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ABSTRACT: Surface-enhanced vibrational spectroscopy strongly increases the SEIRAS SERS
cross section of Raman scattering and infrared absorption, overcoming the
limited sensitivity and resolution of these two powerful analytic tools. While
surface-enhanced setups with maximum enhancement have been studied widely in
recent years, substrates with reproducible, uniform enhancement have received
less attention although they are required in many applications. Here, we show that
plasmonic supercrystals are an excellent platform for enhanced spectroscopy
because they possess a high density of hotspots in the electric eld. We describe
the near eld inside the supercrystal within the framework of plasmon polaritons that form due to strong light-matter
interaction. From the polariton resonances we predict resonances in the far- eld enhancement for Raman scattering and
infrared absorption. We verify our predictions by measuring the vibrations of polystyrene molecules embedded in
supercrystals of gold nanoparticles. The intensity of surface-enhanced Raman scattering is uniform within 10% across the
crystal with a peak integrated enhancement of up to 300 and a peak hotspot enhancement of 10°. The supercrystal polaritons
induce pairs of incoming and outgoing resonances in the enhanced cross section as we demonstrate experimentally by
measuring surface-enhanced Raman scattering with multiple laser wavelengths across the polariton resonance. The infrared
absorption of polystyrene is likewise enhanced inside the supercrystals with a maximum enhancement of 400%. We show with
a coupled oscillator model that the increase originates from the combined e ects of hotspot formation and the excitation of
standing polariton waves. Our work clearly relates the structural and optical properties of plasmonic supercrystals and shows
that such crystals are excellent hosts and substrates for the uniform and predictable enhancement of vibrational spectra.

KEYWORDS: supercrystals, gold nanoparticles, plasmonics, polariton, surface-enhanced Raman scattering (SERS),
surface-enhanced infrared absorption spectroscopy (SEIRAS), coupled oscillator

lasmonic supercrystals are highly ordered three-dimen- RAS).”" It was shown that two-dimensional plasmonic
sional assemblies of plasmonic na_noparticles.1 * Light superlattices possess broadband enhancement in the mid-
inside these supercrystals gets tightly con ned into infrared (IR) spectral range by the lightning-rod e ect as well

regularly arranged hotspots for the electric eld.** ® This
enhances the light-matter interaction of molecules inside the
supercrystal. The large density of hotspots is especially
bene cial for vibrational spectroscopy, with its weak cross

as plasmonic resonances in the visible, which enabled the
combination of SERS and SEIRAS on a single substrate.***®
The potential of three-dimensional plasmonic supercrystals for

section.” Indeed, a high sensitivity and a reproducible near- SEIRAS has not been explored yet.
eld enhancement in supercrystals were demonstrated for
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Ims of 3D gold nanoparticle supercrystals. (a) Transmission electron microscopy image of a

monolayer of gold nanoparticles self-assembled into a hexagonally close-packed lattice. (b) Scanning electron microscopy image of ve
nanoparticle layers packed into an fcc supercrystal. The nanoparticle diameters in (a) and (b) are 63 nm.?® (c) Optical re ectance and (d)
transmittance as a function of excitation energy and number of stacked nanoparticle layers measured on crystals of 63 nm gold
nanoparticles. (e) Sketch of standing waves that form inside a thin plasmonic supercrystal. The standing waves are labeled by the number of
nodes j and highlighted by dashed lines in (c) and (d). The data in (c) and (d) were taken from the repository 10.17169/refubium-26819.

The rational design of plasmonic supercrystals as substrates
for enhanced vibrational spectroscopy reqluires a thorough
understanding of their optical properties.***® We recently
demonstrated that three-dimensional plasmon polaritons
determine the optical response of the supercrystals.®> These
excitations arise from a hybridization of the collective
plasmonic states with free space photons.**” 2° The polariton
dispersion determines the e ective refractive index and thus
the wavelength of light inside the supercrystal. A polaritonic
band gap prevents light from entering the crystal in the visible
spectral range if the crystal has a su ciently large metal volume

Il fraction.** In the near- and mid-IR the plasmon polaritons
propagate through the crystal. The propagating modes are
con ned by the crystal boundaries, which leads to the
formation of standing waves.** This gives rise to pronounced
optical resonances that can be tuned by choice of Im
thickness, nanoparticle geometry and substrate.>** 2* On the
basis of simulations, it was demonstrated that plasmonic hot
spots can extend through the bulk of the cr}/stal with a spatial
distribution resembling the standing waves.”?* This highlights
that molecules across the entire bulk of the crystal can be
probed by vibrational spectroscopy.™*® However, the implica-
tions of polariton formation for vibrational spectroscopy have
not been studied systematically.

Here, we show that plasmon polaritons induce electro-
magnetic near- eld enhancement in three-dimensional (3D)
gold supercrystals, all the way from the visible to the mid-IR.
We synthesize gold nanoparticle supercrystals by self-assembly
on a liquid subphase using polystyrene ligand molecules as
spacers between the nanoparticles. With optical spectroscopy
and nite-di erence time-domain (FDTD) simulations we
draw a connection between the far- eld spectra and the near-

eld enhancement inside the supercrystals. In the near- and
mid-IR, plasmon polaritons lead to a resonant near- eld
enhancement in the bulk of the crystals. In the visible, the
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polaritonic stop band restricts the enhancement to the surface
of the supercrystal. We access the averaged near- eld
enhancement inside the supercrystals experimentally through
the vibrational spectra of the polystyrene ligand molecules. By
using Raman spectroscopy with tunable excitation wavelength,
we measure pronounced SERS resonances in the near-infrared
that correlate with the optical spectra of the supercrystals. We
analyze the SERS enhancement by comparison to FDTD
simulations and show that it arises from overlapping incoming-
and outgoing polaritonic Raman resonances. This leads to a
blue shift (60 80 meV) of the peak SERS enhancement (1 3
x 10?) with respect to the polariton energies. The polaritonic
resonances of multilayered supercrystals enhance the IR-active
vibrations of the polystyrene molecules, which we probe with
SEIRAS. The IR absorption increases by 400% when a
polaritonic resonance matches the molecular vibrations. We
explain the enhancement with a coupled oscillator model that
provides design rules for plasmonic supercrystals with resonant
SEIRAS enhancement.

