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In line with the approach known as shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS),
in which Raman signal amplification of analytes is provided by metallic nanoparticles with an ultrathin silica
or alumina shell, we report here on a Surface-Enhanced Raman Spectroscopy (SERS) substrate consisting of
periodic lines of Ag nanoparticles embedded in dielectric surfaces for enhancing Raman signals. This paper
demonstrates the possibility to use these so-called 'PLANEDSERS’ substrates as washable and reusable
chemical sensors with a good level of repeatability. Large-area Ag nanoparticle arrays are produced by
glancing-angle ion-beam sputtering deposition on nanorippled patterns and are protected from the
chemical environment (atmospheric or liquid solutions) by a robust and functionalizable thin dielectric
layer of alumina or silicon nitride. Our results show that linear assembilies of ellipsoidal nanoparticles (size
~15 nm) separated by interparticle gaps of approximately 5 nm generate enough near-field intensity
enhancement to give rise to significant SERS signals of non-Raman-resonant bipyridine molecules
without chemical contact between molecules and Ag nanoparticles. Moreover, the optical dichroic
response of these plasmonic assemblies allows for the possibility of tuning the excitation wavelength of
the Raman spectra over a wide spectral range. This study is a first step towards designing a substrate-
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1. Introduction

Surface-Enhanced Raman Spectroscopy (SERS) was discovered in
the 1970s by Fleischmann et al. and Van Duyne and coworkers.">
SERS is undergoing a rapid growth that is nurtured by the
motivating challenge to overcome the classic limits of analytical
detection in Raman spectroscopy. “Conventional Raman spec-
troscopy” is not used to analyse trace concentrations because the
Raman scattering process is extremely inefficient, with scattering
cross-sections (~10*° cm?) being at least 14 orders of magnitude
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T Electronic supplementary information (ESI) available: Raman spectra of
aqueous solutions of bipyridine (a stock-solution and a dilution in contact with
a colloidal dispersion of Ag NPs), Raman spectra of a colloidal suspension of
bipyridine in contact with Ag NPs deposited on a silica slide, SERS spectrum of
a bipyridine dilution in contact with a colloidal dispersion of Ag NPs
functionalized by a thiol-functionalized C,, spacer. See DOI: 10.1039/d1na00586¢
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experiments. The quantitative detection ranges for bipyridine used as a probe test molecule are around

lower than fluorescence excitation.® This very weak efficiency can
be overcome by using noble metals with nanoscale structures
that exhibit surface plasmon resonance (SPR) when impinged by
light of an appropriate wavelength. SERS is usually associated
with the strong near-field amplifying properties of these plas-
monic nanostructures together with a direct chemical interaction
between the adsorbed species and the metal. As a result of these
combined electromagnetic and chemical effects, a huge electro-
magnetic enhancement of the local field is produced at both the
excitation and Raman wavelengths, and the Raman signal of the
target molecules is greatly magnified.* As a powerful analysis
method, SERS is employed in the fields of chemistry, material
sciences and life sciences, for food security, chemical or biolog-
ical catalysis, biochemistry, detection of trace chemicals, etc.>™°
However, the SERS process is strongly dependent on the chemical
nature of the detected molecules, so that a strong selectivity
between molecules may occur in case of different components in
mixtures. In particular, if one species of the mixture is easily
involved in strong interactions with the noble metal and not the
others, the balance tilts overwhelmingly in favour of this molec-
ular family against other families. Moreover, while SERS is
sensitive to low or very low concentrations (<10~® M), it does not
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provide a linear quantitative response at intermediate concen-
trations (typically between 10~® and 10~ M) where the conven-
tional Raman is yet too inefficient.® This is due, in particular, to
the fact that the adsorption isotherm of the target molecule on
the metallic plasmonic structures displays an asymptotic plateau,
either characteristic of the molecular saturation of the ‘hot spots’
or more simply saturation of the more energetic adsorption
sites.”** Additionally, the applicability of the usual SERS
substrates is undermined by either the repeatability of the
deposits of colloidal dispersions or the fabrication complexity,
which involves multiple steps and lithography processes.® Self-
assembled plasmonic nanoparticle (NP) arrays obtained by
fabrication routine, involving large-scale nanopatterning of solid
surfaces and glancing-angle metal deposition,'* have recently
been proposed to partly overcome these limitations."** The
resulting systems, which consist of periodic chains of NPs (Ag,
Au, or Ag,Au; ,) with nanometer separation along the chains,
display localised SPRs that can be bidirectionally excited. This
allows broadband excitable SERS with both wavelength- and
polarisation-dependence of the SERS enhancement factor, which
makes these systems an appealing platform for advanced SERS
detection.'*™® In practice, however, although problems of fabri-
cation can thus be resolved, the issue remains the chemical
selectivity that may favor one species at the expense of the others.
Here, we report an approach based on similar self-organised
arrays of Ag NPs with strong plasmonic coupling, but protected
from atmospheric exposure by a dielectric capping-layer of
controlled thickness.”**** We call this new spectroscopic
sampling technique Periodic Lines of Ag Nanoparticles
Embedded in Dielectric Surfaces for Enhancing Raman Signals
(PLANEDSERS). It constitutes an alternative to shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS), in
which the Raman signal amplification is provided by colloidal
NPs surrounded with an ultrathin protective shell.>** In this
article, we demonstrate that the chemically inert capping-layer
prevents direct interaction between the NPs and the probed
molecules, while preserving high-quality Raman spectra with
a bidirectional response. Moreover, the substrate sensitivity is not
altered after repeated cycles of cleaning by usual solvents, which
expands the flexibility of SERS for designing reusable liquid or
gas chemical sensors able to detect and identify a wide range of
chemical species in a quantitative detection range typically
between 10~° to 10~ M.

