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Abstract

Metal colloids are of great interest in the field of nanophotonics, mainly due to their
morphology-dependent optical properties, but also because they are high quality building
blocks for complex plasmonic architectures. Close-packed colloidal supercrystals not
only serve for investigating the rich plasmonic resonances arising in strongly coupled
arrangements, but also enables tailoring the optical response, on both the nano- and the
macroscale. Bridging these vastly different length scales at reasonable fabrication costs
has remained fundamentally challenging, but is essential for applications in sensing,
photovoltaics or optoelectronics, among other fields. We present here a scalable approach

to engineer plasmonic supercrystal arrays, based on the template-assisted assembly of
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gold nanospheres with topographically patterned polydimethylsiloxane molds. Regular
square arrays of hexagonally packed supercrystals were achieved, reaching periodicities
down to 400 nm and feature sizes around 200 nm, over areas up to 0.5 cm?. These two-
dimensional supercrystals exhibit well-defined collective plasmon modes that can be
tuned from the visible through the near-infrared by simple variation of the lattice
parameter. We present electromagnetic modelling of the physical origin of the underlying
hybrid modes, and demonstrate the application of superlattice arrays as surface-enhanced
Raman scattering (SERS) spectroscopy substrates which can be tailored for a specific
probe laser. We therefore investigated the influence of the lattice parameter, local degree
of order, and cluster architecture, to identify the optimal configuration for highly efficient

SERS of a non-resonant Raman probe with 785 nm excitation.

Ultrasensitive molecular detection and specific quantification of analytes have been
leading motivations in the development of advanced spectroscopic techniques.! Raman
spectroscopy, which probes vibrational transitions, allows the label-free identification of
a wide variety of molecules, thereby becoming a highly relevant tool in disciplines
including biology, medicine, or forensics.>* However, the extremely low cross section of
Raman scattering usually requires either large amounts of analyte or very powerful laser
sources, which can in turn degrade the molecules.® Surface-enhanced Raman scattering
(SERS) has mitigated this issue, on the basis of the amplification of the Raman signal of
molecules in contact with nanostructured metallic surfaces.®’ The main mechanism
behind the observed huge Raman signals is the electromagnetic enhancement, due to a
local confinement of the electromagnetic field, which is especially strong within

plasmonic hot spots between close-packed metal nanoparticles.®



Consequently, colloidal mesostructures have a great potential as highly effective SERS
substrates,®® whereby their performance depends sensitively on the interparticle
distance.'12 Direct writing techniques like e-beam or focused ion beam lithography can
be used to obtain nanoparticle arrangements with the nanometer-sized gaps necessary for
SERS, but are very inefficient in terms of time and cost.® Therefore, self-assembly of
chemically synthesized plasmonic nanoparticles is often utilized for substrate preparation.
Methods as simple as drop casting or precipitation of colloidal dispersions may yield
assemblies that are able to sufficiently amplify Raman cross sections and enable even
single molecule detection,'**® which however usually comes at the cost of poor signal
reproducibility.t”8 Strategies for preparing homogeneously structured nanoparticle films
by template-assisted self-assembly have been improved significantly over the last decade,
now having the potential to solve the above mentioned issues.'®?? These substrates
featuring both a high density of hot spots and improved uniformity have been employed,
for example, in the detection of gases like carbon monoxide or pyrene,? as well as in

monitoring the expression of bacterial quorum sensing molecules via SERS.?®

The occurrence of collective plasmon resonances is directly connected to the presence of
hot spots in metal nanoparticle assemblies, which often dominate the optical response of
nanoparticle films.?¢-?® Near-field coupling between neighboring NPs can give rise to
hybridized modes in clusters. These resonances are usually red-shifted and broadened
compared to the localized surface plasmon resonances (LSPRS) of isolated particles.
Besides single particle properties and gap size, the frequencies at which such collective
resonances appear, depend on cluster size and symmetry.?>2® Further, the introduction of
superordinate periodic patterns can give rise to additional diffractive resonances due to
optical far-field interactions. These so-called lattice plasmon modes can be tuned over a

