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ABSTRACT: Coupling noble metal nanoparticles by a 1 nm gap to an underlying gold
mirror confines light to extremely small volumes, useful for sensing on the nanoscale.
Individually measuring 10 000 of such gold nanoparticles of increasing size dramatically
shows the different scaling of their optical scattering (far-field) and surface-enhanced
Raman emission (SERS, near-field). Linear red-shifts of the coupled plasmon modes are
seen with increasing size, matching theory. The total SERS from the few hundred molecules
under each nanoparticle dramatically increases with increasing size. This scaling shows that
maximum SERS emission is always produced from the largest nanoparticles, irrespective of
tuning to any plasmonic resonances. Changes of particle facet with nanoparticle size result

in vastly weaker scaling of the near-field SERS, without much modifying the far-field, and

allows simple approaches for optimizing practical sensing.

S urface-enhanced Raman spectroscopy (SERS) is an
extremely powerful tool for sensing small molecular
quantities at the nanoscale.”” For SERS, plasmonic nanostruc-
tures are used to focus light down to tiny volumes containing
the analyte molecules. Countless different SERS substrates have
been developed over the past decade, including bowtie antennas,

nano rings,” nanovoids,” or nanoparticle aggregates.””* Never-

theless, a major problem is reproducibility: often the SERS signal
differs among different nanostructures (or spots on the sample)
due to variation in morphologies of nanostructures, and only very
few sites exhibit the highest SERS enhancement. Hence it is
advantageous to combine SERS with another faster spectroscopic
technique to preselect promising nanostructures according to their
plasmonic properties. A straightforward way is dark-field (DF)
spectroscopy, which analyses light scattered from the nano-
structures. It has the potential to be extremely fast” and can be
combined with imaging techniques to rapidly screen a large
number of nanostructures at once. However, the key for such
screening is in understanding the connection between the near-
field (SERS enhancement) and far-field (scattering) properties
of the nanostructures. Until now, this correlation has been hard
to study as both the confined optical fields and the molecular
orientations must be precisely constrained.

Each given gold nanostructure has a number of plasmonic
resonances, and tuning the excitation laser to these wavelengths
can greatly enhance the SERS intensity.'"”'> However, the
necessary broadband tunable lasers are still expensive and bulky
and widely tuning the Raman filters is complicated. A second
approach is instead to tune the plasmonic system to a given laser
wavelength either by changing the composition of the nano-
structure ' or by tuning the separation of two coupled systems.'*'®
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Here we instead simply scale the size of the nanoparticles, as this
provides not only an easy method to tune the plasmonic reso-
nance but also scales the strength of the resonant enhancement.
Surprisingly this has not been carefully studied for single coupled
nanoparticles before.

As a model system we use here the nanoparticle on mirror
geometry (NPoM) consisting of individual gold nanoparticles
placed on a continuous gold film separated by only a thin organic
or semiconductor spacer layer (Figure 1a). The localized surface
plasmons in the isolated gold nanoparticles couple to image
charges induced in the gold film and thereby form a coupled
plasmonic mode, which is tightly localized within the gap between
nanoparticle and gold film. This geometry is easy to fabricate
through self-assembly, allowing us to study thousands of identical
plasmonic systems on a single substrate,® and is highly repro-
ducible. The large field enhancement enables spectroscopy of
extremely small material quantities including monolayer materials
of BN, MoS,, and CdSe,'”"® self-assembled monolayers,' and
down to single lipid molecules in lipid membranes.”” Here we use
a biphenyl-4-thiol self-assembled monolayer as a spacer, which
provides a reproducible and strong SERS signal when assembled
inside the nanoparticle on mirror geometry. Without the nano-
pa.rtlcles, no Raman signal can be obtained from such layers."”

