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Surface enhanced Raman scattering (SERS) and surface enhanced fluorescence (SEF) from individual
plasmonic oligomers are investigated by confocal Raman micro-spectroscopy and time-resolved
fluorescence microscopy coupled to steady state micro-spectroscopy. The nanoparticle (NP) oligomers
are made of either ligand protected Au or Au@SiO, core-shell colloidal NPs, which were assembled into
ordered arrays by atomic force microscopy (AFM) nanoxerography. A strong dependence of the SERS
emission on the polarization of incident light relative to the specific geometry of the plasmonic oligomer
was observed. The SEF studies, performed on a large collection of NP oligomers of various known
configurations, showed interesting fluorophore decay rate modification and red-shift of the emission
spectra. Experimental results are analyzed theoretically, by employing finite-difference time-domain
(FDTD) simulations on equivalent realistic structures, within the Local Density of Optical States (LDOS)
framework. The presented results, together with the proven potential of the LDOS approach as a useful
common tool for analyzing both SERS and SEF effects, furthers the general understanding of plasmon-

related phenomena in nanoparticle oligomers.

Introduction

The possibility to confine and manipulate light at the nanoscale
by means of surface plasmons allows the observation of
interesting phenomena such as Fano resonances,' enhanced
optical transmission,>  plasmon-induced transparency,’
unidirectional fluorescence emission,* or surface plasmon Iasing,5
to name a few. Such observations are bringing about rapid
advancements in the field of plasmonics, both at the fundamental
and application level.

On the one hand, many applications based on the unique
properties of surface plasmons have been proposed in areas
ranging from optical spectroscopy,®® energy'® and materials
processing,'! to communications.> A major class of plasmonics
applications that has shown potential to reach maturity is
constituted by  plasmon-enhanced optical  spectroscopy
techniques: Raman scattering, benefiting from plasmons through
Surface Enhanced Raman Scattering (SERS), fluorescence and
infrared absorption with their plasmon-enhanced correspondents,
Surface Enhanced Fluorescence (SEF) and Surface Enhanced IR
Absorption (SEIRA). SERS is a particularly attractive tool as it
enables ultrasensitive detection of analytes, down to the single
molecule, and provides structural characteristics of the molecular
system under study (i.e., the vibrational spectra as a
fingerprint).’** This makes SERS a very a promising tool to
develop optical sensors for detecting and analyzing bio-chemical
species (medical specimen, pollutants, etc.).*® SEF not only has
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similar sensing application potential,****" but is also useful to
improve the performance of optoelectronic devices, as the surface
plasmon enhancement can lower the threshold in lasing,*® or
improve the efficiency of light-emitting diodes.**?° On the other
hand, it can be argued that both SERS and SEF have also
contributed to the recent understanding of the plasmonic
properties of nanostructures and their interactions with optical
molecular probes. Recent results have indicated that plasmon
resonances have a strong effect on the SERS scattered photons,
i.e. plasmons can control the polarization of the SERS emission,
independently of the polarization of the excitation field.**?
Similarly, surface plasmons have been demonstrated to modulate
both the intensity and shape of the emission spectrum.?2* Indeed,
these secondary radiation processes (SERS and SEF)
fundamentally share the same enhancement mechanisms in the
weak light-matter coupling regime.?>* While it is usual to
consider the photon local density of states (LDOS) effect
pioneered by Purcell?” to describe the spontaneous emission
processes, the effects of the LDOS on Raman scattering is
ignored by many authors.?®

Building nanoparticle (NP) oligomers (i. e. clusters made of a
small number of particles) provides a great means for achieving
control over surface plasmon resonances,? which is important for
controlling SERS and SEF. Modification of the plasmon
resonance of individual NPs by near-field coupling is a well-
known phenomenon.® This coupling also leads to the generation
of enhanced electromagnetic fields at the interparticle gaps,
which play a major role in enhancing light-molecule interactions,
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such as Raman scattering or fluorescence emission for example.
The study of plasmon-enhanced SERS/SEF effects from
individual NP oligomers of known geometry and compaosition
therefore becomes crucial for understanding the underlying
physico-chemical phenomena. Colloidal NPs are very appealing
building blocks for constructing NP oligomers, since chemical
synthesis offers versatile routes to produce both silver and gold
NPs of different sizes, shapes (spheres, rods, cubes, pyramids,
prisms), chemical composition (alloy or core-shell) with variable
surface functionalities.®® Another advantage of chemically
synthesized NPs is their surface quality. These are typically
smooth, can be monocrystalline and possess less defects
compared to the nano-objects fabricated by top-down techniques.
But, chemically synthesized NPs need to be assembled on solid
substrates, in order to evaluate their individual or oligomer
collective plasmonic properties. Achieving this in a controlled
manner is highly challenging. For this, we have used here
nanoxerography by atomic force microscopy (AFM), which has
recently emerged as a versatile method for colloid assembly,
directly from their liquid phase onto solid substrates at predefined
positions.*>*° This technique is a nanoscale adaptation of the
industrial printing process of xerography. It uses the strong
electric fields generated by charge patterns written on electret thin
films by AFM, to trap any charged and/or polarisable colloidal
NPs on solid templates via electrostatic interactions.

In this article, we present arrays of few-nanoparticle clusters
(oligomers) fabricated by AFM nanoxerography and investigate
selected individual oligomers of different sizes and
configurations, by confocal Raman micro-spectroscopy and time-
resolved confocal fluorescence microscopy. The NP oligomer
arrays were constructed from organic ligand protected gold
nanoparticles (Au@TDSP) and Au@SiO,@dye core-shell
nanoparticles (Au@SiO,@Rhodamine B), specifically designed
for SERS and SEF studies, respectively. Finite-Difference Time-
Domain simulations have been performed on realistic structures
mimicking the configurations of the actual oligomers observed by
AFM. Finally, the simulation results are correlated to the
experimental ones and analyzed within the LDOS framework.

Materials and Methods

Materials
Tris(2,4-dimethyl-5-sulfonatophenyl)phosphine (TDSP),
tetraethoxysilane (TEOS), gold chloride  trihydrate

(HAUCI,3H,0), trisodium citrate dihydrate, Rhodamine B-
isothiocyanate, aminopropyltriethoxysilane (APTES), and O-[2-
(3-mercaptopropionylamino)ethyl] -O'-methylpolyethylene
glycol (mPEG-SH)  were purchased from Sigma-Aldrich.
Absolute ethanol was obtained from VWR and ammonia (30 %)
from Carlo-Erba. Cresyl Violet was purchased from Merck. All
materials were used as received without further purification.
MiliQ water was used in all of the preparations.