wide frequency range by varying lattice parameters and have been reported to yield



remarkably sharp resonances.?2 Intriguingly, Reinhard et al. were able to demonstrate
within micrometer-sized areas, the effect of the e-field enhancement of periodic
nanoparticle cluster arrays on the intensity of the SERS signal.3!3? Taking into account
the manifold factors determining the overall field enhancement in these assemblies, such
as cluster dimensions, lattice parameters, number of layers, and the overall degree of
order, a detailed investigation is required to fully understand and utilize the complex
electromagnetic coupling modes within and between clusters. The ability of tuning the
frequency of these hybrid plasmonic-photonic resonances further  facilitates
nanophotonic device engineering.® Still, the challenge resides in fabricating hierarchical
assemblies that operate at visible wavelengths and display sufficiently good homogeneity

over macroscopic areas.>**

We present in this work a scalable, template-assisted assembly technique, capable of
arranging gold nanospheres (AuNSs) into regular, periodic arrays of well-defined
plasmonic clusters over large areas. The obtained 2D superlattices exhibit both strong
near-field coupling and an optical response that can be tuned from the visible through the
near-infrared (NIR). Topographically patterned elastomeric molds featuring square arrays
of submicrometer-sized holes were used to guide the assembly of monodisperse AuNSs
into organized cluster arrays, over areas up to 0.5 cm?. The specific pattern on the
polydimethylsiloxane (PDMS) mold determines the cluster diameter and lattice
parameter, whereas the concentration of the AuNSs dispersion determines the number of
particle layers in the clusters and the overall quality of the assembly. The distinct
plasmonic-photonic hybrid resonances recorded by microspectroscopy can be precisely
reproduced and explained by numerical simulations. These results allow us to tailor the
optical response of the substrates for excitation with specific or available laser lines. In

addition, we studied the correlation between the plasmon resonances sustained by the



different geometrical assemblies and their performance as SERS substrates under 785 nm
excitation of the Raman probe 4-acetamidothiophenol (4-AMTP). This laser line fits the
first biological optical transparency window, thus providing enhanced light penetration

in tissues, and is particularly interesting for biomolecular detection in complex media.

Results and Discussion

The monodisperse gold nanoparticles used in this work were stabilized with (PEG, 6kD)
and featured an average diameter of 52 nm (standard deviation: 2 nm), with a
corresponding LSPR at Aiser = 532 nm (Figure S1, SI). The use of patterned PDMS
molds to fabricate nanopatterned SERS substrates,® or to direct the assembly of gold
colloids into ordered arrays, is an appealing approach due to both the intrinsic low cost
of the technique and the large areas that can be attained. Successful template-assisted self-
assembly of AuUNSs has been previously reported into micrometer-sized square
pyramids,®’ leading to highly regular plasmonic supercrystals. This was, however,
unsuitable to obtain structures exhibiting a strong optical response at visible wavelengths,
for which the cluster arrays should feature order at the submicrometer scale.3* Such a
structuration was achieved in the present work, by using PDMS molds featuring square
array geometries with lattice parameters (L) of 400, 500, 600, 740 and 1600 nm, and hole

diameters (d) of 230, 270, 330, 440 and 960 nm, respectively (see Methods).
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Figure 1. Schematic representation of the template-assisted assembly of gold
nanospheres into hierarchical superlattices: (1) Deposition of an aqueous AUNSs
dispersion on the surface of a patterned PDMS stamp. (2) A glass coverslip is placed on
top of the PDMS, spreading the colloidal dispersion over the patterned surface. (3)
Removal of the glass substrate carrying the assembled superlattice.