2. Experimental methods
2.1 Fabrication of the SERS substrates

Dielectric/Ag/dielectric trilayers (labelled SAS or AAA hereafter)
consisting of Ag NPs sandwiched between two amorphous
dielectric films (SizN, or Al,O3) have been grown on fused silica
glass by alternate ion-beam sputtering (IBS) deposition in a dual
IBS Nordiko chamber under high vacuum (~6 x 10~® mbar
base pressure). To study the influence of different parameters
on the SERS signal, such as the thickness of the protective
capping-layer, various substrates with periodic chains of Ag NPs
(nSAS-1¢,p, and NAAA-T.,, substrates, prefix n for nanopatterned)
were fabricated following a four-step sequence, as sketched in
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Fig. 1(a). Deposition of amorphous dielectric films totalling up
to 230 nm in thickness was first accomplished at normal inci-
dence by IBS of Si;N, and Al targets, respectively. In order to
obtain transparent layers in the visible region, Si;N, was
deposited at 400 °C while carrying out ion assistance by a 50 eV
nitrogen ion-beam oriented at 45° with respect to the surface
normal. Al,O; layers were elaborated at room temperature
under ion assistance by a 50 eV oxygen ion-beam during
deposition. Ion erosion of the dielectric buffer-layers was then
performed by IBS at room temperature with a collimated 1 keV
Xe" ion beam produced from a filamentless radio-frequency ion
source at a sputtering angle of § = 55° with respect to the
surface normal and a total fluence of about 8 x 10'” ions per
cm”.2%%” This led to the formation of periodic ripples oriented in
the direction perpendicular to the projection of the ion beam,
with a period of 4, = 25 nm for Si3N, and 4, = 38 nm for
AlL,O; [Fig. 2(a)], respectively. The pre-patterned dielectric
surfaces were then used as templates for the subsequent growth
of Ag NP chains by glancing-angle deposition with the metal flux
being oriented perpendicular to the ripples. Ag was deposited
by IBS at room temperature under a grazing incidence of 5°
from the mean surface (# = 85°) and the effective Ag thickness

1. Normal incidence deposition 13
(6=0°)

Normal incidence deposition
(6=0°

=20 nm

AL,O,

or Si;N, SigNg

2. Oblique incidence Xe* sputtering
[6=155)

Tputter = 20 NM
2. Normal incidence Ag deposition
ALO, (6 =0°)
or SizNg

Tag=4nm

3. Grazing incidence Ag deposition
(6 =85°)

Thg=250r4nm

4. Normal incidence deposition
(6=0°)

3. Normal incidence deposition
(6=0°)

AlL,O;

5 SI:N,
or SisNg ™\ - feop=3, 5017 nm L Y cop=50M

(a) (b)