RESULTS AND DISCUSSION

Synthesis and Optical Properties of 3D Gold Nano-
particle Supercrystals. We synthesize supercrystals via the
self-assembly of gold nanoparticles on a liquid subphase for
excellent structural order and small interparticle gaps (see the
Methods).”® 2" The gold nanoparticles are functionalized with
thiolated polystyrene molecules that stabilize the supercrystals
and act as spacers between the nanoparticles. Figure 1a shows
a transmission electron microscopy (TEM) image of gold
nanospheres with 63 nm diameters that are assembled into a
hexagonally close packed monolayer. The nanoparticles are
separated by 1 4 nm gaps, that are determined by an interplay
of repulsive forces from the polystyrene molecules and van der
Waals attraction between the gold nanoparticles.>® By
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Figure 2. Simulated near- eld enhancement in Ims of 3D gold supercrystals. (a) Field amplitude enhancement Re[E/(r)] as a function of
position inside an fcc supercrystal that is six layers thick. The plasmon polaritons are visible as standing waves (0.5 1.37 eV). Light cannot
enter the crystal at energies of the polaritonic stop band (2.11 eV). The eld enhancement is truncated to values from 10 to +10 for better
visualization. The polarization of the incident light was chosen along y. The scale bar is 30 nm. (b) Top and side view of the plasmonic
supercrystal. The plane in which the eld enhancement was evaluated is highlighted by red lines. (c) Electric eld intensity enhancement in
the hot spots of the supercrystal. The eld enhancement was calculated in the hotspots of the uppermost nanoparticle layer (blue, surface)
and as the mean value of the enhancement in the hot spots of all layers (red, bulk). The polarization of the incident light was chosen along x.
Dashed lines show the energies of the plots in (a). Parameters: 60 nm nanoparticle diameters, 1.5 nm interparticle gaps, background

refractive index of n,, = 1.4, layer stacking along [111].

slowing the rate of self-assembly and increasing the nano-
particle concentration, we trigger the formation of 3D
supercrystals (Figure 1b).>?°
We characterize the supercrystals opticall;/ with micro-
absorbance spectroscopy (see Methods).*** The optical
contrast in transmittance and the scattering at the layer step
edges allow us to identify supercrystals of di erent thicknesses
with optical microscopy (Figure S1). Figure 1c shows the
re ectance as a function of excitation energy and crystal
thickness. A polaritonic stop band is visible as a spectral range
of constant and large re ectance. It arises from deep strong
light-matter coupling for the plasmonic excitations.” In this
spectral range, light cannot enter the crystal and will only
excite plasmonic modes in the uppermost layer. The stop band
is overlaid by interband transitions of gold for energies >2.2
eV.?® A series of re ection dips in the near-infrared comes
from the optical excitation of plasmon polaritons that
propaagate through the crystal and form standing
waves.>*?>24 A polariton resonance occurs at wavelengths
op = 2h/j, where h is the thickness of the supercrystal Im and
j integer. A Im that consists of N, stacked nanoparticle layers
supports N, 1 polariton resonances with j=1,2, .., N, 1
(Figure 1e). Increasing the crystal thickness leads to a red shift
and the activation of additional polariton resonances (see the
dashed lines in Figure 1c).>?* Defects and imperfections lead
to a broadening of the polariton resonances.”>*** The
resonant excitation of polaritons facilitates the propagation of
light through the crystal in the near-infrared, where each
re ectance dip is accompanied by a transmittance maximum
(Figure 1d). The transmittance can be as high as 80% and
increases toward the mid-infrared.® Close to the polaritonic
stop band, in contrast, light is mainly absorbed by the crystal
(Figure S2). In a previous work we determined the polariton
dispersion ,, =2 ¢/ ,, which lets us predict the polariton
resonance energies ; for any crystal thickness h2
Simulated Near-Field Enhancement in Plasmonic
Supercrystal Films. We now analyze the distribution of the
electric eld and the eld enhancement inside a plasmonic
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supercrystal by FDTD simulations. Figure 2a shows the electric
eld amplitude in an fcc crystal of gold nanospheres at energies
where polaritons are resonantly excited (dashed lines in Figure
2¢ and Figure S3). The standing wave character of the electric
eld amplitude is clearly visible. The electric eld amplitude is
symmetrically distributed without depletion toward the bottom
of the supercrystal for excitation energies in the near-infrared
(05 and 1.14 eV in Figure 2). The internal wavelength
decreases with increasing excitation energy and equals twice
the nanoparticle layer distance close to the onset of the
polaritonic band gap (see 1.37 eV in Figure 2a and j = 5 in
Figure 1e). This corresponds to an increase in e ective
refractive index from n(0.50 eV) = 4.1 to n(1.37 eV) = 9.0.
The strong dispersion of the polaritons close to the band gap,
i.e., the fast increase of the refractive index, gives rise to losses
that are visible as a decaying eld amplitude in Figure 2a, 1.37
eV. For excitation energies in the polaritonic band gap, light
cannot enter the crystal and the electric eld amplitude is only
enhanced in the uppermost layers (2.11 eV in Figure 2a).
Light is strongly con ned inside a plasmonic super-
crystal.*®**2° The electric eld is situated outside the
plasmonic nanoparticles because of the large dielectric contrast
of metals and dielectrics in the near-infrared (Figure 2a). The
near- eld interaction between neighboring nanoparticles leads
to a further con nement into hot spots at the interparticle
gaps. This results in a thousandfold increase in electric eld
intensity, which we evaluate as a function of excitation energy
in Figure 2c. We calculate the enhancement in the bulk of the
crystal as the mean value of the enhancement in the hot spots
of all layers (Figure 2c, red). The enhancement depends
strongly on wavelength; it peaks at the resonance energies of
the polaritons. The largest enhancement factors coincide with
the absorption maxima and re ectance dips in the optical
spectra (Figure S3). We also evaluate the electric eld
enhancement at the supercrystal surface, i.e., in the hotspots
of the uppermost layer (Figure 2c, blue). Interestingly, the
enhancement tracks that of the bulk in the near-infrared with
even more pronounced polaritonic resonances. This shows that
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Figure 3. Polariton-mediated SERS resonances. (a) SERS spectra of the polystyrene ligand molecules in a supercrystal of gold nanoparticles
with diameters of 50 nm. The spectra are a line scan from a monolayer (bottom) to a bilayer (top) of close-packed nanoparticles. The laser
excitation energy was 1.42 eV. The inset shows the peak areas of the two SERS modes as a function of position. (b) Re ectance spectra of a
bi- (red) and a monolayer (black) of 50 nm gold nanoparticles. The inset shows the j = 1 polariton mode that is excited in the bilayer. (c)
SERS enhancement measured on the bi- (red dots, left y axis) and monolayer (black dots) as a function of excitation energy. The solid lines
are FDTD simulations of the SERS enhancement (right axis), calculated as the average of the local enhancement at the positions of all
polystyrene molecules inside the plasmonic crystal. (d, e) Same as (b, ¢) but for a tri- (blue) and monolayer (black) of close-packed gold
nanoparticles with diameters of 63 nm. The j = 2 polariton mode is excited (see inset). The gap sizes were 2.6 nm for the FDTD simulations

