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Abstract: A variety of different gold and silver nanostructures have been proposed over
the years as high sensitivity surface-enhanced Raman scattering (SERS) sensors.
However, efficient use of SERS has been hindered by the difficulty of realizing SERS
substrates that provide reproducible SERS response over the whole active area. Here, we
show that atomic layer deposition (ALD) grown iridium can be used to produce highly
reliable SERS substrates. The substrates are based on a periodic array of high aspect-ratio
iridium coated nanopillars that feature efficient and symmetrically distributed hot spots
within the inter-pillar gaps (gap width < 10 nm). We show that the enhancement with the
iridium based nanostructures is of significant magnitude and it equals the enhancement of
silver based reference substrates. Most notably, we demonstrate that the ordered and well
defined plasmonic nanopillars offer a measurement-to-measurement variability of 5%,
which paves the way for truly quantitative SERS measurements.

Keywords: Plasmonic nanopillars, Iridium, Surface-enhanced Raman scattering (SERS),
Atomic layer deposition (ALD), Localized surface plasmons (LSPs), Nanogap, Biosensor
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Introduction

Surface plasmons, the collective electron oscillations at metal-dielectric interfaces, have
been widely utilized to enhance the light-matter interaction'>for applications in chemical
and biological sensing. Two types of surface plasmons (SPs), i. e., surface plasmon
polaritons (SPPs)* ° propagating on optically thin metal film and localized surface

plasmons (LSPs)®"°

that exhibit large localized electromagnetic fields within nanogaps,
are used in surface-based sensing. The ‘hot spots’, referring to the extremely intense and
highly confined electromagnetic fields induced by the LSPs, are capable of enhancing
many optical processes such as absorption and scattering. These hot spots, which provide
a large increase in absorption of the incident laser light and in the scattering cross-section

of the adsorbed molecules, are crucial for surface-enhanced Raman scattering (SERS).

Because of the specific identification of chemical bonds, SERS is considered as one of
the most promising approaches for highly accurate sensing, even down to a
single-molecule level.'""'? Chasing for higher sensitivity, great efforts have been taken to

obtain enhancement values as large as possible’>"”.

However, besides the large
enhancement, the detection of low levels of species is closely related to the probability of
a molecule interacting with those hot-spot areas that provide large enough enhancement
for sensing. In developing SERS substrates the focus has primarily been on achieving
enhancement values that may enable even the single-molecule detection. However, the
variability between different points on the substrate is typically quite large, which leads
to the average enhancement being significantly reduced in comparison with the
maximum enhancement. Therefore, in the case of practical and quantitative
measurements, having the molecules at nm-sized hot-spot areas is one of the key

challenges.

Gold or silver are habitually used SERS materials due to their suitable plasmonic
properties in the visible region. However, there are some limitations when using these
materials. Silver for example, oxidizes easily, which leads to quick reduction in the SERS
enhancement'®. Gold on the other hand, is resistant to atmospheric corrosion but
inherently provides significantly lower signal enhancement than silver. Also some more
exotic metals (especially from the platinum group), such as rhodium and ruthenium'’ and
palladium and platinum'® have been reported to possess some degree of SERS activity.
Another interesting metal from this same group is iridium, which has also been recently
demonstrated to possess SERS activity by using chains of nanoparticle assemblies'’.
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In this paper, we take the use of iridium in SERS to a next level and apply electron beam
patterning and atomic layer deposition (ALD) to fabricate symmetric arrays of iridium
coated high-aspect ratio nanopillars. ALD is a unique thin film deposition method based
20,21

7. Due to the

saturation of each reaction step, the film growth is self-limiting, thereby enabling

on saturative surface reactions of alternately supplied precursor vapors

conformal growth with atomic level control of film thickness. The goal of the highly
controlled deposition is to overcome the notorious repeatability issues of SERS
substrates. We optimize the geometry of the pillar structures through rigorous simulations
in such a way that the nanopillar structures support highly enhanced fields within the
inter-pillar gaps. We evaluate the performance of the iridium coated SERS substrates in
terms of signal enhancement and measurement-to-measurement repeatability. We show
that the enhancement depends on the inter-pillar gap width as well as the roughness of the
film. Finally, we compare the enhancement and measurement repeatability of the iridium
structures against different reference silver SERS substrates.

