via
a thermal annealing process. After exposure of SSV arrays at 500 C during 90 minutes,
Scanning Tunneling Microscopy (STM) images showed an evident smoothing of surface
features without global changes in the SSV structure (Fig. 7 (a)).

After such soft thermal annealing we measured a reduction of 33% in the total exposed area,
Fig. 7 (b). Comparatively, in the exposed area the SERS intensity of 4-mercaptopyridine
(4MPy) decreased by more than 70%, Fig. 7 (c). This decrease in intensity cannot be

associated only to a decrease in the exposed area, and is therefore strongly indicative
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Figure 7: (a) STM images of a Au SSV array as prepared (left) and after thermal relaxation
(right) at 500°C for 90 minutes. (b) Voltammograms for the SSV substrate in 0.5M H,SO,
electrolyte solution before (solid curve) and after (dashed curve) the thermal annealing
process. A reduction of 33% in surface area can be appreciated by integrating the charge
involved in the reduction of the Au oxide. (¢) SERS measurements of a 4-mercaptopyridine
(4MPy) selfassembled monolayer on the SSV array before (solid curve) and after (dashed
curve) the thermal annealing process. By integrating the 1004 cm™! band, a reduction of
more than 70% in the SERS signal is observed.
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that the electromagnetic enhancement factor of the SSV substrate was decreased by the
annealing process, thus corroborating the important contribution of nanoscale roughness to

the enhancement mechanism in SSV arrays.

Multi-scale contributions to SERS in gold SSV arrays

As is readily observable in the images shown in previous sections (Figs. 1, 5 and 7), in
SSV arrays coexist structures of two different scales, namely (i) the periodic cavity array
(dimensions of the light wavelength); and (ii) much smaller and disordered pointed cusps
with dimensions in the range of tens of nanometres. Moreover, it is evident from Figs. 5 and
7 that these latter smaller features are particularly sensitive to electrochemical roughening
and annealing, with clear consequences on the SERS efficiency. It is therefore of interest to
better characterize these features, and their relation to the observed SERS performance. It is
important to note at this point that experiments trying to decrease (increase) even further
the nanoscale features by annealing (resp. electrochemistry) techniques lead to a partial
destruction of the cavity arrays.

The SERS activity of a rough metal substrate is intimately linked to its precise morphology
at the nanoscale; this relation has been the subject of intense research since 1974, following the
first observation of strong Raman enhancement by Fleischmann and co-workers. %42 Localised
plasmon resonances were soon recognized as playing a major role in the electromagnetic
enhancement, and the connection between geometry and near-field optics became one of the
cornerstone of research in plasmonics.**** In the context of our experiments, the complex
morphology of crevices and protuberances obtained by electrodeposition and subsequent
electrochemical roughening makes a direct comparison with theoretical predictions very
challenging, and we will thus limit ourselves to a qualitative description based on existing
literature. Such rough plasmonic nanostructures present a complex character, whereby a wide
variety of pits and cusps coexist in a given area, with close separations. As noted by several

authors, 47 the clear experimental evidence that surface roughness helps SERS activity is
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not trivially linked to a characteristic surface roughness, at least in rough substrates of such
complex and random morphologies where tractable electromagnetic models*® do not capture
the full range of possible near-field effects. As a guideline, we may however use the following
general conclusions: i) self-similarity at the subwavelength scale yields a spectrally broad
near-field enhancement, independent on the exact morphology (for a given class of substrate);

4749 yield highest EM enhancement, saturating to a

ii) small features in the 10-50 nm range
constant value in the quasi-static regime (size<wavelength);*® iii) nanoscale gaps provide the
strongest hot-spots, often dominating the SERS response, yet are intrinsically very variable
as distance between surface features is poorly controlled or even characterized.