in (c) and 3.7 nm in (e).

the optical properties of the bulk also determine the eld
enhancement at the surface of the crystal, which is highly
relevant to experiments where an analyte is drop casted on the
surface of the crystal. The situation is di erent in the spectral
range of the polaritonic band gap. While the eld enhancement
is suppressed in the bulk, pronounced resonances occur at the
crystal surface with a eld enhancement similar to the near-
infrared for the present geometry. The origin of those are
higher-order plasmon resonances in the top nanoparticle layer,
such as quadrupoles and hexapoles, that do not depend on the
boundary conditions of the crystal (see Figure 2a, 2.11 eV).
These resonances are bene cial for sensing applications in the
visible spectral range. Polaritonic resonances in the near-
infrared, on the other hand, provide enhancement in the tissue
transparency window that is relevant for biological applica-
tions.** While the eld enhancement at the crystal surface is
independent of the crystal thickness in the visible, it can be
tuned by the number of nanoparticle layers in the near-infrared
(see Figure S4).
Probing the Near-Field Enhancement with Wave-
length-Scanned SERS. In the following, we probe the near-
eld enhancement in plasmonic crystals with surface-enhanced
Raman spectroscopy of the polystyrene ligand molecules.
Figure 3a shows a SERS line scan over the step edge from a
monolayer (bottom) to a bilayer (top) of close-packed gold
nanospheres with 50 nm diameters. The spectra were recorded
with a laser excitation energy of 1.42 eV. The most prominent
SERS peaks are the C C C ring-bending mode of
polystyrene at 1000 cm ! and the hydrogen bending mode
at 1029 cm 1332 The enhanced scattering is very uniform;
the SERS intensity varies by less than 10% when changing the
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position on the bilayer or monolayer (Figure 3a, inset). This
shows the high repeatability of SERS on plasmonic crystals,
that originates from the large number of hot spots that are
probed within each measurement spot.* Naturally, the spatial
distribution of the SERS intensity depends also on the
distribution of probe molecules within the crystal, which
requwes optimizing molecular di usion for future appllca
tions."* The SERS intensity measured on the bilayer is an
order of magnitude larger than for the monolayer, even though
the bilayer contains only twice as many molecules. To nd the
origin of this enhancement we measure the re ectance spectra
of the mono- and bilayer (Figure 3b). The spectrum of the
bilayer contains a pronounced re ectance dip at 1.34 eV
(Figure 3b, red) because of a j = 1 polariton resonance (Figure
3b, inset).”** The dip is absent for the monolayer, because a
monolayer does not support polaritonic resonances (Figure 3b,
black).?” This suggests that the polariton resonance of the
bilayer leads to the additional SERS enhancement.