Results and discussion

Design and theoretical modeling

An ideal SERS substrate should provide high signal enhancement with high repeatability
and thus, the signal enhancing hot spots should be efficient and also densely and
uniformly distributed. A schematic representation of the proposed SERS substrate, which
aims to achieve both of these goals, is shown in Scheme 1. It consists of a
two-dimensional array of dielectric nanopillars, which are conformally coated with
iridium. The purpose of this kind of a symmetric, high aspect-ratio grating structure is to
provide both a large SERS active surface area and a uniform distribution of hot spots
within the inter-pillar gaps. However, in order to effectively confine light within the
inter-pillar gaps, the parameters (d = period, wy= pillar width, 4, = pillar height, . =
coating thickness, and g = inter-pillar gap width) of the structure have to be properly
designed.
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Scheme 1: A schematic illustration of the proposed SERS structure. The structure
consists of high aspect ratio, iridium coated dielectric (hydrogen silsesquioxane, HSQ)
nanopillars with structural parameters defined as d = period, wy,= pillar width, 4, = pillar
height, 4. = coating thickness and g = inter-pillar gap width.

As we have investigated earlier, the confinement within the gap region can be achieved
simply by tuning the period of the structure®. In order to demonstrate that this applies
also for the iridium coated dielectric pillar structures, we simulated the situation using
Fourier Modal Method (FMM)”with different periods, while keeping the other
parameters (4,= 500 nm, /. = 20 nm) fixed. The results of the simulations, illustrating the
local electric field enhancement around the pillar structures are shown in Figure 1. The
field enhancement is calculated by dividing the time averaged energy density of the
electric field with the energy density of the incoming field. The structures are illuminated
by a plane wave under normal incidence (#= 0°) at 1 = 514 nm (the excitation
wavelength of the SERS setup). As it can be seen in Fig. la, most of the energy is
concentrated on the top of the pillars, when d = 500 nm, whereas when d is reduced to
400 and 200 nm (Figs. 1b-c), light becomes more confined within the inter-pillar gaps.

This phenomenon can be explained by the coupling behavior of the incident light to
different modes within the structure. When light impinges on the metal-coated
nanopillars, both standing waves (cavity modes) and propagating SPPs (SPP modes) can
be excited. However, when 6= 0°, the excitation of SPPs occurs only when the wave
vectors of the grating and the SPP wave match. In other words, the excitation takes place
when the period of the grating matches the wavelength of the surface plasmon polariton

4
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wave (Aspp) at the air-iridium interface. Because here Aspp = 507 nm, the excitation of
SPPs dominates when the period is close to this wavelength, i.e., d = 500 nm (see the
Methods section for the calculation of Agpp). Thus, at this particular period, the SPP
excitation prevents the effective coupling of the incident light to the cavity modes,
resulting in only a small fraction of the energy to be stored within the inter-pillar gaps.
However, when d deviates enough from Agpp, the effectively excited cavity modes,
shaped in the form of standing waves, quickly predominate over the SPP modes. This
predominance can be easily distinguished in Fig. lc, where the amplitude of the SPP
wave at the air-iridium interface on top of the pillars is obviously weaker than that of the
standing wave localized in gaps.

(@)

Figure 1: The simulated field enhancement, showing the distribution of the electric field
for different structure periods. (a) d = 500 nm, (b) d = 400 nm and (c) d = 200 nm. The
simulations demonstrate how the confinement between the pillars is increased, when d is
decreased.

Now, in order to further increase the field enhancement within the gap region, the gap
width is decreased by increasing the thickness of the iridium coating, while keeping d
fixed at 200 nm (Figure 2). When /. is increased and g is simultaneously decreased, the
field gradually weakens at the bottom of the gaps and becomes more and more
concentrated at the upper portion of the gap region (Fig. 2a). A close-up on the upper part
of the cavity (Fig. 2b) shows how, at a large gap width (g = 60 nm), the field amplitude is
high only at the immediate vicinity of the iridium surface, whereas with a small gap
width (g = 5 nm), the intense field extends over the whole gap region due to near field
coupling between the two closely spaced pillars. In general, the field amplitude increase
is quite moderate. However, keeping in mind that the SERS enhancement is in fact
proportional to the fourth power of the field enhancement**,we estimated the expected
SERS enhancement, as a function of gap width, by calculating the average field
enhancement within the cavity raised to the power of four (E*). As seen in Fig. 2c, E” is
quite small when g > 20 nm, but when g < 10 nm, E’ starts to rise sharply. This indicates

5
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the predicted signal enhancement when g is small enough.
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Figure 2: Simulated distribution of the electric field, when the thickness of the iridium
coating is increased and the gap width (g) is simultaneously decreased. (a) The
distribution with different values of g, (b) a close-up from the cavity, showing the field
distribution at the immediate vicinity of the iridium surface with g = 60 and g = 5 nm.(c)
The field enhancement to the power of four (E') with a decreasing gap width, estimating
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how the field enhancement correlates with the SERS enhancement.