On the other extreme, it is well established that structures appropriately designed, and of
dimensions of the light wavelength, can be developed to perform as antennas to efficiently
capture and concentrate light (or re-radiate it), much like their microwave or radiofrequency
counterparts.®® 52

To further understand the origin of the observed SERS enhancement of the studied SSV
Au arrays, we have thus performed a finer characterisation of the surface morphology using
high-resolution SEM and STM, and image processing techniques. The description of the
characteristic dimensions observed in the studied substrates can be more precisely quantified
by image processing, as presented in Fig.8 for a 600 nm SSV array of height t = 0.3. STM

53 in order to assess grain distribution in SSV

images were processed with Gwyddion software
cavities. First, 2D FFT filtering was performed and the hexagonal SSV lattice was subtracted
from the original image (see Fig.8(a)). The difference image was masked with a threshold
tool and histograms of equivalent diameter (d.,) for the grains were obtained (Fig.8(b)).The
same filters were used for both as-grown and roughened SSV-arrays. The filtered images
clearly confirm our earlier observation, namely the existence of two qualitatively different
length scales. This can be quantified in the histograms shown in Fig. 8, counting the number

of features of different sizes observed in as-grown (left) and purposely roughened (right) SSV

arrays. Narrow and clear peaks in the histograms appear for structures of equivalent diameter
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Figure 8: (a) STM image of a roughened 600 nm SSV array, t = 0.3 and R = 3 (top),
filtered to discriminate the small scale rougheness (bottom) from the periodic cavity structure
(middle). (b) Histograms derived from the filtered STM images, describing the number
of features of different sizes observed in the as-grown (top) and the purposely roughened
(bottom) SSV arrays. For the small size features the width of the columns in the rough
sample histogram is half that of the untreated one.
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deg ~ 400 — 450 nm, corresponding to the size of the voids for ¢ = 0.3 in the ordered cavity
template. More significant is the broad distribution of nanostructures of smaller size revealed
in the as-grown cavities, peaked around d., ~ 50 £ 25 nm and extending up to ~ 200 nm, and
how this distribution evolves upon electrochemical roughening. The total number of events is
a factor 10 larger in the roughened SSV array (corresponding to a relative increase in area
R = 3). Moreover, the peak number of events is multiplied by a factor larger than 20 after
roughening (accounting for the different binning in the histograms), and the distribution is
strongly narrowed and shifted towards smaller sizes centred around d, ~ 20 £ 20 nm.

We thus conclude that the imperfect or purposely roughened SSV arrays we have described
combine two scales that contribute to amplifying the coupling of far-field radiation to the
substrate — light-harvesting through wavelength size cavity Mie-like cavity plasmons —, and
local field enhancement via nanometer-size crevices and protuberances a few tens of nanometres
in size. We demonstrated that a residual degree of roughness with consequences in the SERS
efficieny is always present in the as-grown structures. The amount and characteristics of this
roughness can be strongly augmented by electrochemical roughening, and the mean size of
the nanostructures shifted to optimum values for local field enhancement (a trade-off between
radiative damping affecting larger sizes, and surface scattering affecting the dielectric function

at the smaller sizes), thus enhancing the performance of SSV arrays as multiscale antennas.

Conclusions and perspectives

We have demonstrated that SSV arrays obtained by electrodeposition present stronger SERS
enhancement factors when both nanoscale surface roughness and plasmon modes resulting
from the patterned structure are acting in concert. As follows from our study of unpatterned
gold, a residual amount of roughness is always present and does not relax, contributing
to enhanced Raman signals. These findings are expected to extend to many other SERS

substrates, regardless of their fabrication procedure, and should be taken into account when
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predicting SERS enhancement factors based on simplified, smoother geometries. As we have
demonstrated here, this roughness can be augmented and tuned so as to further amplify the
SERS efficiency.

This positive interplay may be viewed as the combination of a light-harvesting ability of
Mie-type modes, enhancing the interaction between incident light and the gold surface, and
the subsequent coupling of these surface-bound plasmon modes with nanoscale protuberances
of high curvature, that further confine and enhance local electromagnetic fields. While a full
model for such a complex system is beyond present day computation capabilities, part of the
involved physics can be grasped by a model considering a single void cavity coupled by a 1 nm
gap with a single gold nanoparticle, as described by Huang and coworkers.?® As it has been
shown from such electromagnetic simulations, all plasmon modes in the cavity are affected
by the nanoparticle but the ones interacting stronger with the nanoparticle are the ones
closer to the cavity surface.?® In our case, we have not detected new plasmon modes arising
from the coupling with nanoscale features (see Fig. 6b), presumably because the surface
roughness is an integral part of the surface of the cavity, without air gaps. Nevertheless,
due to the broad spectral signature of plasmon resonances in SSV arrays, the coupling with
nanoscale features of different shapes and sizes, some of them highly delocalized, appears
to yield greater enhancements (~ 20 fold) compared to using single uniform nanoparticles
(~ 10 fold).?¢

We note that this strategy of purposely and weakly roughening far-field light-harvesting
antennas to enhance near fields could be potentially applicable to any plasmonic platform.
As demonstrated here, a 20-fold improvement in signal can be achieved with this simple
approach, without requiring the more complex combination of different micron and nano-size
metallic objects.