Fig.1 Schematic of the elaboration process of the SERS substrates. (a)
Fabrication of self-aligned Ag NP chains (nXAX samples) including (1)
deposition of an amorphous dielectric buffer-layer at normal inci-
dence, (2) nanopatterning of the buffer layer by Xe* IBS at oblique
incidence, (3) Ag deposition at grazing incidence, and (4) deposition of
an amorphous dielectric capping-layer at normal incidence. (b)
Fabrication of randomly distributed Ag NPs (fSAS sample) including (1)
deposition of an amorphous SisN4 buffer-layer at normalincidence, (2)
Ag deposition at normal incidence, and (3) deposition of an amor-
phous SisN4 capping-layer at normal incidence.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) AFM image of the surface morphology obtained for a pre-
patterned AlL,Osz thin film before Ag deposition. The white arrow
indicates the direction of the Xe' ion-beam projection onto the
surface. AFM topographic images of the (b) nAAA-7, (c) nAAA-5, and (d)
NAAA-3 samples. The period 4, and the rms roughness g,ms Of the
surface patterns are also given.

was Tae = 4 nm (nSAS-t.,, sample) or 2.5 nm (NAAA-T.,,
samples). A thin dielectric capping-layer was finally deposited
on the Ag NP arrays. The thickness of this protective capping-
layer was varied from 1., = 3 nm to 7 nm.

For comparison, a SAS trilayer obtained from an unpatterned
SizN, flat surface with Ag deposition at normal incidence (fSAS-
Teap SAMple with 7¢,, = 5 nm and 74, = 4 nm, prefix f for flat) was
also prepared [Fig. 1(b)]. All the samples are listed in Table 1.

2.2 Morphological analyses

The surface topography of the samples was investigated by
atomic force microscopy (AFM) with a MultiMode equipment

Table 1 List of the displayed SERS substrates fabricated by IBS
deposition of Ag on unpatterned (fSAS sample) and nanopatterned
(nXAX samples) dielectric surfaces. 14p is the capping-layer thickness,
Tag is the effective Ag thickness, A and 1, are the spectral positions of
the longitudinal and transverse SPRs, respectively

Dielectric Teap Tag Al AL
Label medium (nm) (nm) (nm) (nm)
£SAS-5 SisN, 5 4 596 595
nSAS-5 SizN, 5 4 694 562
NAAA-3 ALO, 3 2.5 632 517
NnAAA-5 Al O3 5 2.5 632 518
NAAA-7 ALO, 7 2.5 642 516

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Digital Instruments) operated in the tapping mode under
ambient conditions. AFM images were analysed with the WSxM
software.?® An example of periodic ripple pattern formed by Xe*
IBS at oblique incidence of amorphous Al,O; is presented in
Fig. 2(a). The pre-patterned surface exhibits unidirectional
shallow ripples oriented in the direction perpendicular to the
projection of the incident Xe' beam with a periodicity of
~38.5 nm and a root mean square (rms) roughness of
~1.15 nm. In Fig. 2(b)-(d), the AFM images of the surface of the
nAAA-7, nAAA-5, and nAAA-3 samples exhibit topography
consistent with periodic ripples decorated with nanobumps due
to the presence of NP chains buried under the Al,O; capping-
layer.”® Indeed, at glancing-angle deposition, the NP growth
proceeds by replication of the rippled surface pattern as a result
of shadowing effects, which leads to the formation of self-
aligned NPs, with ellipsoidal shape (average in-plane size of
about 11 nm and 15 nm in the transverse and longitudinal
directions, respectively) and interparticle gaps within the chains
in the range between 2 and 12 nm (Fig. S1f and ref. 22).
However, while the rms roughness decreases with the capping-
layer thickness, we can notice that large dots are present on the
surface of the nAAA-3 sample [Fig. 2(d)], which may correspond
to partly uncovered Ag NPs or to isolated islands that stem from
Ag diffusion through the capping layer.” It should also be
mentioned that trilayers obtained from an unpatterned buffer-
layer are constituted of quasi-spheroidal NPs (with typical in-
plane size of about 15 nm) with isotropic distribution and
interparticle gaps greater than 5 nm.”