Realization and characterization of the iridium-coated nanopillar structures

Based on the theoretical simulations, a set of high aspect ratio iridium-coated pillar arrays
with a fixed period, pillar width and height (¢ = 200 nm, w, = 100 nm and 4, = 500 nm)

6
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but a decreasing gap width g were fabricated by applying electron beam lithography
(EBL) and ALD coating techniques. The former was employed to pattern dielectric
skeleton pillars into a resist (hydrogen silsesquioxane, HSQ) and the latter to coat the
pillars conformally with iridium films®'.This kind of an approach was used because
fabricating such subwavelength, high aspect ratio structures directly from iridium is
extremely difficult. Furthermore, this approach conveniently results in structures with a
slightly positively sloped profile, which is essential for the conformal growth in the
subsequent ALD process, as it allows the precursor gases to reach the reaction surface
more easily. The conformal growth itself is vital for achieving the < 10nm gap widths
required for the optimal SERS performance.

In total, eight pillar samples and eight planar reference samples were coated with iridium.
The thickness of the films was controlled by varying the number of ALD deposition
cycles. The resulting film thicknesses and the corresponding inter-pillar gap widths are
listed in Table 1.The fabricated structures and the quality of the iridium film were
investigated by Scanning electron microscope (SEM) imaging. SEM micrographs of the
fabricated nanopillars show that the pillars are slightly sloped and are more rounded at
the top in comparison to the ideal structures investigated in the theoretical simulations
(Figure 3). Furthermore, SEM images before and after the iridium ALD coating
demonstrate how the film indeed grows conformally when employing ALD. However,
even though the growth is conformal, a close up on two adjacent pillars shows that the
film growth is not ideal but some nanoscale roughness can also be observed because the
films are polycrystalline. Thus, although the gap between the coated structures is
nominally 16.6 nm, it is clearly locally less than 10 nm due to the roughness of the film.

Table 1: The number of ALD cycles versus the measured thickness of the iridium films
(hc) and the resulting nominal gap width (g). See the Methods section for details on the
film thickness measurement procedure.

Cycles he(nm) g(nm)
250 10.6 78.8
370 15.5 69.0
500 20.1 59.8
625 23.9 52.2
750 29.1 41.8
875 32.2 35.6
1050 41.2 17.6
1125 41.7 16.6
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The roughness of the films was further investigated by using atomic force microscopy
(AFM) imaging. For convenience, the AFM imaging was performed only on the planar
reference films. It can be seen in Fig. 3d that the thinnest film (10.5 nm) does not seem to
fully cover the substrate and actually resembles a film of particles rather than a
continuous film. The film clearly has voids between the grains/particles whereas with the
thickest film (Fig. 3e), the whole surface is completely covered by iridium. This behavior
is typical for very thin metallic films, which tend to grow in an island-like fashion rather
than the layer-by-layer mode, and this may be further emphasized by the rather inert
nature of the HSQ surface. As a consequence, the roughness of the film decreases when
the film is thick enough. For the thinnest film (10.5 nm) the surface roughness R, = 4.4
nm was measured whereas for the thickest film (42.7 nm) the roughness had reduced
down to R, = 1.4 nm.

All samples were also characterized by using a spectrophotometer to determine the
optical (and plasmonic) properties of the structures. However, the obtained data did not
show any dramatic changes in the reflectance spectra and the data was thus excluded.
This was probably due to the fact that the structures are quite small (1x]1 mm?) and
therefore difficult to measure accurately with a standard spectrophotometer.

Figure 3.SEM micrographs of fabricated nanopillars (a) before and (b) after the iridium
ALD coating and (c) a close-up of two adjacent pillars (42.7 nm thick iridium coating).
The period and height of the pillars are 4 =200 nm and /,=500 nm and the scale bar in all
panels corresponds to 200 nm. AFM scans of the (d) 10.5 nm and (e) 42.7 nm thick
iridium films showing how the morphology of films changes and the roughness

decreases, when the film thickness is increased.
8
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SERS experiments

The SERS enhancement properties of the iridium-coated nanopillar structures were
evaluated by using Rhodamine 6g (Rh6G), as it is the most commonly used model
analyte in SERS research. After treating the samples with 1.0 uM Rh6G, Raman spectra
were measured at 8 different locations for each sample. In all the measurements, the
excitation wavelength of 514 nm with an optical power of 50 uW, an exposure time of 10
s and a spot size of 5 um were used(as a control 785 nm excitation was also tested but no
signal from Rh6G could then be detected). In addition to nanopillar structures, we also
studied SERS enhancement properties of the planar reference iridium films of the same
thicknesses and pillar structures without iridium coating. However, no Raman peaks were
observed with the uncoated reference pillars (data not shown).