The process of template-assisted assembly of AuNSs into arrays of close-packed,
mesoscopic clusters is depicted in Figure 1. First, a drop (1 uL) of the AuNS colloidal
dispersion (Figure 2a) is deposited on the surface of a PDMS mold (Figure 2b) patterned
with square arrays of holes, with L ranging from 400 to 1600 nm and similar filling

factors. The filling factor (FF), corresponds to the percentage of effective area that can

be covered with nanoparticles and is defined as FF = ”L—Izz, with R being the radius of the

holes, which yields FF~0.25 — 0.27 for the employed stamp geometries. Second, a
hydrophilized glass coverslip is placed on top of the PDMS surface, spreading the colloid
into the PDMS features that direct the assembly. Finally, after about 1 hour, evaporation
of the dispersion medium (water) is completed and the glass substrate carrying the
assembled AuNSs can be carefully lifted off. The supercrystal films (Figure 2c) display

iridescent colors under white light illumination, showing an angular dependence similar
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to that of the corresponding molds. Scanning electron microscopy (SEM) images (Figure
2 d-f) from representative samples evidence the long-range order of the AuNS clusters
on glass. It is worth noting that the AuUNSs pack hexagonally within the clusters, and that

even for a fixed hole size the width and height of individual assemblies can vary slightly.

Figure 2. Upper panel: Photographs of a dispersion of AuNSs (a), the PDMS molds used
for the assembly (b), and AuNS assemblies obtained on glass (c). Lower panel: SEM
micrographs of representative square lattice AuNS clusters, at different magnifications
(d-f).

The efficiency of AuNS assemblies for sensing is largely determined by their optical
response. Therefore, we optimized the templated assembly conditions, guided by optical
measurements (extinction=1-R-T, where R and T correspond to Reflectance and
Transmittance spectra from the films) and SEM inspection. We thus prepared assemblies
with varying AuNS concentrations (see Figure S2, Sl), concluding that the average
number of particles per cluster could be adjusted via the AuNS concentration and had a
pronounced influence on the optical quality of the substrates. Combined inspection of the

topology and the extinction spectra indicated that ordered assemblies with well-defined
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plasmon resonances were obtained for intermediate Au concentrations (33 - 40 mM).
Lower concentrations resulted in incomplete clusters with broad resonances, whereas
higher concentrations produced accumulation or bridging with additional AUNSs between

clusters, accompanied by an increased optical background.

The influence of the array periodicity on the optical response was studied using
assemblies with lattice parameters ranging from 400 to 1600 nm, made from dispersions
with optimized gold concentration. Representative SEM images and extinction spectra of
the resulting cluster arrays are displayed in Figure 3. From inspection of the optical
spectra, two main regions can be identified: the first region at lower wavelengths shows
a local extinction maximum at A~560 nm. This peak is close to the dipolar mode of a
single AUNS (ALser = 532 nm in water) and is likely influenced by higher order coupling
modes of the clusters, which are typically observed for interparticle distances smaller than
2 nm. %38 When the NSs within the clusters are closer to each other, a stronger degree of
plasmon coupling can be expected, and higher order cluster modes appear at energies
close to the single particle LSPR. These higher order cluster modes, which have been
discussed in previous works,?3% can shift the peak to A~560 nm.?>% The second region
at higher wavelengths displays the most intense extinction peak and clearly red-shifts
when increasing the lattice parameter of the assembly. The strong correlation of the latter
extinction peak with the lattice parameter indicates that this resonance originates from the

hybridization of the plasmonic cluster modes with the diffractive lattice mode.
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Figure 3. Structural and optical characterization of supercrystal assemblies with varying
lattice parameter L. (a) SEM micrographs of gold nanoparticle arrays with different lattice
parameters: from left to right L=400 nm, L=500 nm, L=600 nm, L=740 nm, and L=1600
nm. (b) Extinction spectra, normalized to the maximum, of AuNS cluster arrays with
different lattice parameters (see labels). Scale bar: 1 um.