2.3 Far-field optical spectra

The optical properties were investigated by means of spectro-
scopic transmission of polarised light at normal incidence by
using a Cary 5000 spectrophotometer from Agilent Technolo-
gies equipped with a rotating polarizer. Let us note that all
transmittance spectra correspond to macroscopic measure-
ments with a beam size of ~3 mm. In contrast to the fSAS-5
trilayer showing an isotropic distribution of quasi-spheroidal
NPs and therefore a unique resonance at ~595 nm [Fig. 3(a)],
nanopatterned samples exhibit two resonances depending on
the polarisation of the incident light with respect to the direc-
tion of the NP chains, i.e., longitudinal (||) or transverse (L).
Such an optical dichroism originates from the preferential
orientation of ellipsoidal NPs, but also from strong coupling
between NPs when the incident electric field is parallel to the
chain direction (longitudinal direction) whereas insignificant
coupling is expected in the perpendicular direction (transverse
direction).? The spectral positions of the absorbance maxima
(Table 1) depend of course on the interparticle gap, but also on
the shape of the NPs (in-plane and out-of-plane aspect ratios)
and on the dielectric function of the surrounding medium.
Thus, the maximum of the transverse resonance mode for the
nSAS-5 trilayer is displayed at ~560 nm [Fig. 3(a)], while it is
observed at ~520 nm for the nAAA-t.,, trilayers [Fig. 3(b) and
Table 1]. Compared to the transverse resonance, the longitu-
dinal resonance is red-shifted by more than 100 nm and
appears broadened because a broad distribution of gaps

Nanoscale Adv., 2021, 3, 6719-6727 | 6721
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Fig. 3 Optical absorbance spectra of the SERS substrates with trans-
verse (L) or longitudinal polarisation (||). (a) fSAS-5 and nSAS-5 tri-
layers. (b) NAAA-1,, trilayers. The green vertical lines indicate the
wavelength of the Raman laser excitation while the blue rectangles
indicate the spectral range scanned with the Raman measurements.

between adjacent NPs within the chains exists (Fig. S11 and ref.
22).

2.4 SERS characterisations

Raman measurements were performed with two micro-Raman
devices in order to check the reproducibility of our observa-
tions and to test several laser excitations with different polar-
isations. Only some of these experiments will be presented here.

Raman spectra (Fig. 4) were recorded using a triple
subtractive configuration with a Horiba Jobin Yvon's T64000
system equipped with an Olympus confocal microscope with
a motorised 80 nm-step XY stage. The detector was a charge-
coupled device (CCD) cooled by liquid nitrogen. For this
study, the samples were excited with either an argon laser at
514.53 nm or with a 561 nm solid laser. Full details about the
experimental setup are given elsewhere.* The laser beam with
an adjustable surface power density between 10 to 200 pW pm >
was focused on the sample. The Raman backscattering was
collected through the objective of the microscope (100x, area
probed of ~0.5 pm® with numerical aperture of 0.95 or 20x,
area of ~2.5 um? with numerical aperture of 0.35) and
dispersed by a diffraction grating with 1800 grooves per mm to
obtain a spectral resolution of 2.7 em™" for the 514.53 nm
excitation and around 2.5 em ™" for the 561 nm excitation. The
wavenumber in vacuum accuracy was better than 0.8 cm ™. The
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Fig. 4 (a) Examples of Raman spectra of bipyridine molecules (1.7 x

107% M) adsorbed on the fSAS-5 and nSAS-5 trilayers. Raman spectra
were recorded at a laser excitation wavelength of 561 nm with a power
of ~20 pW pm~2. The polarisation of the electric field of the excitation
was oriented perpendicular to the Ag NP chains. (b) Intensity of the
Raman peaks assigned to the bipyridine molecules after background
subtraction and corresponding intensity ratio (nSAS-5/fSAS-5).

polarisation discrimination of the optical device was checked by
measuring the depolarisation ratios for the perfectly known
bands of reference liquid pure products. For instance, the
experimental depolarisation ratio for the 459 cm ™" symmetric
component of the CCl, spectrum varies from 0.02 to 0.005 for
the different wavenumber positions of the centred CCD camera
or from 0.03 to 0.01 for the C-H stretching mode of CH,Cl,.
Moreover, during all our experiments, the signal of a single
crystal of silicon was systematically checked.