Chemical synthesis of Au@TDSP nanoparticles

(i) Synthesis of Au NPs. 100 nm spherical Au NPs were
synthesized by a seeded growth method adapted from a published
procedure,® and consists of three steps. In the first step, 15 + 1
nm citrate stabilized Au NPs were synthesized by the Turkevich-
Frens method. Detailed procedure for this synthesis is described
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elsewhere®. In the second step, 33 + 3 nm Au NPs were grown
using 15 £ 1 nm citrate Au NPs as seeds, as follows: 3 ml of as-
prepared 15 nm citrate Au NP suspension was diluted to 20 mL
with water and 10 mL of HAuCI, solution (0.04 mg/mL) and 10
mL of a reducing solution containing sodium citrate (0.05
mg/mL) and ascorbic acid (0.025 mg/mL) were added dropwise
and simultaneously, under vigorous stirring over a period of 15-
20 min. Immediately after the completion of addition, the
reaction mixture was boiled for about 30 min. The resulting red-
coloured suspension was then cooled to room temperature and
stored as such. In the final step, 2 mL of the as-prepared 33 +
3nm Au NP suspension was diluted to 5 mL with water.
Immediately after this, the afore mentioned growth procedure
was repeated, using the same quantities of reagents. The resulting
mixture was then refluxed for 20 min to obtain a brownish red
suspension.

(i) Functionalization of Au NPs with TDSP. These Au NPs, used
for SERS, were then coated with a molecular monolayer, to
ensure constant and small (1-2 nm) gaps within the oligomers.
For this, the particles were subjected to ligand exchange by
treating the suspension with 4 mg of TDSP and refluxing the
resulting mixture overnight. The TDSP protected Au NPs were
then concentrated by centrifugation (3000 rpm, 10 min) and
incubated again with TDSP (2-3 mg) for 2-3 h at room
temperature, to ensure complete exchange of the surface ligands.
Subsequently, the suspensions were diluted 10 times with de-
ionized water and recentrifuged to remove excess ligand. The Au
NPs sediment as a brown-red concentrate which was
subsequently redispersed with deionized water to a final
concentration of 3-4 mL and stored as such.

Zeta potential measurements showed that these Au@TDSP
nanoparticles carried a net negative charge. Transmission electron
microscopy (TEM) analysis gave a mean particle size of 102 + 7
nm. Characterizations of the colloidal suspensions (TEM images,
size histograms and optical extinction spectra) are provided in the
Electronic Supplementary Information (ESI) (Figure SI-1).

Chemical synthesis of Au@SiO,@Rhodamine B nanoparticles

(i) Synthesis of Au@SiO, core-shell NPs. Spherical Au NPs of 50
nm diameter were first synthesized using the standard sodium
citrate reduction method.”® Then, 2 mL of a freshly prepared
aqueous solution of MPEG-SH (36.5 uM) was added dropwise to
40 mL of as-prepared AuNPs under vigorous magnetic stirring
and the mixture reacted for 30 min, ensuring the replacement of
the citrate molecules adsorbed onto the gold surface by mPEG-
SH. Subsequently, the suspension was centrifuged at 5000 rpm
for 20 min (twice) in order to eliminate the excess of mPEG-SH
and the precipitate obtained was redispersed in 2 mL of EtOH.
Silica (SiO,) coating was performed following a previously
reported method.** The concentrations of Au/TEOS/NH3/H,0
were: 0.5 mM/0.8 mM/0.2 M/10.55 M. Au@mPEG-SHNPs were
added into 13.9 mL of EtOH, followed by the addition 3.8 mL of
H,0, 253 uL of ag. NH; (30 %) and 101 uL of a TEOS solution
in EtOH (0.16 uM). The reaction mixture was stirred for 14 h,
and the resulting Au@SiO, core-shell NPs were purified by
centrifugation at 4500 rpm for 30 min (twice) and redispersed in
5 mL of EtOH.

(i) Functionalization of Au@SiO,
Rhodamine B. First, Rhodamine

core-shell NPs with
B-isothiocyanate  was
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functionalized with APTES to endow the fluorophore with a
silane coupling group that ensures a strong covalent bond with
the Au@SiO,NPs.** This functionalization was carried out as
follows: 100 mg of Rhodamine B-isothiocyanate was added to
100 mL of EtOH under N, atmosphere, together with 44 pL of
APTES. The mixture was stirred for 24 h. Then, the suspension
was concentrated on a rotary evaporator, obtaining a suspension
with a final concentration of 1.5 g/L which was stored in a
refrigerator, under N,. Subsequently, 5 mL of the previously
synthesized Au@SiO, NPs were added to 130 mL of EtOH,
followed by 220 pL of Rhodamine B-APTES complex and 8 mL
of ag. NH3 (30 %), in this order. This mixture was stirred for 1h
at room temperature and another hour at 80°C. Finally, the
suspension was concentrated (evaporating ca. 50 % of the
original volume) and then centrifuged (5000 rpm/15 min, twice).
The final precipitate was redispersed in 5 mL of EtOH.

Zeta  potential measurements ~ showed  that  these
Au@SiO,@Rhodamine B nanoparticles carried a net positive
charge. The Au@SiO, NPs have an Au core of about 505 nm,
and a silica shell about 20+2 nm thick which plays the role of
preventing  well-known  fluorescence  quenching issues.
Rhodamine B molecules are grafted on the outer surface. Further
characterizations of the colloidal NP suspensions (transmission
electron microscopy images, size histograms, and optical
extinction spectra) are provided in the ESI (Figure SI-2).