To nd a relationship between the polariton resonance and
SERS, we determine the wavelength dependence of the SERS
enhancement. We use a Raman spectrometer with fully tunable
laser excitation to measure the SERS mtensrg as a function of
excitation energy (Methods, Figure S5).***° To determine a
SERS enhancement factor we divide the peak area of the C
C C ring bending mode at 1000 cm * by a reference spectrum
of bulk polystyrene and correct for the di erent number of
molecules (see the Methods and Supporting Information).***’
The SERS enhancement as a function of excitation energy,
Figure 3c, has a pronounced resonance for the bilayer with a
peak enhancement factor of 2.8 x 102 This SERS resonance is
clearly assigned to the j = 1 polariton resonance of the bilayer.
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Figure 4. Polariton-enhanced infrared absorption. (a) Transmittance spectra of gold nanoparticle supercrystals of di erent thickness (12 18
nanoparticle layers L) in the spectral range of the polystyrene vibrations. The supercrystals consisted of gold nanoparticles with 33 nm
diameters. The crystal thicknesses were obtained from the analysis in (c). (b) SEIRAS spectra of the crystals in (a) with subtracted
background, in the spectral range of the j = 1 polariton resonance. A reference spectrum of a 100 nm thick PS Im is shown for comparison
(gray). (c) Transmittance spectra calculated with a coupled oscillator model; see the Methods. Supercrystal thicknesses of 12L (black), 16L
(blue), and 18L (red) were assumed to reproduce the energies of the polariton resonances in (). (d) Sketch of the coupling parameters used
in the coupled oscillator model. (e) SEIRAS enhancement for four of the vibrational modes of polystyrene in (b) as a function of
supercrystal thickness. Data points show the experimental enhancement (left axis) and solid lines the prediction by the coupled oscillator
model (right axis). (f) FDTD simulation of the near- eld intensity enhancement in the hotspots of plasmonic supercrystals with di erent
nanoparticle diameters and thicknesses (see legend) and a gap size of 2.8 nm. The solid lines show the enhancement in the hotspots of the
uppermost nanoparticle layer and the dashed lines the averaged enhancement in the hotspots of all layers.

It is blue-shifted with respect to the re ectance minimum by
80 meV. The SERS enhancement by the monolayer, in
contrast, does not track a resonance and scatters around an
enhancement factor of 40. A qualitatively similar behavior is
observed for a trilayer of gold nanoparticles with 63 nm
diameters (Figures 3d, e): The increase in the number of
nanoparticle layers activates the second polariton resonance
with j = 2 (Figure 3d, insetg and red shifts the j = 1 resonance
out of our spectral range.>**?* The j = 2 resonance is visible as
are ection dip at 1.40 eV in Figure 3d. Similar to the bilayer,
we observe a resonant SERS enhancement that is blue-shifted
by 60 meV with respect to the re ectance minimum. The
enhancement factor is slightly lower than in the bilayer and
peaks around 10% Again no resonance is visible for the
monolayer which provides enhancement factors around 20.
The SERS enhancement of 10? appears small compared to
typical enhancement factors reported for plasmonic oligomers,
which are on the order of 10° 10%°*%3 This has several
reasons: (i) We probe molecules across the entire volume of
the plasmonic crystal and therefore measure the average SERS
enhancement inside the crystal. The enhancement factors
reported for plasmonic oligomers typically refer to the local
enhancement in the hot spots.®* A much larger SERS
enhancement of 10* 10° is expected in the hotspots of the
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supercrystal (Figure S6d). (ii) The large refractive index n

4 10 of the supercrystals reduces the amount of Raman-
scattered light that reaches the detector. The Raman light can
only leave the supercrystal Im if it is emitted within a critical
angle toward the surface normal, and otherwise couples into
waveguide modes.®® This reduces the SERS enhancement
approximately by a factor of n?/n3s 10 40, where nps = 1.58
is the refractive index of polystyrene in the reference
experiment.*® (iii) Plasmonic oligomers have dimensions
much smaller than the wavelength of light and can therefore
extract electromagnetic energy from their environment.** This
increases the electric eld enhancement in the single or few hot
spots of the oligomer. Such light concentration is impossible in
plasmonic supercrystals because of their large spatial extent,
resulting in smaller peak enhancement factors. Instead,
plasmonic supercrystals provide a large density of hotspots,
which enables a high sensitivity for volume analytes and
repeatability in SERS measurements.*

To explain the excitation energy dependence and magnitude
of the SERS enhancement we performed FDTD simulations
(see the Methods). We model the microscopic geometry of the

Ims based on structural parameters obtained by TEM
assuming that each gold nanoparticle is surrounded by a
shell of polystyrene molecules (Figure S6a).>° An uncertain
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parameter is the interparticle gap size, which ranges from 1 to 4
nm according to TEM and small-angle X-ray scattering
experiments.”> We used the interparticle gap size as a free
parameter to reproduce the energy of the polariton resonance
in the re ection measurements. To model the SERS experi-
ments, we determine a volume-integrated SERS enhancement
factor®®4?

1
BRGgRs( )= o=, OrlBor P
Ps I Vs
|Eloc( r, S vit) |2 1)

where Ej,.(r, ) is the local electric eld amplitude normalized
by the amplitude of the incident eld. The electric eld is
evaluated at the frequency of the incoming light and the
frequency of the Raman-scattered light vib and averaged
over the volume Vpg of all polystyrene shells (see the
Methods).

The excitation-energy dependence of the simulated enhance-
ment excellently matches the experimental data (solid lines in
Figures 3c,e). We nd an overlap of an incoming resonance,
when the energy of the incoming light matches the plasmon
polariton ( pp): and an outgoing resonance, when the
Raman-scattered light matches the plasmon polariton (
+ ). *** This explains the blue shift (80 meV) of the peak
SERS enhancement with respect to the polariton resonances in
re ection, which is on the order of ;,/2 = 62 meV. The two
resonances are visible as distinct overlapping peaks in the
simulated enhancement pro les but washed out in the
experimental data. The experimental SERS resonances have
the same spectral width of 180 200 meV as the simulated
enhancement pro les. This is surprising as the measured
re ectance dips are 1.5 times broader than the simulated
spectra (see Figure S6b) due to variations of gap size within
the laser spot.?~*> As we show in Figure S7, the spectral width
of the SERS resonances is primarily set by the Raman shift ;..
It changes only little when increasing the spectral width |, of
the polariton resonance, as long as ,, vib- This makes the
SERS resonances robust against variations in geometrical
parameters.