The results of the SERS experiments for the iridium coated samples are shown in Figure
4. When the film is very thin (Fig.4a), both the planar reference (black curve) and the
nanopillars (red curve) show Raman peaks of Rh6G at 1310, 1363, 1509, 1572, and 1650
cm’. However, as the film thickness is increased, the enhancement decreases until
Raman peaks can no longer be distinguished from the reference (Fig. 4b). However, the
peaks reappear with the nanopillar samples, when the film is thick enough or in other
words, the gap between the two adjacent pillars becomes very narrow (Fig. 4c).

The high enhancement observed with the narrowest gaps (g = 17.6 and g = 16.6 nm) is
consistent with the simulations (Figure 2), as the reducing gap width should result in a
higher confinement, a higher energy density and thus higher signal enhancement.
However, the sharp rise in the SERS signal intensity is observed “earlier” than expected.
This is likely caused by the slightly sloped profile of the fabricated pillars (Figure 3),
which results in slightly different gap widths at the bottom and the top of the cavities.
Furthermore, in contrast to the SERS enhancement behavior predicted by the simulations,
moderately strong SERS signals were observed also with the largest gaps (thinnest films).
As the same behavior was observed both with the planar reference and the nanopillars,
we assume that it is not caused by the pillar structures but by the film itself. We believe
that the explanation lies in the morphology of the films: the thinnest films are more
particle-like and are hence also rougher than the thicker ones (Fig. 3). Thus, we assume
that the enhancement is generated by the hot spots formed in the voids between the
grains/particles of the relatively rough thin films. A similar observation was made earlier
with silver films deposited by plasma enhanced ALD on planar substrates that exhibited
plasmonic properties which depended strongly on the nanostructure of the Ag film®.
Simulations indicated that this plasmonic behavior was due to air gaps left between silver
grains in the mosaic-like microstructure of the PEALD Ag film. A similar explanation

may be proposed for the present iridium films too, and the vanished Raman peaks in
9
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thicker iridium films therefore indicate closing of the gaps by grain coalescence when the

film grows thicker and thus starts to behave more like an ideal metal film.
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Figure 4: Baseline corrected Raman spectra of Rh6G measured on iridium pillar

structures and on a reference, a planar iridium film, with different film thicknesses. (a)

The spectra measured on a sample coated with 10.5 nm thick film of iridium, (b) Raman

intensity as a function of film thickness (%.) and the gap width (g) and (c) Raman spectra

measured on samples coated with a 41.7 nm thick film of iridium. The insets in (a) and

(c) are SEM images from the pillar structures with g = 78.8 nm and g = 16.6 nm,

respectively. The scale bar in both images corresponds to 500 nm.
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As a standard procedure, the signal enhancement properties of different SERS substrates
are often compared by calculating their respective SERS enhancement factors>’. Here
however, the calculation was impossible as the overwhelming fluorescence background
of Rh6G obscured the peaks in normal Raman measurements. Thus, in order to put the
obtained signal enhancement in a more general context, we compared the enhancement
properties of our iridium based SERS substrates against two of our recently reported
silver based SERS substrates. The silver substrates exploit silver coated polymer
nanowrinkles®’ and uniformly distributed silver particles'® for the signal enhancement
generation. In order to make the comparison fair, all measurement were performed with
exactly the same measurement parameters and the same rhodamine treatment (excitation
wavelength = 514 nm, power = 50 uW, exposure time = 10 s and incubation in 1.0 pM
Rh6G). It should be noted that Rh6G is close to resonance at 514 nm so additional
enhancement is generated due to surface-enhanced resonance Raman scattering
(SERRS).”® However, as all samples are measured with the same excitation wavelength,
the comparison is still valid.