AFM nanoxerography

Figure 1 presents the two-step protocol of AFM nanoxerography
used in this work. In the first step, charge dots were written onto
a 100 nm thick polymethylmethacrylate (PMMA) spin-coated on
10% cm® p-doped silicon substrate, by applying voltage pulses to
a highly n-doped silicon AFM tip, using an external generator.
The z-feedback was adjusted to control the tip-sample distance
during charge writing. The pulse length and frequency were
chosen at 1 ms and 50 Hz, respectively, while the time on each
charge dot was fixed at 180 ms. These specific writing conditions
are reliable and reproducible, causing no tip and/or sample
damage at the high voltages used, as demonstrated previously.*’
After AFM charge writing, the surface potential of the charge
dots was systematically measured by the electrical derived mode
of amplitude modulation Kelvin Force Microscopy (KFM). For
generating oligomers of negatively charged Au@TDSP NPs,
positive charge dots were written to trap these particles through
Coulomb forces. Likewise, negative charge dots were used for
creating oligomers of positively charged Au@SiO,@Rhodamine
B NPs. In the second step, a 30 L droplet of the desired colloidal
suspension was incubated on the electrostatically patterned
substrate for 30 s. In case of Au@TDSP NPs dispersed in water,
the substrates were subsequently immersed in absolute ethanol
for 30 s and rinsed with pure water, following a two-step protocol
previously developed by our group, for aqueous colloidal
suspensions.38 For Au@SiO,@Rhodamine NPs dispersed in
EtOH, the incubation of the colloidal suspension was simply
followed by rinsing in absolute ethanol. In all cases, the samples
were finally dried under nitrogen flow to remove any traces of
solvent. This second step lead to the selective electrostatic
trapping of the charged colloidal NPs on the charge dots,
generating arrays of oligomers. The number and configuration of
the nanoparticle arrangement within these oligomers were
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Fig. 1Schematics of AFM nanoxerography: AFM charge writing (top),
development by incubation of the colloidal suspension on the charge
patterns (middle), and resulting nanoparticle oligomer array (bottom).

determined by AFM imaging in tapping mode.
SERS measurements

SERS measurements were performed on a WITec system, using
633 nm and 785 nm laser excitation sources. By combining
optical microscopy and AFM imaging on the same microscope,
the area of interest can be easily located and scanned, and Raman
spectra could be recorded at each pixel of an array. Integration
times/ pixel of 0.1-0.25 s were used, a 100x magnification air
objective, and laser powers of 0.1-0.4mW at the microscope
entrance. Cresyl Violet (CV) molecules were adsorbed on the NP
arrays by dropcasting 10°M methanol solutions (2-3 ul) and
drying by a gentle blow of air, prior to measurements.

SEF measurements

Fluorescence measurements were performed on a MicroTime200
time-resolved confocal fluorescence microscope system, from
PicoQuant, equipped with a picosecond diode laser head
operating at 510 nm/40MHz (LDH-D-C-510, Pico-Quant) and a
100x/NA=0.9 magnification air objective (diffraction-limited spot
size of 350 nm). The signal collected through the objective was
spatially and spectrally filtered by a 50 um pinhole and a FF01-
519LP (Semrock, New York, USA) emission filter, respectively,
before being focused on a PDM Single Photon Avalanche Diode
(SPAD) from MPD. The detector signals were processed by the
PicoHarp 300 Time-Correlated Single Photon Counting (TCSPC)
data acquisition unit. Fluorescence spectra and lifetime decays
were simultaneously obtained at room temperature by using a
SR-163 spectrograph equipped with a Newton 970 EMCCD
camera from Andor Technology coupled to an exit port of the
main optical unit of MicroTime200 through a 50 pm optical fibre.
A 50/50 beamsplitter was used to split the signal from the
analyzed point towards the spectrograph and TCSPC unit of the
MicroTime200 system. The oligomer arrays were first observed
by optical microscopy, followed by a fluorescence lifetime
imaging (FLIM) scan, in order to identify the areas of interest. A
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Fig. 2 Example of a directed assembly of Au@SiO,@Rhodamine NPs into an array of 10x10 oligomers by AFM nanoxerography: (a) KFM image of
10x10 negatively charged dots written by AFM on a 100nm thick PMMA film, using -45 V voltage pulses. The surface potential profile of the line of
charge dots marked by the red line on the KFM image is shown at the bottom, (b) AFM image of the resulting Au@SiO,@Rhodamine nanoparticle

oligomer array, using a colloidal suspension of concentration Co= 6 x 10" NPs/mL. Also shown are the high-resolution AFM images of selected

oligomers.

small region (100x100 pixel images, pixel size below 100 nm),
was selected including the investigated NP oligomer, which was
then placed into the centre of the excitation focus for recording

10 fluorescence lifetime and collecting the fluorescence spectra.

1S}

FDTD simulations

The local densities of states (LDOS) of the various plasmonic
arrangements have been simulated by solving Maxwell equations
using the three dimensional finite-difference time-domain
(FDTD) method, as implemented in the freely available MEEP
software package.”” They were obtained by i) Fourier
transforming the response to a short, broadband, point dipole
(electric current) Gaussian pulse located in the centre of the
structure and polarized along the substrate and ii) normalizing
this response with the one obtained for a point dipole located at
the same distance from the substrate under the same excitation
conditions. In these simulations, perfectly matched layers were
implemented in all directions. The dielectric permittivities of the
glass substrate and silica were taken as 2.3 and 2.1, respectively.
The dielectric permittivity of gold was specified by using a sum
of Drude and Drude-Lorentz terms, according to the work
performed by Rakic et al.*® For SERS simulations, the size of the
NPs in the oligomers was determined from AFM analyses. For
SEF simulations, the size of the core-shell particles was
determined from AFM analyses, while the core itself was
supposed to be 50 nm in diameter. The positions of the NPs
within an oligomer were determined by AFM. Details on the
procedure for calculating the photonic local density of states
(D(@)), the far-field radiated power(P/ (w)) and Purcell factors
(F) are given in the ESI.
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Results and discussion

To enhance the emission of secondary radiation (SERS or SEF)
I(@’) by a quantum system, one may enhance the incident photon
density at frequency w, lo(w), at the position of the emitter in
a0 question, which constitutes a real field concentration by the local
field enhancement factor. Alternatively, one may increase the
density of photon states at the frequency of secondary radiation
o', D(w), a vacuum field concentration. Therefore,
I(@)=lg(w)[interaction term] x D(w’), where the interaction term
ss has to be appropriately defined for each process (SERS or SEF),
and is notably responsible for the so-called chemical
enhancement factor in SERS.?** The enhancement of the photon
LDOS, pioneered by E. M. Purcell, can be interpreted as the
development of a certain Q-factor (ratio of energy accumulated in
s0 the system to the portion of energy the system loses in a single
oscillation period) in a spatial domain where a test emitter (atom
or other quantum system) is placed. Hot spots thus are local
(near-field) zones in plasmonic nanostructures where high Q-
factors can develop both at the incident and emitted (or scattered)
ss light  frequencies. To explain huge enhancement factors
exceeding 10%° in SERS, enhancements of incident and emitted
fields are typically discussed to arrive at a hypothetical
enhancement factor:

F o ECoRIECOOR | ECwl
[Eo@)PIE @)~ 1Eo@)I*’

@

|EG,a)|?D(rw’) 4950

e0 instead of the correct one: F = .
[Eo(@)I?D(w )

@
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Fig. 3 (a) Bright-field and (b) dark-field optical microscopy images of an array of 10x10Au@TDSP NP oligomers assembled on charge dots written with
+60 V voltage pulses, using a colloidal suspension of concentration Co= 6 x 10 NPs/mL. (c) SERS image of the area marked in a), constructed from the
Cresyl Violet 589 cm™ SERS band intensity; (d) selection of SERS spectra with corresponding sites in the inset.Caption
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One of the purposes of this paper is to investigate the
secondary radiation processes in gold NP oligomers (clusters
made of a small number of particles) and to analyze the results
obtained in the framework of the LDOS effect.