Raman spectra were also collected with a Renishaw's Raman
system (Fig. 5) using a micro confocal InVia Reflex device. The
instrument was equipped with a double edge filter to eliminate
the Rayleigh scattering, and with a CCD camera working at
a temperature of 220 K with a 1024 x 256 pixels array. Laser
excitations were then at 514.53 nm and 633 nm. The setup was
composed of a confocal microscope that was equipped with an
automated XYZ table, where the displacement motors were able to
generate 100 nm steps with a spatial precision better than 100 nm
verified on an AFM grid and a repositioning possibility better than
200 nm after removing-replacing cycles of the substrates. The
spectral resolution achieved with the use of gratings of 2400 or
1200 grooves per mm was between 3 and 5 cm~ ' depending on
the excitation wavelength. The focused power of the laser beam
was also checked for each wavelength to avoid any transformation
or heating of the samples. Accordingly, the surface power density
was kept below 50 pW pum 2 with the magnitudes 20x or 100x of
the objective being selected after a series of tests.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Raman signals of bipyridine molecules (1.7 x 10~* M) deposited
on the nAAA-3 trilayer excited at 633 nm with an electric field polarised
parallel to the direction of the Ag NP chains. (a) Typical spectrum in the
low-frequency extended range displaying the modes assigned to
interaction between Ag NPs and bipyridine molecules (left panel),®3!
and map of the intensity of the Raman fingerprint at 240 cm™! that
evidences the spatial heterogeneity of this substrate (right panel).
Examples of enhanced Raman spectrum recorded in spatial areas that
appear (b) in purple and (c) in red in the map displayed in (a).

In order to compare the possible quantitative responses of
our SERS substrates, two ways of collection of Raman data have
been used:

(i) For each sample, a list of 9 spatial localisations at +1 pm
has been identified and used for all Raman measurements.
Indeed, it appeared that to reproduce the Raman signals
(profiles and intensities) it is necessary to probe the same
spatial area with an accuracy on the spatial position better than
1 um on X and Y. Moreover, to obtain a quantitative response
with a weak standard deviation, it was better to use the 20x
objective rather than the 100x, even if the signal-to-noise ratio
is decreased. Then, the recorded signals were more represen-
tative of the average local response of the substrate.

(ii) Raman mapping (for instance in Fig. 5) was also per-
formed to give a description or an estimation of the spatial
heterogeneity of the Raman responses obtained with different
nAAA substrates.

The molecular probe used for our Raman tests was the
bipyridine (2,2'), because (i) electronic transitions in the visible
range are absent for this molecule, (ii) the presence of Ag-N
chemical bonds gives a Raman signature between 210 to
250 cm ™! that enables either the outcrop of Ag NPs at the
capping-layer surface or the porosity of the dielectric capping-
layer to be probed, and (iii) the Raman signal in enhanced
conditions is well known and documented in the litera-
ture.'**?1%2 As the objective of this paper is to measure the SERS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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responses of our substrates and not yet to understand all the
SERS mechanisms involved with all types of molecule, the
bipyridine probe as long as there is no chemical bonds with Ag
atoms, will reflect then the local electric field generated by the
embedded plasmonic nanostructures. Stock 2,2-bipyridine
aqueous solutions were prepared precisely at about 8 x 10> M
concentration. Other solutions were obtained by successive
dilutions of this first stock solution. The Raman spectrum of the
stock solution (Fig. S2t) allowed us to check the chemical
quality of the solution and its possible degradation or pollution.
SERS spectra of mixtures of 10> M and 10~ ® M bipyridine
solutions with a silver colloidal solution were also checked
(Fig. S2-S41) in order to reproduce the previously published
SERS results**** with our devices. The colloidal dispersion of Ag
NPs was synthesised in aqueous medium by reduction of an
AgNO; containing solution by NaBH,. The quasi-spherical Ag
NPs with a diameter of about 15 £+ 7 nm were either deposited
on a pure silica glass or used directly in suspension in contact
with 2,2"-bipyridine solutions. The SERS spectra of these
deposits and suspensions, obtained with our experimental
devices (Fig. S2 and S3t), were used to (i) estimate the order of
magnitude of the enhancement factors of our nAAA substrates,
(ii) study the changes in the Raman profiles between the
different substrates, and (iii) probe the presence of Ag-N bonds.

The deposition of the 2,2'-bipyridine molecules on the
surface of the SAS and AAA trilayers was achieved from a diluted
solution (concentration varying from 1.6 x 10°” M to 8.3 x 10°
M) either via a dispersing spray or through the deposition of
a droplet using a micro-syringe. The lowest corresponding
surface concentrations of deposited molecules were then esti-
mated to be between 0.5 and 3 molecules per nm2 (i.e., a total
number of probed molecules ranging between 1.25 x 10° and
7.5 x 10° with the 20x objective). All SERS spectra were
normalized per mW laser power and per second of accumula-
tion time.