These resonances, launched by light diffracted by the grating, are typically called surface
lattice resonances,*® and are usually observed near a Rayleigh anomaly, i.e., a change in
the magnitude of the reflectivity associated with the onset of diffraction from the
grating.*! Rayleigh anomalies are grazing waves propagating in the plane of the array. In
our system, the electromagnetic field tends to concentrate in the regions with the highest
refractive index. As a consequence, the light scattered at the Rayleigh anomaly propagates

at the glass, and hybridization of the collective surface plasmon resonances inside the
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AUNS clusters with the lattice modes is dominated by the refractive index of the substrate
(Figure S4).424 This implies that the wavelength position of the lattice modes can be
predicted via a simple formula, corresponding to the first order of diffraction, 4,,,, =
Lngqss » Where ng,qq is the refractive index of the glass substrate. This formula fits very
accurately with the positions of the maxima observed for different lattice parameters L,

as shown in Figure 3b.
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Figure 4. (a) Extinction spectra measured from AuNS arrays for varying lattice parameter
L. The black dashed line marks the excitation laser wavelength used for surface-enhanced
Raman spectroscopy, A=785 nm. (b) Absorption spectra from FDTD simulations. (c,d,e)
Snapshots of a transversal cut of an AuNS superlattice unit cluster (insets are SEM
micrographs with analogous configuration), showing the intensity of the electric field |EJ?,
for lattice parameters L=400 nm, 500 nm, and 600 nm, calculated at an excitation
wavelength of 785 nm. Scale bars represent 100 nm.

Further insight into the physical origin of the hybridized lattice resonances is gained by

comparing the measured extinction spectra with the simulated absorption of the
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corresponding periodic structures, calculated by Finite Difference Time Domain
simulations (FDTD). This comparison is displayed in Figure 4a,b for assemblies with
L=400, 500, and 600 nm, all having similar filling factors of AuNS (FF=0.25 - 0.27),
which correspond to maximum particle densities of 75, 76 and 83 AuUNS/um?
respectively. The values of AuUNSs per unit area were calculated by inspection of SEM
micrographs (Table S1). Corresponding SEM images of each model cluster type, with
similar nanoparticle density, are included as insets in Figure 4c,d,e. As exemplified in
the Supporting Information (Figure S3), the cluster size was found to influence the
position of the optical resonance only marginally, for assemblies containing 9 or more
particles. Still, variations in the configuration and orientation of the clusters lead to a
slight damping of the extinction intensity and an increase of the full-width-at-half-
maximum (FWHM) in the experimental data, as compared to numerical simulations of
periodically arranged, identical clusters. Aside from that, we find excellent agreement

between the measured and the calculated spectra.

In general, the spectral position of the plasmon resonances is expected to correlate with
the excitation of the highest local field factor and to affect the maximum Raman signal
enhancement.® This should allow us to engineer the optical properties of the AuNS
assemblies in a straightforward manner, toward targeting excitation with a specific laser
line. Herein, we focus on irradiation with a laser of 785 nm wavelength, which is often
preferred for optical investigations of biological samples as it matches the first optical
transparency window. Comparing the extinction spectra of supercrystal films with
different geometries (Figure 4a,b), we find that arrays with lattice parameter L=500 nm
have their main resonance band close to 785 nm. Snapshots of the electric field intensity
|E|? at a transversal section of the periodic AuNS cluster arrays (Figure 4c-e) also display

the highest enhancement for the lattice with L=500 nm, under excitation at 785 nm. This
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extra field enhancement originates from the periodic arrangement of the plasmonic
clusters in a square lattice, which becomes obvious when comparing the field
enhancement profiles of isolated and periodically arranged clusters (Figure S5, Sl).