The measured SERS enhancement is an order of magnitude
smaller than the simulated enhancement for the 50 nm
nanoparticle bilayer and by a factor of 3 for the 63 nm
nanoparticle trilayer (Figures 3c,e). This is primarily because
the simulated enhancement (eq 1) does not account for the
di erent detection angles in the SERS and reference
experiments, but is calculated from the local electric eld
amplitude. Furthermore, the spectral broadening of the
polariton resonance reduces the SERS enhancement approx-
imately by a factor of 3 (Figure S7). A high structural order
and control of the interparticle gap sizes is thus key to achieve
the maximum possible SERS enhancement, as was already
found for other optical properties.?>***> The overall good
agreement between experiment and theory is surprising, as the
SERS enhancement of single- or few-hotspot systems typically
deviated by two to four orders of magnitude from theory, and
SERS resonances were much narrower than in simulations.*®

Probing the Near-Field Enhancement with SEIRAS.
Polariton resonances in thicker crystals extend all the way into
the spectral range of molecular IR vibrations. Figure 4a shows
the mid-infrared transmittance spectra of three supercrystals
that are several hundred nanometers thick. A polariton
resonance is visible as a pronounced transmittance peak that
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occurs at di erent energies because of the varying thickness.
The narrow transmittance dips on top of the resonances are
due to the IR absorption of the polystyrene ligands. The dips
are most pronounced when the frequency of the polariton
resonance matches with the molecular vibration (compare
black and red lines in Figure 4a). Figure 4b shows the
absorption spectra of the C H stretch vibrations of
polystyrene.* The absorption increases by 740% when the
polariton resonance is shifted to the same spectral range. This
clearly shows that polariton resonances mediate the infrared
absorption of molecules in the plasmonic crystals.

We explain the enhancement of absorption and the changes
in transmittance of the polystyrene-containing supercrystals by
a coupled oscillator model (Figures 4c,d, see the Methods).
The collective plasmonic modes and the molecular vibrations
are two Lorentz oscillators that each couple to light
independently with coupling factors  and ;, (Figure
4d). The direct near- eld interaction of the two oscillators is
described by a dimensionless plasmon-molecule coupling
factor My, ;. We obtain an e ective dielectric function of
the plasmonic supercrystal Im and calculate the optical
spectra with a transfer-matrix formalism (see Methods). In our
previous work, we measured the plasmon-polariton dispersion
of the plasmonic crystals from which we know , = 2.72 eV
and the collective plasmon frequency | = 2.04 eV.> We also
showed how to determine the crystal thickness from the
energies of the polariton resonances by comparing results from
optical and electron microscopy, optical spectroscopy, and
numerical simulations (see also Figure 1b and Figure S1).2
Applying this analysis, we nd that the resonances in Figure 4a
are produced by supercrystals with thicknesses of 12, 16, and
18 nanoparticle layers (Figure 4c). Finally, we determine the
oscillator strengths i, = 4 40 cm ! and frequencies ., =
1028 3103 cm * from a t of a reference spectrum of a
polystyrene Im (Figure 4b, gray, and Figure S8). The
transmittance dips by the molecular IR absorption are perfectly
reproduced by the coupled oscillator model when assuming a
wavelength-independent coupling factor My, ., = 0.132 (Figure
4c).

To determine the SEIRAS enhancement we compare the
recorded spectra to the IR absorption of a pure polystyrene

Im (Figure 4b, gray) and account for the di erent numbers of
molecules (Methods, Supporting Information). Figure 4e
shows the enhancement of the C H stretch vibrations as a
function of nanoparticle layer number. With increasing
thickness of the supercrystal the polariton resonance shifts
across the spectral range of the molecular vibrations. While the
IR absorption is slightly decreased in the o -resonant case (12
layers), it increases by almost 400% in the resonant case for 18
nanoparticle layers. The dependence of the SEIRAS enhance-
ment on supercrystal thickness is well reproduced by the
coupled oscillator model (Figure 4e, solid lines). It predicts a
lower absorption increase of 250%, which is most likely due to
experimental uncertainties in the re ectance spectra (Methods,
Figure S9).

The coupled oscillator model allows us to identify di erent
contributions to the SEIRAS enhancement. (i) When switch-
ing o the plasmon-molecule interaction (M, = 0) the
vibrational absorption is underestimated by a factor of 3.5
(Figure S10a). In this case the collective plasmons and
molecular vibrations are two Lorentz oscillators that each
couple to light independently. The plasmon-polaritons cause a
large refractive index n 4 of the supercrystal, that acts as a
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dielectric background for the molecular vibrations. Because of
the crystal boundaries, light is resonantly trapped as standing
waves. This causes a wavelength- and thickness-dependent
change of the electric eld intensity inside the supercrystal that
manifests in the SEIRAS enhancement (Figure 4e). (ii) The
plasmon-molecule coupling factor M, i, accounts phenom-
enologically for the eld con nement into the hotspots inside
the supercrystal. The experimental transmittance spectra are
best reproduced when assuming a constant factor My i, =
0.132 (Figure 4c). The eld con nement therefore leads to a
wavelength-independent enhancement factor of 3.5.'° A
decomposition into the two enhancement factors shows that
the eld con nement into hot spots is by far the dominant
enhancement mechanism (Figure S10b).