10 Assembling NPs into oligomer arrays by AFM
nanoxerography
The specifically designed Au@TDSP and

Au@SiO,@Rhodamine NPs were assembled into arrays of
oligomers as described in the Experimental section (Figure 1).
1s Figure 2 presents a typical example of directed assembly of 90
nm Au@SiO,@Rhodamine NPs into oligomers by AFM
nanoxerography. The KFM image in Figure 2a shows an array of
10 x 10 negatively charged dots separated by 2.5 pm, written in a
PMMA thin film with voltage pulses of -45 V. As shown on the
20 profile, the surface potential of the charge dots is -1.15 V, with a
full width at half maximum (FWHM) of around 700 nm, for the
specific conditions used. The AFM topographical images
presented in Figure 2b shows the resulting directed assembly of
the Au@SiO,@Rhodamine NPs into oligomers, upon using a
colloidal suspension of concentration C,= 6 x 10%° NPs/mL.
Under these experimental conditions, 90% of the charge dots are
covered by NP oligomers. The oligomeric clusters consist of 5+3
Au@SiO,@Rhodamine nanoparticles each and present different
orientational ordering or configurations. Similar Au@TDSP
nanoparticle clusters were obtained on charge dots written with
+60 V voltage pulses using a colloidal suspension of similar
concentration (Figure 3a,b). Although the nanoxerography
process offers a good control over the positions of the oligomers,
e.g., in an array, the current state of development of this
35 technique does not allow a perfect control over the number of
NPs and their relative positioning with respect to each other,
within the oligomer. However, the average number of NPs within
the oligomers can be tuned by varying two key parameters: the
surface potential of the charge dots through the amplitude of the

)
G

w
S

2 voltage pulses used for AFM charge writing and/or the
concentration of the colloidal suspensions.*® High surface
potentials of the charge dots and high concentration of the
colloidal suspension favour the formation of larger clusters. The
arrays of NP oligomers can be readily located by standard optical
microscopy, both in bright-field and dark-field visualization
modes, as demonstrated by the AFM images displayed in Figure
3a,b. The desired area and each specific oligomer can thus be
readily addressed by the focused laser beam used for SERS or
SEF excitation.

4

o

so Polarized SERS experiments

S

The three-dimensional colourmap in Figure 3c represents an
example of SERS image of a region containing 3x3 Au@TDSP
NP oligomers marked by a rectangle in Figure 3a. The image was
obtained by plotting the intensity of the Cresyl Violet (CV) band
ssat 589 cm™. Since the configuration of each NP oligomer is
known from AFM analyses, the dependence of SERS efficiency
on the particular size and geometry of a given oligomer can be
analyzed. Figure 3d presents a selection of SERS spectra of
adsorbed CV molecules, collected from the NP oligomers shown
in the insets. As a main tendency, the larger clusters, containing
more interparticle gaps exhibit higher enhancements. The
observed intensities and positions of CV SERS bands are in good
agreement with previous reports;** the most intense band, at 589
cmis attributed to a combination of ring modes, according to the
es literature.®! In all measured spectra this band was the most
intense, while additional weaker bands at, e.g.,465cm™ and 673
cm?, can also be observed. Note that the 520 cm™ band is
attributed to the underlying Si substrate.
In the following, results of polarized SERS measurements on two
selected oligomers (a trimer and a pentamer) with interesting
configurations are discussed. Figures4 and 5 summarize the
polarized SERS behaviour of the selected NP trimer and
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Fig. 4 (a) AFM 3D image of a NP trimer; inset schematizes the structure
used for FDTD simulations. (b) SERS spectra and images (inset) of
Cresyl Violet on this NP trimer, for the two incident polarizations
indicated by arrows.

pentamer, respectively. The first observation is that the SERS
intensity is strongly dependent on the polarization of the
excitation beam. In the case of the trimer, for the most intense
band at 589 cm?, the ratio between the SERS intensity
corresponding to the incident vertical polarized light 1V and that
of the horizontal one I" (see Figure 4) is about 7. To verify the
stability of the SERS signal, after performing the horizontal and
the vertical polarization scans in this order, the horizontal
configuration was re-recorded; the result was remarkably similar
with the initial one (see ESI), ensuring the consistency of our
results. As already established in many published reports, the
local field enhancement induced by gap plasmons is critically
dependent on the gap size and orientation of the incident
polarization with respect to the gap axis.®**? Therefore, the
observed behaviour can be explained by considering two factors:
(i) the gap between particles 1 and 2 is smaller than the gap
between particles 1 and 3 (particle 2 and 3 are clearly far from
each other), and therefore produces the largest enhancement; (ii)
the gap between particles 1 and 2 is more vertically oriented than
the gap between 1 and 3. Further, it is worth analyzing the 1V/1"
ratio for different SERS bands. For the bands at 341, 465, 589,
and 670 cm this ratio is 7.15, 6.72, 7.41, and 6.23, respectively.
Note that, excepting the 589 cm™ band, the ratio decreases as
function of wavenumber. This trend also correlates with the
differences in the magnitude and slope of the SERS backgrounds
for the vertical and horizontal polarizations. On a wavelength
scale, the difference between the 341 cm™ and 670 cm™ SERS
bands is about 22 nm, an amount that can matter when
considering the relative width of the oligomers' plasmon
resonances. The behaviour followed by both the enhancement of
SERS bands and background, could thus be explained by
different spectral profiles of the plasmon resonances excited by

640
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Wavenumber (cm™)
Fig. 5 (a) AFM 3D image of a Au@TDSP NP pentamer; inset
40 schematizes the structure used for FDTD simulations; (b) SERS spectra
and images (inset) of Cresyl Violet on this NP pentamer, for the incident
polarizations indicated by arrows.