The “spherical” gold nanoparticles, both homemade (see
Methods) and purchased from different suppliers, have a variety
of different crystal shapes with size distribution of widths between
3 to 7 nm (Figure 1b). The average nanoparticle size for each
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Figure 1. (a) Schematic nanoparticle on mirror (NPoM) geometry. (b) Scanning electron microscopy (SEM) images of different-sized nanoparticle
batches used. Average size was determined from 200 different nanoparticles (see SI). Scale bars are 70 nm.

sample is determined by evaluating SEM images of 150 nano-
particles per batch (see Supporting Information (SI)). In order to
fully account for this inhomogeneity we perform spectroscopy of
over 10000 individual particles in an automated unbiased
way (Figure 2). Our custom-built Raman spectrometer uses a
632.8 nm HeNe laser coupled into a dark-field microscope, which
is equipped with a computer controlled xyz-stage, and detected
through laser-blocking filters by a monochromator and EMCCD
camera. A second fiber-coupled spectrometer is used to record
the dark-field spectra of each NPoM, with all the spectra back-
ground corrected and normalized to scattering off a broadband
Lambertian scattering plate to thus compensate for chromatic
aberrations in the optics and spectrometer. An imaging CCD
camera is used to automatically find and center each particle,
and subsequently dark-field (scattering) spectra at different focal
heights (z) are recorded to compensate for chromatic aber-
ration.'® Raman spectra are then recorded at the optimum height
for 632.8 nm excitation as determined from the previously re-
corded z-stack. This is automatically repeated for over 1000 parti-
cles per sample (eight samples with different average particle sizes).

In DF images (Figure 3a), each nanoparticle-on-mirror appears
as a green dot surrounded by a red ring. The green dot originates
from the transverse (uncoupled) mode around 530 nm. The red
ring stems from coupled modes, which are scattered toward
angles of ~60° with respect to the sample surface.”’ The DF
spectra reveal both the first and second order coupled modes: the
fundamental bonding dipolar plasmon (BDP) is found at longer
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wavelengths, while the bonding quadrupolar plasmon (BQP) is
located at shorter wavelengths between the transverse mode and
the BDP. The BDP has the strongest nanoparticle size depen-
dence (Figure 3c), shifting twice as much as the BQP, while the
transverse mode barely shifts (27 times less shift). The average
resonance positions with nanoparticle radius r [nm] shift near
linearly as

Agpp = (528 + 21) nm + (6.44 + 0.59)r
Apqp = (528 + 9) nm + (3.14 + 0.26)r

Aians = (525 £ 5) nm + (0.24 + 0.07)r (1)
This matches well our recent model for the BDP mode based on
lumped electrical components (gray dashed line, Figure 3c),””

with the intercepts given by 4,/ + 2¢, (for plasma fre-

quency A, permittivity of surrounding medium &, and back-
ground Au &,,). Simultaneously, we extract the scattering inten-
sities and spectral widths (Figure 3d). The scattering intensity of
the BDP mode scales approximately as r°, which is expected from
the classical model of polarizability.”* At the same time the mode
broadens by approximately 50% (FWHM) as it is red-shifted.
In order to correlate near- and far-field properties, we record
both scattering and SERS spectra for each nanoparticle. The
SERS spectra of biphenyl-4-thiol are highly reproducible among
different nanoparticles and remain stable over time.'” As a
proxy for the near-field enhancement we use the SERS intensity
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Figure 2. Schematic Raman/dark-field setup. Pump laser coupled into
fully automated microscope with high NA (0.8) 100X objective; Raman
emission is isolated with monochromator and EMCCD. Dark-field (DF)
scattering spectra are collected by a second fiber-coupled spectrometer.
Insets show representative scattering (top) and SERS (bottom) spectra
from a single gold nanoparticle on mirror.

of the 1583 cm™ vibration of the two phenyl rings (other modes
show a similar behavior, see Figure S4). For the far-field
properties we use the resonance wavelength of the BDP mode as
it has the highest sensitivity to small size changes. Overall, larger
Raman intensities are observed with increasing nanoparticle size
(Figure 4a). Similar behavior has been found before for indi-
vidual nanoparticles in solution.”*** However, as recently reported,
this behavior seems not to hold for gold nanorods.”® Doubling the
NP size from 50 to 100 nm increases on average all Raman modes
by a factor of S.