Average enhancement factor spectra, calculated (see Methods) by averaging the surface

4
integral of the field enhancement factor LE " gver the whole surface of the available gold

[Eol*
nanospheres, where Eo is the incident electric field, further corroborate the lattice-
dependent enhancement effect and again predict the strongest fields for L= 500 nm

(Figure S6, SI).44

To verify this analysis experimentally, we further investigated the performance of
different cluster arrays as SERS substrates under 785 nm excitation, using 4-
acetamidothiophenol (4-AMTP) as a model probe. A representative SERS spectrum of 4-
AMTP is shown as an inset in Figure 5, revealing the characteristic main vibrational
modes at 1081 cm™ (C-S and ring stretch) and at 1591 cm™ (ring stretch).*® In order to
assess to what extent the lattice resonance mode influences the SERS signal of the
substrates, we compared different monolayered cluster arrays with L = 400, 500, 600, and
740 nm. Whereas the lattice resonances of the largest arrays are far away from the spectral
region of interest, we observed that for this geometry, clusters with up to three AuNS
layers can be obtained due to the increased depth of the holes in the mold (Figure S7),

which allowed us to study also the influence of cluster height on the SERS enhancement.

We explored the local homogeneity of the samples, by recording 100 individual data
points over an area of 10x10 um? and averaging for each measurement. As the SERS
effect directly mirrors the near-field generated at the nanometer scale, even subtle changes
in the local NP order, as well as the number and geometry of hot spots, can cause

significant intensity fluctuations. Additionally, the 3D packing of AuNS into multilayered

13



structures is known to affect the SERS response.?” Therefore, a precise correlation of the
local array morphology with the recorded signal enhancement was ensured through SEM
characterization of the sites selected for SERS measurements. The results are summarized
in Figure 5, where the baseline-corrected average intensity of the 1081 cm vibration is
plotted as a function of the lattice parameter, for a typical set of measurements. For
superlattices consisting of monolayer clusters (green triangles), a decrease of L from 740
to 500 nm leads to a nearly linear signal increase by over 200%, followed by a slight drop
at L=400 nm, in agreement with the predictions from FDTD simulations. The sample with
L=740 nm further exemplifies how the extension from 2D to 3D assembly affects the
SERS response: with the transition from monolayer to double layer clusters (red circle)
the average SERS signal rises by more than 90%, whereas a third layer (blue square) leads
to a further signal enhancement of only 30%. We attribute the higher counts to an
increased hot spot density due to the 3D packing. A detailed characterization of the probed
arrays, as well as a plot of the SERS intensity normalized by the surface density of

particles, is provided in the Supporting Information (Figure S8, SI).
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Figure 5. SERS signal at 1081 cm™, as a function of the lattice parameter. The maximum
SERS intensity was found for L=500 nm, in agreement with the good spectral match
between the lattice plasmon wavelength and the 785 nm excitation laser, whereas the
resonances of arrays with shorter and longer lattice parameters are detuned from the
excitation laser (see Figure 4). The error bars depict the standard deviation of the signal
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in the probed 10x10 pm? areas. The inset spectrum was recorded on a sample with L=
500 nm.

Overall, samples with an optical resonance close to the excitation wavelength of the laser
exhibited significantly higher SERS enhancement than detuned samples. Intriguingly,
monolayer samples tailored to the excitation wavelength (L=500 nm) yielded a total
signal, even higher than that from non-optimized multilayer arrays containing nearly three
times as many particles (L=740 nm). It should be noted that for arrays with small lattice
parameters the average local SERS signals typically fluctuated more (10-20% standard
deviation for L=400 and 500 nm) than for assemblies with large lattice parameters (2-5%
standard deviation for L=600 and 740 nm). Interestingly, probing monolayer arrays of
varying quality with the same lattice parameter (L=500 nm), revealed a clear correlation
between the standard deviation and the average SERS signal. An example is displayed in
Figure 6a, showing that ordered arrays (stdev~10%) reached up to 5 times higher
enhancement than irregular ones (stdev~35%). SEM inspection further confirmed that
both homogeneity and signal intensity are strongly correlated to the average cluster size,
for a given L. Plotting the normalized signal at 1081 cm™ as a function of the average
cluster size revealed that the pronounced increase in SERS enhancement is not
exclusively due to an increased number of hot spots. As can be seen in Figure 6b, the
counts per particle (i.e., per hot spot) remained nearly constant below a threshold value
of 15, above which further enhancement was registered until reaching the geometrically
determined maximum cluster size of 19 particles. The signal per particle achieved with
full cluster arrays (i.e., 19 particles for L=500 nm) was at least 3 times higher than that
for a random sub-monolayer, obtained using the same method but a non-structured stamp.
These observations are in agreement with FDTD simulations of different cluster arrays