T
400

each polarization. This is in agreement with previous results
demonstrating that the profile of the SERS spectrum can follow
s the profile of the overlapping plasmon resonances.?? It is
premature to explain the exception of the most intense band at
589 cm™ from this trend. Probably, as different sets of molecules
are actually probed at different locations (location of enhanced
fields in each polarization) in the two configurations, some
so molecules could be differently oriented with respect to the metal
surface, leading to a different degree of enhancement of different
vibrational modes. This suggestion could be corroborated with
the peculiar appearance of a SERS band at 360 cm™, which was
not observed systematically throughout the experiments (see
ss Spectra in Figures 3 and 5). For the pentamer, the largest intensity
signal was acquired for the 135° incident polarization (roughly
oriented along the pentamer longest axis), and is about 8 times
larger than the least intense signal acquired for the 45°
polarization (Figure 5). A change of band intensity ratio was also
0 observed for the NP pentamer analyzed here. However, the
behaviour is not so prominent, and the most striking effect on the
pentamer remains the difference in the intensities for the different
polarizations.
A strong dependence of the SERS signal on the polarization of
es the excitation beam was observed for several oligomers of
different geometries. A modification of the SERS bands relative
intensity ratio was also observed, which correlates with the
background spectrum, and possibly with the underlying
plasmonic profile. This behaviour is in agreement with previous
70 results on ordered arrays of elongated nanoparticles made by
electron lithography.? Our results confirm that the behaviour is
valid also for chemically synthesized NP oligomers, highlighting
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the general nature of such effects.

SERS simulations

In order to understand the origin of these polarization effects on
the signal enhancement, we performed FDTD simulations based
on the LDOS approach, as described previously and in the ESI.
Notably, in Raman scattering, if one neglects the local field effect
responsible for the excitation enhancement and considers only the
influence of polarization on the emission field, one expects the
enhancement to scale as:

D(r.w’
e ®
In the calculations, the Raman spectrum RS(w') was firstly
constructed as a sum of Gaussian Peaks with a standard deviation
of 5 cm™ and centred on 340, 400, 470, 490, 590, 680 and 750
cm?, with relative amplitudes of 2, 1, 2, 0.5, 4, 1, 05,
respectively. In a second step, we determined the LDOS D;(r, @)
of emitters located at well-defined positions, with well-defined
orientations of the dipoles in the oligomeric structures.We
proceeded, in exactly the same excitation conditions, for emitters
located on top of the glass substrate, taken as a reference and
obtained D;(w").
Finally, we calculated the enhanced Raman spectrum as:

Dy (r,w')

RS(w ) * i)

4)
The results of this approach are illustrated in Figure 6. Clearly,
such calculations fully reproduce the observed experimental
behaviour. The simulated spectra displayed in Figure 6a for the
trimer shows an enhanced Raman signal for the vertical incident
polarization, which is 7 to 40 times larger than that for the
horizontal polarization. It also shows that not only polarization
matters, but the position of the emitter (Raman reporter) also
plays an important role. In Figure 6a, the solid lines pertain to an
emitter located in the centre between particles 1 and 2 (see inset).
These two particles are very close to each other, giving an
enhancement in the vertical polarization 40 times larger than in
the horizontal polarization. On the contrary, the dashed lines
pertain to an emitter located at the centre of the gap between
particles 1 and 3. The gap between these two particles is bit larger
than between particles 1 and 2. Accordingly, the enhancement is
less spectacular. As the orientation of this dimer is closer to
horizontal, the enhancement is now maximal for the horizontal
polarization, and is only 4 times larger than that in the vertical
polarization. Considering both locations of the emitters, giving a
maximum enhancement as light is polarized either in the vertical
direction (solid blue line) or in the horizontal position (dashed red
line), the relative enhancement between vertically and
horizontally polarized emitters in the trimer is 7, i.e. very close to
the observed experimental enhancement. The geometry of this
trimer, with particle 1 smaller than the other two particles (see
inset in Figure 6a) is reminiscent of a structure proposed by Li et
al.,% for which a 'nanolens' effect develops the nanofocus effect
(hottest spot) in the gap between the smallest nanospheres, where
the local fields are enhanced.

By estimating the ratio 1V/1" for the bands at 341, 465, 589, and
670 cm™ this ratio is 7.34, 7.18, 7.07, and 7.01 respectively.
Although the differences are not spectacular, they clearly
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Fig. 6 Simulated enhanced Raman spectra of: (a) the Au@TDSP NP
trimer, for the two indicated incident polarizations, with the emitter
located in the gap between particles 1 and 2 (solid lines), and between
particles 1 and 3 (dash lines); (b) the Au@TDSP pentamer, for multiple
polarizations as indicated, with the emitter located in the gap between
particles 3 and 4.

replicate the trend observed in the experiments, the ratio
decreasing as the wavenumber increases.

Concerning the semi-elongated pentamer, results indicated that
both the dipole orientation and spatial location of the emitter in
the structure play an important role in the enhancement effect.
The situation where an emitter is located in the gap between
particles 3 and 4 (inset in Figure 6b), which has shown the
maximum calculated enhancement, is displayed in Figure6b. In
this case, the enhanced signal for a vertically polarized incident
beam is larger than for any other excitation polarization (i.e. 0°,
45°, 135°) by a ratio of 3.

These simulations confirm the important role played by the
orientation of the polarization with respect to the interparticle gap
axis. They also show that the enhancement experienced by a
Raman scatterer is strongly affected by its location within the
oligomer. Thus, the experimental results obtained can be
interpreted mainly as being strongly determined by the relation
between the incident laser polarization and the oligomer
geometry. It is also important to emphasize that the FDTD
simulations based on the LDOS approach pretty well reproduce
experimental results, even for fine details such as the
modification of the relative band intensity. As the LDOS probes
the plasmonic modes at the emission frequency, our simulations
support an interpretation of SERS enhancements beyond the E*
approximation.??

SEF experiments

We performed fluorescence confocal microscopy on individual
Au@SiO,@Rhodamine B NP oligomers containing varying
number of NPs and interparticle orientations. This was done in
order to determine the influence of the various enhancement
factors on the emission spectra and spontaneous decay rates of
the fluorescence emitters grafted on the surface of Au@SiO,
NPs.