3. Results and discussion
3.1 Evidence of SERS enhancement

Fig. 4(a) displays the Raman spectra of bipyridine molecules
(1.7 x 107° M) adsorbed on the surface of the fSAS-5 and nSAS-5
trilayers. These spectra were excited at 561 nm in order to be
close to the SPR for both substrates in transverse polarisation.
In both cases, despite the presence of the 5 nm-thick SizN,
capping-layer, a significant Raman signal is clearly recorded,
while, in the same Raman recording conditions, no Raman
signal is observed when bipyridine molecules are deposited on
a pure silica glass slide. Whereas clear evidence of Raman
enhancement is thus obtained, Fig. 4(b) also shows that at this
excitation wavelength, the ordered nSAS-5 trilayer gives more
intense Raman signals, namely around 4 to 9 times higher in
our experimental conditions than for the non-ordered fSAS-5
substrate. The NP chain nanostructure (nSAS-5 sample) thus
allows a signal enhancement significantly stronger than
without organisation (fSAS-5 sample), without changing the
profile of the spectrum overall [Fig. 4(a)].

Nanoscale Adv, 2021, 3, 6719-6727 | 6723
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The Raman spectra presented in Fig. 4 are entirely in
accordance with what is expected for a SERS effect of bipyridine,
whose vibrational modes have been fully interpreted for more
than 20 years.*>*** Moreover, the detailed analysis of the
Raman spectra in the range below 600 cm™" (as shown for
instance in Fig. 5) makes it possible to claim that no inelastic
scattering signal is displayed around a Raman shift of 240 cm ™,
neither for the nSAS-5 and fSAS-5 trilayers nor for the nAAA-5
and nAAA-7 trilayers, in contrast to what is seen in the case of
colloidal Ag NPs in direct contact with bipyridine molecules
(Fig. S31) or for some probed spatial areas of the nAAA-3
substrate (Fig. 5). Indeed, as also observed in the case of
colloidal Ag NPs covered with a thiol-functionalized C;, spacer
that provides a protective layer between bipyridine molecules
and Ag NPs (Fig. S4t1 and ref. 25), no Raman signature of the
presence of Ag-N chemical bonds is detected.

The related data sets collected with our experimental Raman
configuration are very consistent with the results published by
Brolo et al.** Thus, on the basis of these observations, we can
propose that the vibrational bands observed in Fig. 4(a) for the
fSAS-5 and nSAS-5 trilayers correspond to the SERS signals of
bipyridine molecules adsorbed onto Si;N, without chemical
contact with silver and then without electron transfer or other
‘chemical’ process. Accordingly, the enhancement observed in
Fig. 4 shall be only assignable to the near-field amplifying

effects generated by the embedded plasmonic Ag
nanostructures.
3.2 Influence of the capping-layer thickness

3.2.1 Case of a low-thickness capping layer. In Fig. 2(d), the
AFM image of the nAAA-3 trilayer suggests however the possible
presence of Ag islands at the substrate surface, which may result
in direct contact between adsorbed molecules and silver. The
existence of such interaction can be probed by collecting Raman
spectra in the spectral range between 100 and 500 cm™ ' in
which specific vibrational modes of the bipyridine metal
complexes appear around 240 cm ™ '.** Fig. 5(a) indeed shows
that in certain spatial areas, the nAAA-3 trilayer displays
a strong scattering around 240 cm ' with a broad and asym-
metric profile, while the substrates with a thicker capping layer
did not generate any signal in this spectral range. According to
previous results related to SHINERS systems,* the signal at
240 cm ' is representative of Ag-bipyridine bonds when
bipyridine molecules are directly adsorbed on Ag NPs and is
absent when the NPs are surrounded by a protective layer
(Fig. S3 and S4t). Moreover, it is worth noting that when the
signal at 240 cm " is displayed, the Raman spectra are of course
enhanced by at least two orders of magnitude in our experi-
mental conditions [Fig. 5(b) and (c)], with some possible spec-
tral evolutions during irradiation depending on the laser power.
To achieve the best compromise between high-intensity Raman
signals and absence of chemical effects together with good
homogeneity, the capping-layer thickness should then be
optimised.