with L=500 nm, predicting both a cluster size-dependent hybridization efficiency (Figure
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S3) and stronger near-field enhancement in periodic arrays, as compared to isolated
clusters (Figure S5, SI). A certain scatter of the counts per particle observed for clusters
of identical size can be attributed to local structural defects: as illustrated in Figure 6c,
comparing two arrays with identical lattice parameter and average cluster diameter, the
enhancement clearly depends on the degree of order within the assembly, i.e., on the
strength of the lattice resonance. Additional information on the homogeneity and

reproducibility of the films is provided in the Supporting Information (Section 10).
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Figure 6. Correlated SERS and SEM characterization of monolayer arrays with fixed
L=500 nm and varying degree of assembly quality. (a) Increasing inhomogeneity,
represented by the standard deviation (Stdev) of counts at 1081 cm™, was accompanied
by an overall decrease in signal strength. (b) The signal per particle was nearly constant
for clusters smaller than 15 particles, but increased for larger clusters. The grey, dashed
line depicts the signal of a random monolayer (see Figures S8,S9 for details). (c) For
clusters of identical average diameter (marked by red and blue circles in b), the
normalized signal depends strongly on the order within the array, illustrated with binary
and inset grayscale SEM images. The error bars in (a,b) correspond to the standard
deviation of the signal within the probed 10x10 pm? areas.
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Conclusions

We have demonstrated the organization of gold nanospheres into square array
supercrystals with different lattice parameters, from 400 to 1600 nm, by using patterned
PDMS molds as templates. The obtained 2D supercrystals exhibited well-defined
resonance bands in the extinction spectra, which were tunable throughout the visible and
NIR ranges, as a function of the lattice parameter, and were accurately reproduced by
FDTD simulations. Theoretical modeling confirmed that the resonances originate from
the hybridization of photonic lattice modes with plasmonic resonances sustained by
individual AuNP clusters. The presence of such lattice plasmons guided the fabrication
of supercrystal films with resonances targeting specific laser lines. We additionally
explored the performance of 2D cluster arrays as SERS substrates, using 4-AMTP as a
model Raman probe. Correlation of Raman and SEM measurements demonstrated that,
lattices with a periodicity L=500 nm were the most effective SERS platforms under 785
nm laser excitation, in agreement with the predictions by a simple model based on
extinction. The signal intensity was also found to strongly depend on the degree of order
within the arrays, and, intriguingly, monolayer clusters with the optimal lattice parameter
may even display larger enhancement than non-optimized multilayered assemblies.
Investigation of L=500 nm monolayer arrays of different qualities indicated that the SERS
intensity per particle grows linearly with the particle number, for clusters containing more
than 15 particles, eventually reaching over three-fold enhancement as compared to non-
resonant random assemblies. This process thus leads the way toward highly efficient,

uniform and reproducible SERS substrates.