Figure 7 shows the normalized fluorescence decay profiles
recorded for various specific geometries of the NP oligomers,
varying from a single monomer (a) to dimers (b), trimers (c),
tetramers (d), pentamers (e) and higher order multimers (f). For a

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Fluorescence decay curves of Rhodamine B on the Au@SiO,@Rhodamine B NP oligomers shown in the AFM images next to each panel. The
black curve corresponds to isolated Rhodamine B molecules in solution. Values of the estimated decay times are given in the legends. For each panel, the
AFM images and legend information are correlated by their vertical positions and colour code.

s given panel, the correlation between the AFM images and the
curves on the graph is given by both the vertical position and
colours of the numbering. On each panel, the decay profile of
Rhodamine B molecules dispersed in a 10 M (in order to avoid
aggregation) ethanol solution is shown for comparison (black

o curve). Let us note immediately that the typical single
exponential decay profile observed for Rhodamine B in solution
is not recovered from Au@SiO,@Rhodamine B NP oligomers.
Although the core-shell particles synthesized in this study are
well controlled in size, shape and the spacing (~20 nm) between

15 the dye molecules and the Au core surface, i) the NPs are never
perfectly spherical, ii) the silica shell acting as a spacer presents
typical roughness and is not uniformly thick (see Figure SI-2,
ESI), and iii) the orientation of the molecules with respect to the
Au core surface is currently impossible to control experimentally.

20 These factors make i) the surface plasmon resonance shifting in
frequency and ii) the strength of the dipole-dipole interaction
between the molecules and the Au cores changing from one NP
to another. These factors clearly explain the origin of the non-
exponential decay profiles.

25 Another significant feature exhibited in Figure 7 is the expected
significant shortening of the decay times once the emitters
experience the proximity of the metallic cores instead of being
isolated in ethanol. At least a 10-fold shortening (that can
possibly reach a 100-fold) is observed depending on the specific

30 geometry of the oligomers, induced by the modified LDOS

around the plasmon resonance. In order to appropriately fit such
decay profiles, we used a stretched exponential function:

1(6) = loexpit-()P), ®)

by introducing a stretching parameter 0<p<1 in the logarithmic

35 time, featuring a whole distribution of decay times, convoluted
with the instrumental response function (IRF, red curve in each
panel). The decay time (mean relaxation time) is then obtained
from the relation:

<r>=%‘r(%), (6)

40 where I' is the gamma function. For § = 1, the exponential decay
with 1= 1t is recovered and, as f} strongly departs from 1, more
exponential relaxations are involved in the superposition. In
Figure7, these fits appear as grey dashed lines superimposed on
the experimental data. The adequacy of the fits is clearly noticed,

«s and the mean decay times indicated in the legends of Figure7 are
estimated within 10 % accuracy, based on the covariance matrix
of the performed least square analysis. The determined decay
rates " obviously include a radiative and a non-radiative part, as:

1
$=F=Fr+rnr: (7)
s0 the latter being essentially due to Ohmic losses in the Au cores.

Depending on the geometry, for oligomers consisting of the same
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Au@SiO,@RhodamineB NP oligomers.

number of NPs, decay times varying by a factor larger than 5 may
s be observed, as demonstrated for two very similar dimers (Figure
7b) and likewise for two very similar tetramers (Figure 7d). A
pentamer (no.11 in Figure 7e) exhibited such a short decay
profile that it could not be fitted reliably. Moreover, this pentamer
does not deliver enough radiative emission counts. The exact
10 geometry of the oligomers and the competition between the
radiative and non-radiative decay channels at the position and
orientation adopted by the molecules thus largely determine the
radiative efficiency.
Figure 8a shows a correlation plot between the Purcell factor,
1s determined experimentally as:

F=—
Iy

(®)

(T is the total decay rate of the emitters grafted to a specific
oligomeric geometry and Iy is the total decay rate of the emitters
in ethanol), and the total number of counts delivered by the
20 structure. The trend exhibited by the correlation plot is not very
clear: the plot is neither correlated nor anti-correlated.
Nevertheless, it is not a random cloud of points either. Two lines
seem to increase prior to reaching a saturation level at about
F=40 and F=60. Furthermore, the ellipse drawn in top-left corner
25 of Figure 8a comprises three points for which the number of
counts is minimum for a maximum Purcell factor. Here, the non-

radiative part of the Purcell factor seems to play a major role.
Finally, the two drawn circular zones each enclose two points
exhibiting approximately the same number of counts for the same
Purcell factor, for different oligomeric arrangements. The first
such zone is in the saturation zone of the Purcell factor F=40 and
involves a dimer and a trimer. The second is in the saturation
zone F=60 and involves a packed hexamer and a tetramer. As
these zones further correspond to a minimum integrated number
s of counts for the given F saturation level, these oligomers
maximize the number of their non-radiative decay channels. On
the contrary, an extended hexamer (no.15 in Figure 7) exhibits
the largest recorded number of counts at the same plateau value
F=60 as the packed hexamer (no.14 in Figure 7). For statistically
2 the same number of molecules grafted on the packed and
extended hexamers, the latter thus maximizes the radiative
emission.
We measured the fluorescence spectra simultaneously with the
decay rates, owing to the 50/50 beam-splitter introduced in the
detection path. Such an observable provides exquisite information
about the exact frequency range in which the surface plasmon
enhancement of the oligomer takes place, whether its effect
manifests in the form of the local-field or LDOS enhancements.
Figure 9 shows the normalized (with respect to the maximum,
so indicated in the inset) fluorescence spectra of the oligomeric
arrangements corresponding to the decay profiles of Figure 7.
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Most spectra are red-shifted (to different extents), with respect to
the spectrum of isolated Rhodamine B molecules in solution.
On an average, one might reasonably assume that as the number
of NPs constituting the considered oligomers increases (from
10 Figure 9a to 9f), so does the number of grafted molecules per
oligomer and thus the number of counts delivered by this
oligomera behaviour consistent with radiative emission. A
notable exception to the last two statements is the blue shifting of
the spectrum of pentamer no.11 in Figure 9e concomitant with a
15 low value of its maximum intensity. This pentamer also exhibits a
very short decay time (Fig. 7e), which, in terms of spontaneous
emission rate can be either due to a large radiative decay rate or a
large non-radiative decay rate (see eq.7). As the emission
intensity of this oligomer is very low, undoubtedly this particular
20 pentamer favours non-radiative losses. Together with the long
wavelength shift exhibited by most spectra, one often observes an
enhancement of the vibronic shoulder of Rhodamine B. This
vibronic shoulder enhancement can also be drastically different
for the same type of oligomer. Dimer no.2 shown in Figure 9b for
s example, which exhibited a 5 times lower decay rate
enhancement (Figure 7b) than dimer no.3, develops a significant
vibronic peak. It appears that, for some reason, more energy is
dissipated in vibrational motion instead of radiative emission in
dimer no.2 as compared to the no.3, a process very favourable to
30 SERS observation. Even more significantly, an extended trimer

(no.6) in Figure 9c exhibits a huge vibronic shoulder as compared
to the one shown by the triangular trimer (no.7). In this case, the
decay rate of the extended trimer was more than twice as large as
that of the triangular trimer (Figure 7c), which makes the
previous argument difficult to sustain: this extended trimer
distributes more radiative energy and vibrational dissipation than
the triangular trimer, i.e. a situation favourable to both SERS and
SEF.