3.2.2 SERS enhancement vs. capping-layer thickness. In
order to study the influence of the capping-layer thickness on
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Fig. 6 Decrease of the integrated intensity of the bipyridine Raman
peak at 1490 cm™! as a function of the capping-layer thickness (the
vertical bars represent the standard deviation and the dotted line is
a guide to the eye). Raman spectra of bipyridine molecules (1.7 x 10~*
M) adsorbed on the nAAA-3, nAAA-5, nAAA-7 trilayers were averaged
over 9 measurements at different locations using a laser excitation
wavelength of 633 nm. The polarisation of the electric field of the
excitation was oriented parallel to the Ag NP chains. The data
considered here for the nNAAA-3 trilayer are those obtained from zones
(purple areas in Fig. 5) without the signal at 240 cm™%, characteristic of
chemical bonds between Ag atoms and bipyridine molecules.

the SERS enhancement, the nAAA-t.,, substrates with ¢, = 3,
5, and 7 nm were checked with the same bipyridine concen-
tration (1.7 x 10~* M) and with the same optical configuration
of the Raman device. For the nAAA-3 trilayer, Raman spectra
were obtained in a spatial area showing no signal at 240 cm™ ",
i.e. far from the red zone in Fig. 5(a), and in the centre of the
substrate in order to avoid any edge effect. Accordingly, the area
probed in these experiments did not display any signal of Ag-N
bonds. Fig. 6 summarises the results obtained using an exci-
tation wavelength of 633 nm and an electric field polarised
parallel to the direction of the Ag NP chains, in order to be in the
spectral range of the longitudinal SPR, as observed in Fig. 3(b).
The spectra were recorded with a 20x objective and were aver-
aged over 9 different areas. As expected, the intensity of the
Raman signals decreases strongly with the thickness of the
dielectric capping-layer and it declines to almost zero for T, =
7 nm due to the evanescent character of the electric field.>* The
very weak signal obtained for this trilayer is therefore prohibi-
tive for use as a sensor. Nonetheless, both the nAAA-3 and nAAA-
5 trilayers show a significant SERS effect. Moreover, although
the nAAA-3 trilayer provides a higher enhancement, it remains
too much heterogeneous [Fig. 5(a)] and presents areas where
the molecules are clearly in contact with the NPs, which is not
statistically exploitable. On the contrary, the substrate with 7¢,p
= 5 nm does not exhibit any signal in the spectral range around
240 cm™' and therefore appears as a good candidate for
attempting direct quantitative and repeatable measurements,
as will be demonstrated in the following section.

3.3 Influence of the bipyridine concentration and cleaning
tests

A set of experiments was undertaken to monitor the depen-
dence of the SERS enhancement upon the molecule

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) BPSS analysis of the 108 SERS spectra recorded from the

nAAA-5 trilayer at a laser excitation wavelength of 514.53 nm with
transverse polarisation of the excitation. Inset: optical absorbance
spectra of the nAAA-5 trilayer with transverse or longitudinal polar-
isation. The green vertical line indicates the wavelength of the Raman
laser excitation while the blue rectangle indicates the spectral range
scanned with the Raman measurements. (b) Respective weight of the
‘background’ and 'SERS’ spectral components as a function of the
bipyridine concentration. Dotted lines are guides to the eye. The bars,
slightly overestimated to be visual, indicate here the ranges where all
the samples are found.