Our conclusions are in agreement with, and bring further experimental confirmation

to the observations of Hohenau et al'®?" for lithographic substrates, who proposed that a
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major contribution to the optical near-field and SERS enhancement results from typical edge
roughness features when they are localized at regions of large plasmonic mode density.

Our results are also conceptually close to the nano-lens concept proposed by Stockman
and coworkers,? in the sense that the larger size structures (the SSV cavities in our case)
possess an important dipole moment that is efficient to perform as nano-antenna, as an
intermediary path to concentrate light in rough structures that further intensify the local field,
which by themselves do not have a significant far-field cross section. This is in full agreement
with the simulations from Huang et. al,?® that indicate that more charge accumulates at the
junctions in nanoparticle-cavity systems than in nanoparticle-nanoparticle ones. The enhanced
charge accumulation is attributed to the large optical cross section of the resonant cavity.
A smooth SSV array can indeed perform as a good SERS substrate, and also a nanometer
scale nanoparticle can perform as an antenna. The two together, however, performing as a
multiscale device work much better in conjunction, each contributing at its optimum regime.

We believe these conclusions define a useful road-map for the development of optimized

plasmonic substrates both for SERS and SPR sensing applications.

Methods

Electrochemical roughening of unpatterned gold

Nanostructured Au substrates were prepared from polycrystalline Au wires (Vega and Camji
S.A.I.C, diameter 1 mm) following a standard procedure.®® Briefly, Au wires were carefully
polished with alumina powder (0.31um, Allied, High Tech Products Inc,), rinsed with MilliQ)
water and dried with Nitrogen. A brief annealing process with butane flame was performed
in order to systematically reconstruct a smooth surface with an initial area of ~1cm?. The
wire was introduced in a conventional three-electrode glass cell using a saturated calomel
electrode (SCE) and high-area platinum foil as reference and counter electrodes, respectively.

The Au wire electrode was then anodized in 0.5 M H,SO, solution for 1 to 15 minutes at
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240V (vs SCE) to form a thick hydrous gold oxide layer. By tuning the waiting times
at this potential the final surface roughness of the wire may be controlled. Immediately
afterwards, the hydrous oxide was electroreduced to metallic Au by applying a potential sweep
from 2.40 to —0.60V at 0.025V/s. The Au wire was maintained at the final potential for 5
minutes to ensure complete electroreduction of the thick oxide layer. The relative increase
in surface area produced after the electrochemical treatment (anodization/reduction cycle)
was estimated via the voltammetric roughness factor R = Q/Q;, where @; and Q5 are the
charges involved in the Au oxide monolayer electroreduction before and after the anodizing
procedure, respectively. The R value was immediately measured in the same electrolyte
(0.5 M H,SO,) used to anodize the Au electrode by recording a triangular potential sweep
from —0.25 to 1.60V at a rate 0.1V /s. The electroreduction process takes place according to
the reaction AuO + 2H" 4 2¢~ == Au + H,0.

The real surface area A; of the high area electrode can be obtained by taking into
account that for polycrystalline Au a charge density of 0.42mCcm™2 is expected from
the reaction, resulting in Ay = Q;/0.42mC cm ™2, which we link to the relative increase
R =Q;/Q; = As/A;. In particular, we show in Fig.2(a) the typical voltammograms for Au
substrates in 0.5 M H,SO, electrolyte solution before and after the roughening process; in
this case an increase in surface area by a factor of R = 2.5 is observed.