Methods
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Materials. Hexadecyltrimethylammonium chloride (CTAC, 25% W/W), hydrogen
tetrachloroaurate trihydrate (HAUCls-3H20, >99.9%), L-ascorbic acid (>99%), sodium
hypochlorite solution (10-15% available chlorine), sodium borohydride (NaBHa4, 99%),
poly(ethylene glycol) methyl ether thiol (PEG-6K-SH, M;=6,000 g/mol), and 4-
acetamidothiophenol were purchased from Sigma-Aldrich and employed without further
purification. Polydimethylsiloxane (Sylgard® 184) was bought from Dow Corning. Water

purified with a Milli-Q® system was used in all experiments.

Nanoparticles synthesis. Monodisperse spherical gold nanoparticles with an average
diameter of 52 nm (standard deviation: 2 nm) were synthesized and characterized as
previously published.®” In brief, a protocol that combines seeded growth with controlled
particle etching was used. Initial seeds were prepared by adding 50 uL of a 0.05 M
HAuCI4 solution to 5 mL of a 100 mM CTAC solution and injecting 200 pL of a fresh
NaBH4 (20 mM) solution while stirring vigorously. The resulting colloidal suspension
was diluted by a factor of 10 with 100 mM CTAC solution. These initial seeds were
grown to 10 nm diameter by mixing 900 uL of the diluted gold colloid with 10 mL of 25
mM CTAC solution and 40 uL of 100 mM ascorbic acid, followed by injection of 50 puL
of a 50 mM HAUCI, solution under rapid stirring. Growth to the final size was achieved
by diluting 250 uL of the obtained suspension with 100 mL of a 25 mM CTAC solution,
adding 400 pL of 100 mM ascorbic acid, and injecting 500 uL of a 50 mM HAuCls
solution under rapid stirring. After 1 h, 100 uL of a dilute sodium hypochlorite solution
(1-1.5 wt% of available chlorine) were added stirring vigorously. After 5 min, 25 L of
a 50 mM HAUCI4 solution were added and the reaction was left at 30 °C until a constant
absorption at 400 nm (Absaoo) was reached. The particles were then cleaned immediately
by centrifuge washing twice at 3500 rpm with 2 mM CTAC solution. PEGylation was

typically done by setting the particles up to an Au® concentration of 10 mM (according to
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ADbss00, *%47) in 1 mM CTAC solution and adding 1 mg of solid PEG-6k-SH per mL
dispersion. The ligand exchange took place overnight and was followed by centrifuge
washing with 300 uM CTAC three times. Thereby, the particle concentration was

increased up to 800 mM to create a stock dispersion.

Nanoparticle assembly. For templated assembly, aliquots of the stock dispersion were
diluted with suitable CTAC solutions to reach a final surfactant concentration of 50 uM
and Au® concentrations between 13 and 90 mM, as denoted in the text. Borosilicate
microscope coverslips (Menzel™, #1.5) cut into pieces of 8 x4 mm? or 12 x 12 mm?
were used as substrates, depending on the size of the PDMS mold. The substrate
preparation protocol comprised cleaning with Hellmanex™ 111 solution, sonication in
isopropanol, rinsing with water, and subsequent hydrophilization in a UV-O3z chamber
(ProCleaner™) for at least 45 min. To fabricate periodically arranged plasmonic
supercrystals, 1 uL droplets of PEGylated AuNS dispersion were placed onto structured
soft PDMS molds and covered with a hydrophilized glass substrate. After drying, the
substrates were removed and the PDMS molds cleaned for reuse with adhesive tape,

followed by rinsing with ethanol and water.

Soft molds fabrication. Soft PDMS molds were fabricated by pouring a 10:1 mixture of
prepolymer and curing agent onto patterned silicon masters or their negative replicas with
OrmoStamp® (Microresist Technology).*®4° The mixtures were degassed for 2 hours to
increase the percolation of the polymer inside the nanostructures and then cured for 45
min at 100 °C. The PDMS molds were characterized by atomic force microscopy (see

Figure S7, SI).
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UV-vis measurements. Extinction spectra of dispersed AuNSs were recorded with an

Agilent 8453 UV-vis spectrophotometer, using polystyrene cuvettes.