The displayed spectra (Figure 5) for the iridium film and iridium nanopillars correspond
to the ones that performed the best, i.e., the thinnest film (10.5 nm) and the second
narrowest gap (g = 17.6 nm), respectively. It can be seen the iridium film performs
clearly worse than any of the other substrates. On the other hand, both of the silver
substrates give higher enhancement than the iridium pillars. However, the difference is
not very significant in terms of the magnitude of the signal enhancement.
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Figure 5. Comparison of the SERS performance of iridium and silver based SERS
substrates using the same measurement parameters and the same Rh6G treatment. (a)
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baseline corrected Raman spectra of Rh6G and (b) Raman signal intensities and
variations (standard deviation, 7 = 8) at 1650 cm™.

However, in terms of the measurement repeatability there is a huge difference. The
measurement-to-measurement signal intensity variation was only + 4% with the best
iridium nanopillar substrate, which means that the measurement repeatability was three
times better than with the silver nanowrinkles and five times better than with the silver
particle based substrate. Although similar degree of repeatability has already been
reported at least with some silver based structures™, this low variation is in general very
rarely achieved. Here, the repeatability is actually pushing the limit of the measurement
system itself, for which we measured on an average + 5% signal intensity variation using
a silicon reference and exactly the same measurement parameters as in the SERS
experiment (see the Methods and figure S1 for details).Furthermore, this degree of
repeatability was not only observed with this particular sample but could be seen with all
samples, which generated detectable Raman signal from the Rh6G molecules. On
average, the measurement-to-measurement repeatability was + 6% for five different
samples (Table S1). The repeatability originates from the uniform distribution of hot
spots within inter-pillar gaps, which is made possible by using the state-of-the-art
fabrication processes. We also can assume that the reproducibility of the fabrication
process itself is excellent, as the two, nearly identical samples with 17.6 nm and 16.6 nm
nominal gap widths (Fig. 4b) produced practically identical enhancements.

Of course, it should be noted that the morphologies of the iridium and silver substrates
differ significantly and the reference SERS substrates investigated here may not represent
the most optimally performing of all silver based SERS substrates. However, by
measuring the enhancement properties with the same measurement device (using the
same measurement parameters and sample preparation procedures) for all SERS substrate
candidates, we could compare how well each substrate performed under these conditions.
Thus, we are not claiming that iridium is superior to silver as a metal/material for SERS
but that if the structures are designed and fabricated properly, they can perform just as
well in terms of signal enhancement.

The use of iridium has also some general advantages. First of all, it is corrosion resistant
like gold and therefore its enhancement properties do not degenerate on their own like
those of silver. In addition, iridium (unlike gold at the moment due to the lack of suitable
precursor materials®®) can be grown using ALD, which enables both conformal and
highly accurate metal deposition and as a consequence, the dimensions of the hot spots
can be controlled very precisely. This kind of corrosion resistant, highly reliable SERS
structures could be beneficial in different hazardous environments, where durable and

accurate sensors are required.
12
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Of course the fabrication cost of this kind of SERS substrate can be quite high, as both
EBL and ALD require expensive instrumentation. However, if the patterning generated
by EBL is transferred to polymers by roll-to-roll imprinting’' for example, large
quantities of pillar structures can be fabricated by using a single EBL patterned master. In
addition, also ALD is mass production compatible: even standard ALD machines can be
applied to coat large quantities of patterned structures simultaneously and the most
modern ALD equipment are actually capable of roll-to-roll coating®>. Thus, when
combined with modern mass fabrication methods, the fabrication cost of the iridium
SERS structures could be brought down to a very feasible level.

Conclusion

In summary, we proposed a new type of SERS substrate that is based on symmetrically
organized iridium coated nanopillars. The goal of this kind of a symmetric grating
structure was to provide a uniform distribution of signal enhancing hot spots over a large
surface area so that the signal enhancement could be as repeatable as possible. Based on
rigorous simulations, the pillar structures were designed to support cavity modes between
the pillars, i.e., confine light and its energy within the inter-pillar gaps. However,
according to the simulations, this local field enhancement was significant only if the
width of the gap was very narrow (< 10 nm). Thus, in order to create such conformal
coatings and small gap widths, the structures were fabricated using iridium atomic layer
deposition. We demonstrated through experimental measurements that the measured
SERS enhancement indeed correlates well with the field enhancement predicted by the
simulations, as the Raman signal intensity was strong only when the gaps were very
narrow. Finally, to put the enhancement in more general context, we compared the signal
enhancement generated by the iridium pillars against silver based SERS substrates.
Remarkably, the enhancement achieved with the iridium based substrates was actually
quite comparable to the enhancement observed on reference, silver substrates. Most
notably however, measurement-to-measurement repeatability was superior (£ 4%) with
the iridium pillars in comparison to all reference substrates. Thus, we strongly believe
that the reported fabrication approach can make quantitative SERS measurements easier
to achieve. Furthermore, due to the ease of deposition and its inherent corrosion
resistance, iridium itself can be a promising alternative as a base material for different
kinds of plasmonic sensors.
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Methods