As such, we showed in this section that, depending on the
a0 oligomer geometry, a 10 to 100-fold shortening of fluorescence
decay times is observed. Most spectra are red-shifted (to different
extents), with respect to the spectrum of isolated Rhodamine B
molecules in solution. Also, the dependence of the Purcell factor
on integrated emission intensity shows an interesting behaviour:
given saturation levels are observed around F=40 and F=60. It is
not completely clear up to now, why such plateau occur and what
is the exact role of the oligomer's geometry on the distribution of
energy in radiative and non radiative channels.

3

@

4

o

SEF simulations

so0 The experimental geometries of the NP oligomers obtained by
AFM (see Figures 7 and 9) have been used to generate the
numerical arrangements, so that the relative position and size of
each core-shell particle constituting a given oligomer are
precisely set. Although the Au core diameter varies slightly from
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Fig. 10 Simulated emission spectra (normalized) for the indicated oligomer configurations. Insets report values of the total integrated spectrum and decay
time.

particle to particle (TEM images in Figure SI-2), one cannot situated on a substrate. This substrate was also taken into account
s distinguish them by AFM. Hence, this parameter has been set =0 in the simulation. Considering the monomer (Figure 10a), we
uniformly at 50 nm. In all cases, a single impulsive dipole current envisaged 4 different polarization conditions. We assumed the
source (emitter) was used, with its position centred at best in the emitter to be located either i) on the side of the particle, i.e. 50
oligomer, taking care that it indeed resides at the surface of a nm away from the substrate and polarized either normally or
core-shell particle. At first, the orientation of the dipole has been tangentially to the particle or ii) at the interface between the
10 taken along x-axis in all simulations. In a second step, we s substrate and the particle with its polarization either tangential or

&

proceeded to some polarization refinement in order to obtain a normal to the particle. Case (ii) clearly provides spectra that are
better agreement with the experimental results. more red-shifted than case (i). However, the latter case provides
Figure 10 shows the obtained simulated spectra S(w) (see ESI for the largest decay times, possibly exceeding the decay time of an
the procedure) for some monomers (a), dimers (b), trimers (c), isolated emitter in the case where it is located at the interface and
15 tetramer (d), pentamer (e) and hexamers (f). In the legend of each 4 polarized tangentially to the sphere (and parallel to the substrate).
panel are indicated the values of the total integrated spectrum: The corresponding experimental spectrum (Figure9a) and decay
o time (Figure 7a) undoubtedly results from the superposition of

S= fo S(w)dw ©) the responses provided by the single emitters involved in cases (i)

and (ii) and many more configurations.

s In the case of the dimers (Figure 10b), the red-shifting of the
spectra is more pronounced in the oblique-oriented dimer than in
the vertical dimer, in accordance with the experiments (dimers
no.2 and no.3 in Figure 9b), with the emitter dipole in the x-
direction. However, their respective decay times and integrated
intensities do not evolve exactly as in the experiment. Many more
configurations of the polarizations and locations of the emitters
are needed to reproduce the experimental data.

The packed and extended hexamers shown in Figure 10f have
been excited with a polarization along x-axis (horizontal) and
ss along the oligomeric “chain” axis, respectively, as seen in the