FTIR measurements. An FTIR spectrometer (Vertex 70 Bruker) attached to an optical
microscope (Hyperion, Bruker) was used for far-field reflection and transmission
measurements in the 400 to 3000 nm range. The background reflection spectrum was set
with a silver mirror with 96% reflectivity in the tested range of wavelengths and the
transmission background without sample. Both reflection and transmission spectra were
collected with a 4X objective with a numerical aperture (N.A.) of 0.10 and a spatial mask.

The spot size was fixed at 600 x 600 pm?.

Scanning electron microscopy. SEM images were recorded without prior sputtering
using a FEI Quanta 250 microscope operated in low vacuum mode with an acceleration
voltage of 10 kV and a working distance of 5 mm. The local particle densities were
evaluated after suitable contrast and bright adjustments using the particle counting
functionality of ImageJ. The arrays were categorized, either by manually counting the
number of layered clusters or, where applicable, by comparing the cluster count and
occupied area in overexposed (yields bottom layer) and underexposed (yields top layer)
images. Thereby, structures with more than 1 particle sitting on top of a 2D cluster were
registered as layered, and regions with less than 30% double layer content were defined

as monolayer arrays.

Transmission electron microscopy. TEM images were recorded with a JEOL JEM-
1400PLUS at an acceleration voltage of 120 kV. The particles were deposited from dilute

dispersion on carbon-coated 400 square mesh copper TEM grids.

Numerical simulations. Numerical calculations were performed using Lumerical FDTD

solutions (www.lumerical.com). The structural parameters of AUNS clusters for
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modelling were set according to the size measured from TEM images with an interparticle
distance of 1 nm. The dispersion model of gold was taken from Johnson and Christy>
and the glass substrate was considered a medium with dispersive refractive index around
Ngrass~1.54 — 1.51 at 400 nm and 1000 nm, respectively. An unpolarized plane wave
source impinging at normal incidence to different periodic AuNS clusters was modelled
with a wavelength ranging from 400 nm to 2000 nm, providing a good agreement with
experimental results. A nonuniform FDTD mesh method was adapted to save
computation resources and calculation time. Enhancement factors have been calculated
measuring the surface integral of the electric field enhancement on the surface of the gold

nanospheres and normalized by the total number of particles per um?.

ff{Elzas @

~ Jas
Surface-enhanced Raman scattering (SERS) spectroscopy. An optimized cleaning
procedure was necessary prior to the SERS measurements. To this end, the nanoparticle
assemblies were treated first with oxygen plasma (Diener PICO, 0.4 mbar Oz, 200 W, 1
min) and then exposed to UV-Os treatment for 30 min. Immediately after cleaning, the
substrates were incubated in 800 pL of a freshly prepared 0.1 mM aqueous 4-AMTP
solution for at least 60 min. Next, the samples were intensively rinsed with water to
remove unbound molecules and dried in a N2 stream. SERS measurements were carried
out in a confocal Raman microscope (inVia™ Reflex, Renishaw) equipped with a 785
nm diode laser (nominal output 300 mW) as excitation source, 1200 grooves/mm
diffraction grating and a front-illuminated Peltier-cooled CCD camera (1024 pixel x 512
pixel). SERS spectra were measured using a 100x objective with an N.A. of 0.9, a laser
power of 1.7 mW (at the surface), and an integration time of 1 s. For data analysis, 100

spectra were taken from 10 x 10 um? areas with a distance of 1 um (in x and y) between
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each point and averaged afterwards. To check the homogeneity of the assemblies the
measurements were repeated at least at three positions spaced at mm intervals and
randomly distributed over the substrate for each sample. In the same manner, the batch-
to-batch reproducibility was also probed for at least two sample batches of each lattice
parameter. For lattice parameter-dependent SERS plots, the averaged 1081 cm™ signals
were fitted and the intensities plotted after baseline subtraction using the WIRE™ 4

software package.
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