The measured SEIRAS enhancement factors reported here
are smaller than for isolated nanostructures and nanoshell
superlattices.® *>*® This is because we average across all
molecules in the bulk of the plasmonic supercrystal (compare
SERS discussion above). Based on FDTD simulations we
expect a eld intensity enhancement of 150 (15.000%) in the
hotspots between nanoparticles at the supercrystal surface
(Figure 4f, red solid line). This enhancement can be exploited
for SEIRAS experiments where analyte molecules are
positioned on the surface. The enhancement can be further
optimized by the supercrystal geometry. When increasing the
nanoparticle diameters to 60 nm, a supercrystal thickness of
only eight nanoparticle layers is su cient to shift the polariton
resonance to the spectral range of the C H stretch vibrations
(Figure 4f, orange, and Figure S11). The peak SEIRAS
enhancement at the crystal surface increases to 500 (Figure 4f,
orange solid line) and the transmittance dips in the
experimental spectra become more pronounced (Figure
S11). The tunability of the polariton resonance by the crystal
thickness allows for the selective enhancement of molecular
vibrations.

In conclusion, we demonstrated that plasmon polaritons
mediate the electric- eld enhancement in plasmonic super-
crystals, which we exploited for SERS and SEIRAS. Based on a
combination of experiments, simulations and analytical
modeling, we showed that the con nement of light in
plasmonic supercrystals is driven by four e ects: (1) The
polaritonic coupling leads to a large refractive index of the
supercrystal, that reduces the wavelength of light by a factor of
4 10. (2) The supercrystal acts as an open cavity resonantly
trapping light in the form of standing waves. (3) The large
dielectric contrast between metals and dielectrics con nes light
outside the plasmonic nanoparticles. (4) The near- eld
interaction between neighboring nanoparticles results in
hotspots with strongly increased electric- eld intensities. The
rst two e ects lead to pronounced optical resonances in the
near- and mid-infrared that can be tuned by geometrical
parameters. These polaritonic resonances are combined with
an almost wavelength-independent enhancement from e ects
(3) and (4). Overall, the con nement of light results in an
10? 10° fold resonant enhancement of the electric- eld
intensity in hotspots between neighboring nanoparticles.
This, in combination with the large density of eld hotspots,
makes plasmonic supercrystals an excellent platform for
sensing applications and surface-enhanced vibrational spec-
troscopy.
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We used the vibrational spectra of polystyrene ligand
molecules to probe the SERS and SEIRAS enhancement as a
function of excitation wavelength and crystal geometry. The
plasmon polaritons of thin supercrystals lead to SERS
resonances in the near-IR, which we resolved with wave-
length-scanned Raman spectroscopy. The largest SERS
enhancement occurred at an excitation wavelength that was
blue-shifted (60 80 meV) with respect to the polariton
resonance by half of the Raman shift. This has to be taken into
account when designing plasmonic supercrystals for SERS at a
speci ¢ target wavelength. The measured SERS enhancement
agreed well with the electromagnetic enhancement factors
derived from FDTD simulations and tracked the same
wavelength dependence. Plasmonic supercrystals are therefore
a promising platform for quantitative and repeatable SERS
detection. We also demonstrated the potential of the polariton
resonances for SEIRAS. The IR absorption of polystyrene
increased by 400% when a polariton resonance matched the
energies of the molecular vibrations. Plasmonic supercrystals
that consist of several nanoparticle layers support multiple
polaritonic resonances from the mid- to near-infrared spectral
range. Polariton-mediated SERS and SEIRAS can thus be
combined on a single substrate.

Materials. Tetrachloroauric(l11) acid ( 99.9% trace metals basis),
hexadecyltrimethylammonium bromide (CTAB, 98%) and chloride
(CTAC, 98%), L-ascorbic acid (reagent grade), trisodium citrate
dihydrate ( 99.0%), and sodium borohydride ( 98%) were from
Sigma-Aldrich (USA). Toluene ( 99.5%), tetrahydrofuran (THF,

99.5%), and ethanol (denat, >96%) were from VWR (USA).
Diethylene glycol (DEG, reagent grade) was from Merck (Germany).
Thiolated polystyrenes (PSSH, PSSH5k: M, = 5,300 g mol %, M,, =
5,800 g mol !, PSSH12k: M, = 11,500 g mol , M, = 12,400 g
mol 1) were from Polymer Source (Canada). All reagents were used
without further treatment. For the gold nanoparticle (AuNP)
synthesis ultrapure water (182 M x c¢cm) was used.

Synthesis of Plasmonic Supercrystal Films. AuNPs were
synthesized with variations of established seeded-growth protocols as
described previously.?>*” The supercrystals used for the SEIRAS
experiments consisted of citrate-stabilized AuNPs (diameter d = 33.1
+ 3.7 nm, determined by TEM). These AuNPs were functionalized
with PSSH5k by ethanol-assisted phase transfer into toluene solutions
of the polystyrene ligand (0.16 mM).?” The supercrystals used for
SERS were CTAC-stabilized AuNPs (d =50.5 + 1.1 nm and d = 63.4
+ 1.8 nm, determined by TEM). These AuNPs were functionalized
by pipetting small volumes ( 100 L) of concentrated aqueous
solutions into THF solutions of the polystyrene ligand (6 mL, 0.5
mM).?®> The 50 nm AuNPs were functionalized with PSSH5k and the
63 nm AuNPs with PSSH12k. After the reaction was completed ( 16
h), THF was evaporated and the functionalized AuNPs dissolved in
toluene. All functionalized AuNPs were puri ed by repeated
centrifugation, displacing the supernatants with toluene. Plasmonic
supercrystals were prepared with the puri ed solutions by slow
evaporation of the toluene on a liquid DEG subphase as described
previously.>**" The formed plasmonic supercrystals were then
transferred to the desired substrate and dried in vacuum (2 3 h).