To Dbetter characterize the inhomogeneous nanoparticle
distributions, we correlate the SERS and dark-field spectra of
over 10 000 individual nanoparticles. For clarity the data is shown
in a binned form, sorted according to their BDP resonance
wavelength (Figure 4b, with marker size corresponding to the
number of particles in the respective bin). Although the SERS
signal increases with increasing nanoparticle size (dashed line),
this increase is not linear and can be subdivided into two regions
with different scaling revealed on a log—log plot (Figure 4c).
Both regions are separated by a peak where the BQP modes is
resonant with the Raman laser.

For comparison, we have performed complementary FDTD
simulations of spherical nanoparticles on mirror (separation =
1.3 nm, refractive index = 1.45). We use the product of the
near-field intensity at the laser wavelength |E(4,,.,)/Eol* and at
the Raman wavelength |E(Asgrs)/E,l* multiplied by the number
of molecules n in the hotspot area as a gauge for the experi-
mentally observed Raman signal. Despite showing two similar
regions (see SI), the absolute values of the scaling are very
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Figure 3. Plasmonic properties of nanoparticles-on-mirror of different sizes. (a) Typical darkfield image for 80 nm gold nanoparticles on a biphenyl-
4-thiol self-assembled monolayer on an atomically smooth gold film. (b) Scattering spectra of different sized particles. (c) Evolution of the coupled
modes (BDP and BQP) and the uncoupled (transverse) mode with increasing nanoparticle size, with prediction from LCR model (gray dotted).”*
(d) Integrated scattered intensity of the BDP as a function of nanoparticle size. Marker size shows broadening of the BDP for larger nanoparticle

sizes. Inset: log—log plot showing characteristic r° dependence.
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Figure 4. Correlation of SERS intensity and scattering resonance.
(a) SERS spectra of a biphenyl-4-thiol self-assembled monolayer in the
NPoM geometry with different nanoparticle sizes. the inset shows an
enlarged view of the phenyl mode at 1583 cm™. (b) SERS intensity as
a function of the BDP resonance wavelength for over 10000 single
nanoparticles. For clarity, the single points are binned, and marker size
gives the number of single spectra per bin. (c) Log—log plot of the
average SERS intensity versus nanoparticle size.

different, with the experiments showing *°, while simulations
show 17, This difference of theory and experiment can only be
understood in terms of the nanoparticle shape: with increasing
nanoparticle size the particles become increasingly nonspherical
exhibiting increased facet sizes (Figure 1b and Figure S). The
majority of all nanoparticles are not spherical but show different
crystal habits, with three examples for observed nanoparticle
shapes shown in Figure Sa. Figure Sb shows the extracted facet
diameter for different nanoparticle sizes. To estimate how face-
ting affects the SERS signal, we explore a simple model of how
the smearing out of the trapped near-field over a larger area
underneath the larger facets will reduce the maximum near-field
strength. Assuming that the same near-field power is distributed
over a larger area (given by the facet radius a), this thus
decreases the nearfield intensity as a> (and therefore the SERS
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Figure S. Gold nanoparticle faceting and impact on SERS enhancement.
(a) SEM images and reconstructions of faceted nanoparticles with
different shapes (from top to bottom): cuboctahedron, rhombicubocta-
hedron, and pentagonal bipyramid. The colors correspond to different
lattice planes. (b) Nanoparticle facet size for different average nano-
particle sizes (measured from SEM images). (c) Experimental SERS vs
nanoparticle size together with FDTD simulations assuming suitably
faceted nanoparticles. The gray dashed line shows the scaling, which is
predicted for spherical particles (see SI).

by a™*). To give a more rigorous picture including the appear-
ance of new near-field modes'®*” and spectral shifts due to the
faceting, we have performed FDTD simulations using circular
facets with the characteristic facet diameters shown in Figure 5b
for different nanoparticle sizes (keeping the nanoparticle volume
constant; see SI). These simulations indeed show a very strong
decrease of the Raman enhancement dependence (to r*')
matching the experimentally observed scaling for smaller sizes.
The increasingly dominant facets on larger nanoparticles spread
out the confined optical field, thus reducing the maximum
enhancements possible. Stable large spherical nanoparticles are
thus desirable, but currently unattainable. For the largest sizes,
our simulations predict a decrease of the SERS signal instead of
the experimentally observed increase. We believe that this is due
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to our use of truncated spheres instead of the more complex true
nanoparticle shapes, which are polyhedral. In spite of this, our
model captures well the dramatic reduction in SERS compared
to that expected from nanoparticle size scaling of the far-field
scattering.