concentration. Droplets of bipyridine solutions (200 pL) were
deposited on a large area (around 10 mm?) of the surface of the
NAAA-5 trilayer using a micro-syringe and the Raman spectra
were excited at 514.53 nm with a transverse polarisation of the
incident light [Fig. 7(a), inset]. For each concentration, SERS
measurements were repeated 3 times on 9 different points of
square targets. Between two SERS measurements, the surface
was wiped with ethanol as a solvent followed by a water clean-
ing. A total of 108 spectra were then recorded in the range of
concentration from 1.6 x 10 M to 8 x 10~ ® M. Through this
series of experiments, the robustness of the nAAA-5 SERS
substrate has been highlighted, since the results were retrieved
without noted ageing and with a standard deviation of £20% on
the Raman intensities. In order to obtain the different spectral
sources constituting the experimental spectra and to follow
their evolutions with the bipyridine concentration, we adopted
a curve resolution method using all the spectral data. We used
the Bayesian Positive Source Separation (BPSS) approach that
was developed for spectral mixture analysis to provide an esti-
mation of the unknown component spectra and the relative
concentrations of the underlying species.***® Indeed, where
spectroscopic techniques fail to resolve unknown or unstable
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individual constituents contained in multi-component
mixtures, vibrational spectroscopies combined with BPSS
treatment may offer a promising and efficient approach.*® Fig. 7
displays the results of the BPSS method obtained from the 108
spectra collected with the nAAA-5 trilayer. It is worth noting that
the SERS spectra consist of two components [Fig. 7(a)] whose
behaviour as a function of solution concentration is different
[Fig. 7(b)]. The first component corresponds to the Raman
spectra of the bipyridine molecules (red curve), and is very
similar to the usual SERS signal obtained without direct
chemical interaction between silver and bipyridine. Accord-
ingly, as seen in Fig. 7(b), the weight of this component
increases linearly with the concentration. In contrast, the
weight of the second component (black curve) is quasi-constant,
which suggests that it corresponds to the ‘background’ contri-
bution arising from the buried NPs and the surrounding Al,O;
matrix.

All these results highlight the possibility of using quantita-
tively the nAAA-5 SERS substrate as an analytical reusable
substrate. The capping layer not only prevents direct interaction
between bipyridine molecules and Ag NPs, but also allows
solvent cleaning of the substrate without loss of performance.
Actually, we noticed that the substrate can be reused more than
200 times without deterioration of sensitivity whereas its ageing
after six months is not significant. Nevertheless, owing to the
presence of this capping layer, the probed molecules are kept
away from the electric-field hot spots generated by the plas-
monic assembly of Ag NPs, which certainly decreases the
enhancement effects. As mentioned in Sec. 2.4, SERS spectra
collected from different systems (i.e., stock 2,2’-bipyridine
aqueous solutions, deposits of colloidal Ag NPs on surfaces or
colloidal suspensions, Fig. S2 and S3t) with the same experi-
mental spectroscopic configurations were used to estimate the
order of magnitude of the enhancement factors of our
substrates. Of course, this method of estimation may be flawed
because spectral changes of the Raman signals may be caused
both by electromagnetic or chemical effects when bipyridine
molecules come in contact with colloidal Ag NPs or are sur-
rounded by other molecules in a highly concentrated solution.
However, the intensity ratios normalised to the molecule
concentration allow us to claim that with a capping-layer
thickness of 1, = 5 nm, the enhancement factor is
decreased by about three to four orders of magnitude in
comparison with colloidal Ag NPs deposited on a pure silica
glass (Fig. S2t). Also, when compared to conventional Raman
spectra, our PLANEDSERS substrate enhances by about two or
three orders of magnitude the Raman signal at 1020 cm .
Thus, our reusable PLANEDSERS substrates will be intended for
a specific concentration range, where the objective would not be
to reach measurements of traces but concentrations lower than
107> M, which corresponds to the usual limit of detection
reached by conventional Raman spectroscopy.

4. Conclusions

To summarise, we have reported the successful design of a SERS
substrate constituted of three layers: (1) a dielectric transparent
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buffer-layer with periodic nanoripples, (2) an assembly of self-
aligned Ag NP chains with nanometer separation, and (3)
a dielectric capping-layer that protects the plasmonic nano-
structures from damaging effects (e.g., oxidation or coalescence)
caused by contact with solutions (i.e., solutions of interest or
cleaning solvents). In spite of this capping layer, SERS
enhancement is demonstrated in a wide spectral range through
polarisation- and wavelength-dependence of the SPR. Further-
more, higher enhancement is observed for ordered ellipsoidal
NPs compared to randomly distributed spheroidal NPs. In
contrast to periodic chains of uncapped NPs, these PLA-
NEDSERS substrates appear as slides reusable and easy to store
and preserve. Also, by preventing direct interaction between the
NPs and the probed molecules, only electromagnetic effects
contribute to the SERS intensity, which scales linearly with the
concentration of analytes. These PLANEDSERS substrates,
which appear non-selective to a specific molecular specie, might
open up promising opportunities for investigating multi-
component mixtures with quantitative feedback in a range
typically between 107 to 10”® M and with a limit of detection
around 1.5 x 1077 M.
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