Optical Characterization in the Visible and Near-IR. Trans-
mittance and re ectance spectra were recorded with a micro-
absorbance spectrometer, as described in ref 22. Brie y, the light of
a supercontinuum laser (NKT SuperK Fianium FIU-15) was focused
on the sample with a 100x objective (Leica HCX PL Fluotar, 0.9
NA). The transmitted light was collected with another 100x objective
(Olympus MPlan FL N BD, 0.9 NA) and guided to ber optical
spectrometers (Avantes, AvaSpec 3648 for 450 900 nm and AvaSpec
NIR512 for 900 1600 nm wavelength). The transmitted light
through the substrate at a position without plasmonic crystals served
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as a reference to determine the transmittance. The spectra of the two
wavelength ranges were pinned together. The re ected light was
separated from the incoming light by a beam splitter (Thorlabs,
BSW26R for 450 900 nm and BSW29R for 900 1600 nm) and
detected in another set of measurements. The re ected light of a silver
mirror was used as a reference to determine the re ectance. The laser
power on the sample was kept below 60 W. Note that the numerical
aperture (NA) is reduced to below 0.2 inside the plasmonic
supercrystal Ims because of their large e ective refractive index.
We therefore primarily probed the transmission and re ection of light
at normal incidence.

Wavelength-Scanned Surface-Enhanced Raman Spectros-
copy. We used a Horiba T64000 Raman spectrometer with tunable
excitation energy for the SERS measurements. A titanium-sapphire
continuous wave laser (Coherent MBR 110) was used as a light
source providing excitation energies that range from 1.24 to 1.77 eV.
The laser light was guided through a premonochromator and focused
on the supercrystal surface with a 100x objective (Olympus MPIan,
0.9 NA). The laser power was kept below 1 mW to avoid sample
heating and typical integration times were 200 s. The inelastically
backscattered light was collected by the same objective, Itered with a
long pass Iter and focused on the entrance slit of the Raman
spectrometer. The light was dispersed with a 600 grooves per mm
grating and detected by a silicon charge coupled device (CCD). In
order to account for the wavelength-dependent sensitivity of the
setup, reference spectra of diamond were recorded with the same
settings. We chose diamond as a reference as it does not have Raman
resonances in the spectral range of our measurements. There are
remaining uncertainties of the SERS intensity from changes in laser
power during acquisition and defocusing, which lead to the scattering
and deviations of the data points in Figure 3c,e. The SERS spectra in
Figure 3a were calibrated by the spectrum of a neon lamp.

The polystyrene C C C ring bending mode at 1000 cm ! in the
SERS spectra (see Figure 3a) and the 1332 cm ! diamond mode in
the reference spectra were t with Lorentzian peaks. By dividing the
Raman peak areas we obtained the normalized SERS intensity
lsers( ) as a function of excitation energy ~ (see Figure S5a,b). In a
second set of measurements, we also recorded the Raman intensity of
bulk polystyrene ligand molecules. The Raman intensity of the C C
C ring bending mode normalized by that of diamond is shown in
Figure S5¢c. We  t the energy-dependent Raman intensity I, ( ) with
an analytic expression from the microscopic theory of Raman
scattering™

M

Imol( )= S m0|{j B
n (S manS 1) )
where o, is the frequency, 2 ., is the spectral width of a

molecular Raman resonance n, and M., , is @ tting parameter that
gives the strength of the Raman resonance. The ts are shown as solid
lines in Figure S5c. The data are well explained by two molecular
Raman resonances at ;= 1.34eVand ., = 1.70 eV.

The energy-dezpendent SERS enhancement factor in Figure 3c,e
was calculated as>®>’

ISERé ) Nr];?él
Imo ) NSERS ©)

where we divided the data points for lgers( ) in Figure S5a,b by the
ts Io( ) in Figure S5c. NSERS is the number of molecules that are
probed in the SERS experiment and N, the number of molecules
probed in the reference experiment. Based on the structural
parameters of the plasmonic supercrystals and the density of
polystyrene molecules, we obtained N{/NSERS = 121 for the
monolayer of 50 nm nanoparticles and N /NSERS = 55 for the
monolayer of 63 nm nanoparticles (see Supplementary Section S1).

Infrared Spectroscopy. We used a Bruker Hyperion 2000
equipped with a liquid nitrogen cooled MCT detector coupled to a
Bruker Vertex 80v spectrometer to acquire IR transmittance and
re ectance spectra of microscopic sample regions.** Plasmonic

ERerd ) =
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supercrystal Ims were deposited on a TEM grid with a 10 nm
thick amorphous carbon Im as support, to achieve the spectral range
undisturbed by the substrate. The incident light was focused on one
mesh cell (40 x 40 m) of the TEM grid and the light outside this
area was blocked by a quadratic aperture. Transmittance T and
re ectance R spectra were measured on supercrystal Ims that had a
homogeneous thickness over the size of one TEM grid cell. The
transmitted light through a TEM grid cell devoid of a supercrystal
(with amorphous carbon) and the light re ected o a gold mirror
served as reference spectra. The re ectance spectra are shown in
Figure S9. The absorption spectra were obtained as A =100% T
R. The measurement of the re ectance was challenging because of
distortions and an uneven surface of the supercrystals on the TEM
grid. This leads to uncertainties in the experimental absorption
spectra. To determine the SEIRAS enhancement we recorded an
infrared absorption spectrum of an hy = 1 m thick spin-coated
polystyrene Im on a CaF, substrate (Figure S8). Using the
Lambert Beer law

AR =13 dSAt B (4)
we rescaled the reference spectrum A(h,) to a PS Im thickness h that
corresponds to the same number of molecules as probed in the
SEIRAS measurement (h = 145 nm for 12L, 193 nm for 16L, and 217
nm for 18 L plasmonic crystal thickness, see Supplementary Section
S1). The reference spectrum is shown in Figure 4b for a PS Im
thickness of 100 nm.