In conclusion, our results suggest that only changing the
nanoparticle size in order to match one of the plasmonic reso-
nances to either in- or out-coupling is not an efficient way to
boost the SERS signal. Rather, using the largest possible
nanoparticle size will produce the largest SERS signal. We observe
that the increase of the SERS intensity (o< r*) with nanoparticle
size is lower than the increase in scattering (o 7°). This is intrinsic
to the nonresonant Raman spectroscopy and the increasingly
nonspherical nanoparticle shapes. The shape alters both the near-
field intensity and lateral distribution of the near-field, affecting
the strength of the Raman signal. The fact that the near-field is
much more strongly affected by the detailed nanoparticle mor-
phology than the far-field response is a very general phenomenon
in all tightly confined plasmonic cavities.

B METHODS

Sample Preparation. Atomically smooth gold substrates were
prepared by evaporating 100 nm gold onto a clean silicon wafer
(1 A/s, Kurt J. Lesker ebeam evaporator). Subsequently, the
wafer was heated to 60 °C, and small silicon pieces were glued
to the freshly evaporated gold using Epo-Tek 377 epoxy glue.
After curing the glue for 2 h at 150 °C and slowly cooling down,
the silicon pieces can be peeled off revealing an atomically
smooth clean gold surface. The wafer was stored, and gold pieces
were peeled off on-demand.

Self-assembled monolayers of biphenyl-4-thiol (Sigma-Aldrich,
97%) were formed by submerging the substrates in a 1 mM
solution in anhydrous ethanol (Sigma-Aldrich, < 0.003% H,0)
for 22 h. The samples were thoroughly flushed with ethanol to
remove any excess unbound thiol (confirmed by the absence
of the characteristic —S—H stretch vibration in Raman) and
blown dry.

Standard gold nanoparticles (Au NPs) in a citrate buffer were
purchased from BBI solutions (80 nm, 100 nm) and Cyto-
Diagnostics (70 nm, 90 nm). Additional samples (40—68 nm)
were made in a three step seeded synthesis following the
method of Ziegler et al.”* We modify the reported procedure by
varying the amount of reductant and oxidant solution injected
in the second seeded growth step. Au NPs with diameter of
40 + 4 nm, 47 &+ 6 nm, 56 + 4 nm, and 68 + 6 nm were pro-
duced by injecting 2.5 mL, 4.5 mL, 7.5 mL, and 15.5 mL of
both the reductant (ascorbic acid/trisodium citrate) and oxidant
(chloroauric acid) solution, respectively.

Gold nanoparticles were deposited onto the freshly prepared
substrates by drog casting. As gold has an affinity toward the
aromatic groups””* of the biphenyl-4-thiol self-assembled mono-
layer, nanoparticles bind rapidly to the substrate. The deposition
time was adjusted to reach a uniform but sparse coverage. Excess
nanoparticles were flushed off with deionized water and the
sample was blown dry.

Simulation. Numerical simulations are carried out using
Lumerical FDTD Solutions v8.12. The Au NP was modeled
as a sphere or a truncated sphere (to model different facet size)
of different diameters (40—120 nm) on top of an infinite di-
electric sheet of refractive index 1.45 and thickness of 1.3 nm.
Underneath this sheet, a thick gold layer was placed in order to
replicate the experimental nanoparticle-on-mirror geometry. The
dielectric function of gold was taken from Johnson and Christy.”!
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The nanoparticle was illuminated with a p-polarized plane
wave (TFSF source) from an angle of incidence of 6, = 55°. The
inbuilt sweep parameter was used to sweep the incident wave-
length from 500 to 900 nm. The scattered light of each wave-
length was then collected within a cone of half angle 6. = 55°
based on the numerical aperture of the objective.
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