Theoretical simulations

All numerical simulations in this study are based on Fourier Modal Method (FMM). The
structures were illuminated with a plane wave directed along the z-axis with 6= 0°, 4 =
514 nm and polarization parallel with the x-axis (Scheme 1). Diffraction orders from -50
to 50 were taken into account in all simulations. The field enhancement was calculated by
dividing the time averaged energy density (@) of the electric field with the time averaged
energy density of the incoming field (wo). The SERS enhancement was estimated by
calculating the fourth power of the average field enhancement within the upper portion of

the cavity (see Figure S2 for details).

The SPP wavelength Aspp was calculated using the equation

—‘, (1)

where n;1s the refractive index of the incident medium (air), n,, is the refractive index of
the metal (iridium) and 4 is the excitation wavelength. In the calculation, we used values
of n=1 and n,=2.10 + 4.05i’and A = 514 nm.

Fabrication of the iridium pillar structures

In fabrication of the dielectric pillars, a simple etching free processing was applied in

order to ensure a high aspect ratio of the structures with a slightly positively sloped

14

ACS Paragon Plus Environment

Page 14 of 26



Page 15 of 26

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

profile. Resembling properties with silicon dioxide were exploited by fabricating the
pillars using a hydrogen silsesquioxane (HSQ) spin-on dielectric (FOX-16 from Dow
Corning), which acted as a negative tone resist that can be patterned using electron beam
radiation. The patterning was performed on spin-coated HSQ with a thickness of
approximately 590 nm on a silicon wafer using electron beam patterning tool Vistec
EBPG 5000+ ES HR. Exposure was made with an acceleration voltage of 100 kV
enabling small forward scattering and thus favoring the sidewall profile in target. The
applied exposure dose was set to 9000 pC/cm” and the patterned resist was developed
using NaOH based chemistry using MP 351 developer diluted in water in ratio of 1:3. In
order to avoid falling of the pillars, the resist was not developed completely through.
Thus, an undeveloped residual layer was left behind as a stabilizing footing at the base of

the pillars.

Iridium was grown on the high aspect-ratio dielectric pillars by ALD at 300°C from
Ir(acac); (acac = 2,4-pentanedione) and O, (99,999%) for 250 — 1220 cycleszl. Films
were grown in a F120 reactor (ASM Microchemistry, Ltd., Finland) and nitrogen was
used as a carrier and a purging gas. The number of ALD cycles, corresponding to the

different thicknesses is listed in Tablel.
Sample characterization

The thickness of the iridium films was studied with a Hitachi S-4800 field emission
scanning electron microscope and an INCA 350 EDX spectrometer. The film thicknesses
were determined from the reference Si(100) samples and were calculated using a GMR
electron-probe thin film microanalysis program with bulk densities for Ir. SEM imaging
of the pillar structures was performed using SEM LEO 1550 Gemini scanning electron
microscope with an acceleration voltage of 5 kV. AFM imaging and roughness analysis

were done using Multimode 8 atomic force microscope from Bruker.
Raman measurements and data processing

The SERS measurements were performed using Renishaw InVia Raman microscope and
rhodamine 6G (Rh6G) as the target molecule. Prior to measurements, 20 pl droplet of
Rh6G (1.0 uM) was deposited on all samples and after 20 minutes, the excess Rh6G was
removed using an air blow. Thus, only the Rh6G molecules that had passively adsorbed
on the surface during the 20 minutes contributed to the measured signal. Furthermore,
when Rh6G is deposited in this manner, the refractive index within the gap region does

not change remarkably and therefore the results of the simulations should hold also in the
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presence of analyte molecules. For each sample, Raman spectra were recorded from eight

locations at the excitation wavelength of 514 nm, optical power of 50 uW, exposure time

of 10 s and spot size of 5 um using a 20X, N4 = 0.40 objective. Finally, the spectra were

baseline corrected and then averaged. The silver reference substrates were fabricated

in-house. The measurement repeatability of the InVia Raman microscope was evaluated

by measuring Raman-signal from a reference Si (100) sample using the same

measurement parameters as in the SERS experiments.
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