Finite-Di erence Time-Domain (FDTD) Simulations. FDTD
simulations were conducted with the commercial software package
Lumerical FDTD Solutions. The simulation layout was similar to our
previous works.?>*® Brie y, the unit cell of a hexagonally packed
monolayer of gold nanospheres was constructed with periodic
boundary conditions along x and y. The nanoparticle layers were
then stacked along the z direction with the abc stacking sequence of
an fcc crystal along [111]. The dielectric function of gold was
modeled with a t of experimental data by Olmon et al.*® The
supercrystal Im was illuminated with a plane-wave source along z.
Even though we used objectives with 0.9 NA in our experiments, this
is a good approximation because the large refractive index of the
supercrystals reduces the NA inside the crystals to below 0.2.> Power
monitors were positioned behind the supercrystal and behind the
source to record the transmitted and re ected light. Mesh override
regions with cubic cells of 0.5 0.7 nm were used to discretize space
inside the supercrystals. In the simulations for Figure 2a, a monitor
was used to record the amplitude and phase of the electric eld as a
function of position and wavelength. The electric eld amplitude was
corrected for the wavelength-dependent phase shift that the incident
light accumulated between the source and the supercrystal surface. In
the simulations for Figure 2, all space around the gold nanospheres
was lled with a medium with refractive index n,, = 1.4 to mimic the
e ective dielectric environment by the polystyrene molecules. In the
simulations for SERS and SEIRAS (Figures 3 and 4) the microscopic
structure was modeled in greater detail: the polystyrene molecules
were modeled as spherical shells that surrounded the gold
nanospheres. The simulation layout is shown for a bilayer in Figure
S6a. The shells were assigned the refractive index of polystyrene, ie. n
= 1.58 in the visible and n = 1.56 in the mid infrared. Shell thicknesses
of 3.3 and 5.3 nm were chosen for the PSSH5k and PSSH12k ligand
molecules, according to measurements by Ye et al?® When a
polystyrene shell overlapped with the next gold nanoparticle the
overlapping volume was overwritten by the refractive index of gold.
To calculate the SERS enhancement, we used a 3D electric eld
monitor and only evaluated the electric eld inside the polystyrene
shells; see eq 1.

Coupled Oscillator Model. We used a coupled Lorentz oscillator
model to obtain analytic expressions for the enhanced infrared
absorption of molecules in plasmonic crystals. There are two
excitations in the plasmonic crystal that couple to light: The collective
plasmon modes “pl” of the gold nanoparticle crystal with polarization
density  and the IR active molecular vibrations “vib” of the
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polystyrene molecules with polarization density ;. The plasmonic
and vibrational excitations furthermore couple with each other via
their optical near elds. Following a model by Thomas et al. for
exciton polaritons,*’ their interaction can be described by the
following equations of motion

5 d
Fpl(t) * lﬁpl(l) * Pigt d)

=4 (o dEE

where , and ;, are the light-matter coupling strength of the
collective plasmon and IR vibration and M, i, a factor that describes
their near- eld coupling. E, is the amplitude of the light eld at
frequency , and j and ; are the frequencies and spectral
broadening of the plasmonic and vibrational excitations j = pl, vib.
«f 1S an e ective constant for the dielectric background in the
absence of metal and IR vibrations. We approximate it as ¢ = [1.4(1

F) + F]? where F is the metal volume Il fraction of the plasmonic

Mt vib yip (1)
I vib vib ©) crystal.®
2 From the steady-state solutions 9 and 9, for the plasmonic and
2 d p
Fvib(t) + vbvid ) * vibgt bl vibrational polarization densities we obtain the linear optical
i olarizability of the plasmonic crystal = (% + 9%)/E and
=4 Gl o e EF My (1) (6) ?he dielectri):: functior? ’ (7= o i
2 4 SiMpsy 2 4 Mysu
! p'& Bl ) bi e Vib& ) bi
( ): efft ( )/ D 16 2 2,M2¢. S 16 2 2 M3,
Bp( ) S pl  vib'ViplSvib 3/( ) g pl vibV'plSvib
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)
whereBy( )= 2 B+i 5 andBy( )= #w*iw - AUTHOR INFORMATION

p
To calculate the SEIRAS spectra we treat the plasmonic crystal as a
metamaterial with e ective refractive index n( ) = /() and
thickness h = N /2/3(d+ @, where N_ is the number of stacked
nanoparticle layers, d the nanoparticle diameter and a the interparticle

gap size.® The optical transmittance and re ectance is then calculated
by a transfer-matrix approach as*®

T( ) _ 4n( )eihr( ) /¢
@+n( )2S@S i) e ie )
and
RO) = | @8 FO Se™O s ’
@A+n( NS S of)) e ie )

In the Supporting Information we show how to extend this model
to multiple IR vibrations.
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