After the estimation of Ay, the electrodes were either: a) removed from the acid solution,
rinsed with water and immersed in a 1 mM MBA (4-mercaptobenzoic acid) ethanolic solution
(frozen surfaces) or b) left exposed in 0.5M H,SO, solution for 60 min, allowing natural
relaxation of the surface roughness, and subsequently immersed in the MBA solution (relaxed
surfaces). MBA is a widely used non-resonant Raman probe that forms well ordered self-
assembled monolayers on Au with reproducible coverage. Additionally, and as already
reported,3® thiolate monolayers stabilize the nanostructured Au by reducing the surface

mobility thus limiting surface-area decay.
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Fabrication and roughening of SSV arrays

To establish evidence for the role of surface roughness in the SERS performance of SSV
substrates, we fabricated a number of nominally identical samples made with ordered spheres
600 nm in diameter, and a step-wise variation of truncation height allowing the tracking
and identification of specific plasmon modes.'® SSV arrays were produced according to
the procedure detailed in Refs 6,7. Briefly, polystyrene spheres dispersed in a 1% water
solution (Duke Scientific) are introduced between a glass substrate coated with a 100 nm
gold film (Platypus) and a clean glass slide, with a gap of about 300 ym. The gold film
is previously immersed in a 1 mM cysteamine ethanolic solution overnight to improve the
adsorption of polystyrene spheres. During the drying process in an incubation chamber,
a sweeping meniscus forms along the substrate, pulling the spheres towards the substrate
and into a close-packed hexagonal monolayer. This self-assembly of the template is followed
by electrodeposition of Au from a gold salt solution (T'G-25 RTU, Technic Inc.), with a
deposition rate of 2.5 mC/min. The sample is mounted on a micrometer stage, allowing
progressive withdrawing from the solution during the deposition by steps of 500 pum, yielding
discrete levels of truncation parameters for a given sample.?® The polystyrene spheres are
eventually removed via sonication in a sequence of solvents (dimethylformamide, acetone,

ethanol and water) for 2 minutes per step.

Annealing of SSV arrays

By heating the sample at 500 °C for 90 minutes we obtained a reduction of nanoscale surface
roughness, while preserving the global structure of the SSV arrays (see Fig. 7 (a)). SSV arrays
were fabricated as previously described and cyclic voltammetry in 0.5M H,SO, solution
was used to check the decrease in exposed area. The Raman probe 4-mercaptopyridine
(4MPy) was deposited onto the samples following the same procedure as MBA described
above, in order to have a complete and homogeneous monolayer.®” SERS measurements were

performed on fresh and annealed samples. 4MPy was electrodesorbed from the substrate
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before the annealing process and self-assembled again after the annealing. Thermal annealing
was performed in a home-made conventional oven, with heating rate set to 10 °Cmin~'. After
reaching the desired temperature (500 °C) we checked that temperature fluctuations were no
greater than 10°C. We noticed that higher annealing temperatures destroyed the SSV arrays

as melted zones could be clearly observed in many parts of the sample.

Substrate characterization

Reflectivity measurements were used to identify the plasmon modes of the SSV arrays, using
a fully automated Wollam WVASE32 variable angle spectroscopic ellipsometer with focusing
probes, presenting a 100 pm circular spot on the sample with a numerical aperture of ~0.02.
Spectroscopic reflectivity was performed with an angle of incidence of 25 degrees, with a
spectral resolution of 5nm.

The SEM images were recorded with a FEI field-emission gun, Nova NANO-SEM 230,
operating at 10 kV and with a tilt angle of 45 degrees. AFM images of the surface were taken
with an AFM Veeco Dimension 3100, with MESP tip.

Scanning Tunneling Microscopy (STM) was performed on the samples before and after
the annealing process with a Nanoscope IITA microscope from Digital Instruments (Santa
Barbara, CA), in air, in the constant-current mode and using commercial Pt-Ir tips. Typical
tunneling current, bias voltages, and scan rates were 500 pA, 1V, and 1-2 Hz, respectively.

SERS measurements were performed using a triple-stage Raman spectrometer (Horiba
Jobin-Yvon T64000) operating in subtractive mode, and equipped with a liquid Nitrogen-
cooled charge-coupled device (CCD). The excitation was done at a fixed wavelength of 647 nm
and ~ 20mW power of an Ar:Kr laser focused onto a ~ 50um spot. The position on the
sample was manually controlled, and the Raman signals were collected in a backscattering
configuration with a collection lens of focal length 10 cm. The entrance slit of the spectrometer

was kept at 200 pm, as the Raman peaks for the metal-adsorbed molecule are relatively broad
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and do not require high spectral resolution. Typical acquisition times were 120s for the

as-grown SSV substrates and 30s for roughened cavities, presenting enhanced signals.
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