and decay time tg of the single emitter, for each polarization

indicated by a double arrow drawn on the specific considered
20 oligomer. These values are collected in Figure 8b, for the sake of
comparison with experiments (Figure 8a). Figure 10 clearly
shows that all oligomeric spectra are red-shifted, similar to what
was observed in the experiments. The overall agreement between
simulated and experimentally (Figure 9) recorded spectra is
generally good, with a few exceptions. The calculated decay
times tr (and Purcell factors F) match reasonably well with those
obtained from experiments (Figure 7).
Let us recall first that the oligomers in the experiments were
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insets. Their spectra are both equivalently red-shifted with respect
to the case of the isolated molecule and show integrated
intensities that evolve in a way similar to the experiments
(oligomers no.14 and no.15 in Figures 9f and 7f). However, the
packed hexamer exhibits a decay time numerically larger than
that estimated experimentally. For the extended hexamer, the
numerical and experimental decay times are in very good
agreement. Figure 8 further exemplifies this difference. Although
experimentally both hexamers have a similar Purcell Factor F ~
60, the packed hexamer is much below this line with F ~ 20 and
the extended hexamer has a F value which closely reaches this
line, both hexamers displaying a relative position of their
integrated counts which nicely matches the experiment. Clearly,
in the packed hexamer, the x-polarization of the emitter(s) has not
been chosen experimentally, while a polarization along the main
direction of the extended oligomer has certainly been selected.
The behaviour shown by the tetramer in Figure 10d embodies
at once the experimental configuration of oligomer no.8. Indeed,
for a single x-polarized emitter centred on the structure, the
spectrum exhibits a red-shift comparable to the experimental one
(Figure 9d) and the decay time tz almost exactly matches the
experimental value (Figure 7d). The correlation plots of Figure8
clearly show the good matching between the experimental and
numerical situations for this tetramer with a Purcell factor F ~ 60,
and 70, respectively.
The last two arrangements considered were subjected to
considerable refinement in order to better match experimental
results. The packed pentamer of Figure 10e, which
experimentally exhibits a strong blue-shift of its spectrum
(oligomer no.11 in Figure 9e) and a drastic shortening of its
decay time (Figure 7e), was excited by a single emitter in three
different orthogonal polarizations. It has been excited with i) the
polarization in the plane and parallel to the longest side of the
structure (inset in Figure 10e), ii) the polarization in the plane
and perpendicular to the longest side of the structure and iii) the
polarization out of the plane of the structure. Unfortunately, we
could not recover the blue-shift of the spectrum with either of
these polarizations. Nevertheless, cases (ii) and (iii) provided
very short values of the decay times and integrated intensities
compatible with the experiment. This is better seen in Figure8, in
which the (S, F) coordinates of the experimental and numerical
points for this oligomer belong to the same region on the graphs.
On the other side, the extended trimer shown in Figure 10c,
which presents a huge vibronic peak ~ 630 nm (oligomer no.6 in
Figure 9c¢) and a very short decay time (Figure 7c¢) has been
simulated with polarizations along and perpendicular to its main
axis. As none of these polarizations provided either the large
vibronic peak or the decay times and integrated intensities
compatible with experiments, we carefully reconsidered the
geometry of this oligomer and questioned the nature of the
particle at the upper right end of the structure. Instead of a single
particle this may very well be a small dimer that would not have
followed the regular path of the synthesis, resulting in a dimeric
species formed by two Au cores that were only partially coated
by silica. To investigate this possibility, we numerically
constructed such a hypothetical geometry, where the top-right
particle is replaced by a small dimer, constituted by two Au core
particles separated only by 10 nm from each other, due to a
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supposed incomplete silica shell formation and possessing a
single emitter at the centre, oriented along the axis of this dimer.
Figure 10c shows this simulated structure, which very much
resembles the corresponding AFM image in Figure 7¢ (oligomer
no.6) together with its spectrum, integrated counts and decay
time. With this geometry and excitation conditions, we were able
to reproduce the vibronic peak, in agreement with a reported
study on the interaction of particles in a dimer.>* Furthermore, the
integrated intensity and Purcell factors match qualitatively with
the experiments as shown in Figure 8, where this structure
appears both experimentally and numerically in the same region
of the graph (note that in this figure, the Purcell Factor has been
significantly reduced to fit in the graph, compared with the value
reported in Figure 9c). Finally, let us note here that the plateaus at
F ~ 40, F ~ 60 observed experimentally on the correlation plot in
Figure8 are also noticed numerically, while only slightly shifted.
These LDOS-based simulations were able to satisfactorily
reproduce many features observed in the experimental spectra,
such as red-shift of the fluorescence emission spectra, decrease of
the decay time, enhancement of emission intensity, emission rate
enhancement, proving the robustness of the method. Further,
these simulations allowed investigating the role played by many
factors such as the geometry of the plasmonic oligomer,
polarization, the position of the emitter within the oligomer.
Corroborated with the experimental observations, these support a
SEF mechanism intimately connected to dipole-dipole and higher
multipole-dipole interactions between the plasmon resonances of
the oligomer and the emitters, respectively. The development and
application of a framework taking these effects into account in
complex geometries based on spherical particles could lead to
new understandings in the plasmonics field.

Conclusions

Arrays of plasmonic oligomers made of either ligand protected
Au or Au@SiO, core-shell colloidal nanoparticles were
fabricated by AFM nanoxerography. AFM imaging allowed
mapping the precise geometry/configuration of several NP
oligomers. By confocal Raman/fluorescence microscopy, the
SERS/SEF response of molecular Raman reporters/fluorophores
adsorbed on the plasmonic oligomers was investigated. SERS
studies on Au NP oligomers demonstrated a strong dependence of
the SERS emission on the polarization of incident light relative to
the specific geometry of the plasmonic oligomer. Moreover, we
demonstrated by FDTD simulations on equivalent realistic
structures, that a LDOS framework can reasonably predict such
behaviour. The SEF studies, performed on a large collection of
NP oligomers of various configurations showed interesting
fluorophore decay rate modification and red-shift of the emission
spectra. By employing a confocal FLIM microscope,
fluorescence spectra and lifetime decays were simultaneously
obtained for each individual oligomer, and these were correlated
with the morphology of the oligomers. The experimental results
were again well analyzed from a theoretical standpoint, within the
LDOS framework. The polarization and location of the emitters
have been shown to play an important role on the SEF properties.
The saturation levels of the Purcell factor F observed both
experimentally and numerically are intriguing features, which
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clearly require further investigations. The proven potential of the
LDOS approach as a very useful common tool for analyzing both
SERS and SEF effects is one of the highlights of this work. The
effect of the local density of states on emission properties could
indeed be applied to SERS and SEF, which are both radiation
processes. Raman scattering can be viewed as an absorption
followed by an emission, just as fluorescence, with the specific
condition that the excited state lifetime is much shorter, the
process being nearly instantaneous. The LDOS therefore can play
a decisive role on both Raman emitted (scattered) and
fluorescence emitted photons. Since plasmon modes can strongly
modulate the LDOS, the SERS/SEF photons can thus be also
modulated through the LDOS. We hope that our results will
encourage other joint studies of SERS and SEF, which should
provide useful insights not only for SERS and SEF, but also for
the field of plasmonics itself.

From the practical point of view, we anticipate that AFM
nanoxerography could be further refined to better control the
location of NPs within the oligomers, or the orientation of NPs
possessing anisotropic shapes. Then, one could build oligomers
made of NP colloids possessing simultaneously both SERS and
SEF reporters.>® We envisage such an approach in future studies,
aiming at SERS/SEF analyses as those detailed in this paper, but
performed on the same set of plasmonic oligomers.

Finally, we give some suggestions regarding the application
potential of such oligomer arrays. Many kinds of SERS-based
sensing schemes could be proposed, but a particular example
which would exploit the morphology of these oligomer arrays is
for multiplexed detection. By depositing mixtures of multiple
analytes at very low concentrations over an oligomer array, one
would expect that, statistically, the molecules are randomly
adsorbed on the oligomers. Due to the low concentrations and the
very low analysis volume (hot-spots within oligomers) one can
then expect that the SERS spectrum recorded at a given oligomer
would be dominated by one type of adsorbed analyte. Because
each oligomer in an array can be addressed individually, by
analyzing a collection of SERS spectra from many oligomers, e.g.
by cluster analysis, the possibility opens to identify multiple
analytes. Another possible application, exploiting the polarization
sensitivity, is also high-security hidden barcodes/tags for
counterfeiting control. For example with well-designed oligomers
one could selectively read signals from molecules positioned at
given specific locations within the NP oligomer. In turn, SEF
effects in larger, chain-like plasmonic oligomers hold promise for
plasmonic waveguiding/switching or lasing.
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