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Exploiting Combinatorics to Investigate Plasmonic Properties
in Heterogeneous Ag—Au Nanosphere Chain Assemblies

Daniel Schletz, Johannes Schultz, Pavel L. Potapov, Anja Maria Steiner, Jonas Krehl,
Tobias A. F. Konig, Martin Mayer, Axel Lubk,* and Andreas Fery*

Chains of coupled metallic nanoparticles are of special interest for plasmonic
applications because they can sustain highly dispersive plasmon bands,
allowing strong ballistic plasmon wave transport. Whereas early studies
focused on homogeneous particle chains exhibiting only one dominant band,
heterogeneous assemblies consisting of different nanoparticle species came
into the spotlight recently. Their increased configuration space principally
allows engineering multiple bands, bandgaps, or topological states. Simulta-
neously, the challenge of the precise arrangement of nanopatrticles, including
their distances and geometric patterns, as well as the precise characterization
of the plasmonics in these systems, persists. Here, the surface plasmon reso-
nances in heterogeneous Ag—Au nanoparticle chains are reported. Wrinkled
templates are used for directed self-assembly of monodisperse gold and
silver nanospheres as chains, which allows assembling statistical combina-
tions of more than 10° particles. To reveal the spatial and spectral distribution
of the plasmonic response, state-of-the-art scanning transmission electron
microscopy coupled with electron energy loss spectroscopy accompanied by
boundary element simulations is used. A variety of modes in the heteroge-
neous chains are found, ranging from localized surface plasmon modes occur-
ring in single gold or silver spheres, respectively, to modes that result from
the hybridization of the single particles. This approach opens a novel avenue
toward combinatorial studies of plasmonic properties in heterosystems.

surface plasmons in metal nanoparticles
(NPs) owing to the boundary conditions
imposed by the spatial confinement in the
NPs, therefore these plasmons are called
localized surface plasmons (LSPs). The con-
finement of LSPs and the induced enhance-
ment of the induced electromagnetic fields
can be used for applications like plasmonic
waveguides, enhanced optical sensing,?
or more efficient solar cells.’] Here, the
sensitivity of LSPs to the NPs geometry,
composition, and arrangement of coupled
NPs can be exploited to tune resonance
energies and spatial distribution of the LSPs.

Long chains of coupled metallic NPs are
of particular interest for the fabrication of
optical waveguides with dimensions well
below the optical wavelength. By resonant
coupling of predominantly dipolar LSPs
of the metallic NPs pointing along the
chain axis, it is possible to create highly
dispersive plasmon bands, giving rise to
strong ballistic plasmon wave transport.[
Owing to persistent challenges in the self-
assembly of geometrically ordered NP
chains, practically all experimental studies
on this topic deal with homogeneous NP
chains or arrangements. Recently, how-

1. Introduction

Surface plasmon polaritons are collective charge density oscil-
lations occurring at interfaces between media of opposite sign
of their dielectric function. They give rise to standing waves of

ever, heterogeneous NP assemblies consisting of different NP
species (e.g., sizes, shapes, composition, etc.) and interparticle
distances came into focus.P! The additional degrees of freedom
in these configurations are comparable to the jump from
monoatomic to polyatomic molecules or crystals. This principle
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allows generating more complex plasmon modes such as mul-
tiple plasmon bands with tunable bandwidths and gaps and
with nontrivial topologies and topological edge states.l®! In
one of the first experimental studies based on DNA origami,
Roller et al. considered an Au—Ag—Au trimer and found a
large low-dissipative coupling of the Au NP mediated by the Ag
NP.5%I So far, however, complex assembly techniques like DNA
origami,®®”] polymeric linkage,®® or sequential capillarity-
assisted particle assembly®l only allow access to a limited set
of such assemblies, making statistically relevant investigations
tedious. Thus, long heterogeneous NP chains have been theo-
rized! but not synthesized to date.

In this work, we extend the line of research by demonstrating
the assembly of well-aligned heterogeneous Ag—Au NP chains
of various length and random orderings. This is achieved by
template-assisted colloidal assembly of same-size gold and silver
spheres with the same polymeric coating, which are mixed sto-
chastically prior to assembly. In this colloidal approach, billions
of particles are assembled into millions of chains, eventually
obtaining a very large combinatorial parameter space of Ag—Au
orderings, virtually accessing all possible combinations up to a
line length of 17 To handle the exponential growth of orderings as
the chain length increases, we developed an automated classifica-
tion scheme, which permits a fast selection of particular Ag—Au
orderings. Finally, we demonstrate their plasmonic properties
and the underlying hybridization principles in the short-chain
limit by a systematic study of all possible permutations of four NP
chains.

2. Results and Discussion

2.1. Heterogeneous Self-Assemblies

To generate a large number of distinct combinations, a sto-
chastic variant of confinement assembly is used. This method
is based on confining a suspension of particles between an elas-
tomeric template and a substrate (silicon wafer or transmission
electron microscopy (TEM) grid) during the drying process,
enabling evaporation-induced and steric forces to assemble the

1Confinement d
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particles in a dense packing, resulting in particle lines, as visu-
alized in Figure la—d.

As building blocks, single-crystalline gold spheres were syn-
thesized in a seed-mediated approach to generate spheres with
a diameter of (76.7 + 4.3) and (22.5 £ 1.3) nm.l% In addition,
single-crystalline silver spheres were synthesized by first over-
growing the smaller gold spheres to Au@Ag nanocubes, which
were then subsequently etched to generate silver spheres with a
diameter of (73.8 £ 3.5) nm.' Owing to the confinement of the
plasmonic fields to the interface between the silver surface and
the surrounding medium, the small gold core does not change
the plasmonic response of the Ag spheres significantly (skin
depth of the plasmon mode is much smaller than the thick-
ness of the silver shell) and thus, can be neglected.'*'? Conse-
quently, we assume pure gold and silver spheres, respectively
(Figure 1a), which were then coated with thiol end-functional-
ized polyethylene glycol (PEG-SH, Figure S1, Supporting Infor-
mation) to generate a uniform coating. Overall, this bottom-up
synthesis of core-shell structures enables a precise control over
size, shape, crystallinity, assembly properties, and the interpar-
ticle spacing on the substrate.

For wrinkled template fabrication, polydimethylsiloxane
(PDMS) strips are stretched, exposed to oxygen plasma, and
subsequently relaxed, resulting in mechanical instabilities,
giving rise to periodic wrinkles with an amplitude of 20 nm and
a wavelength of 380 nm. By matching the amplitude with the
particle size, particle line morphology can be controlled to gen-
erate single particle lines later in the process.

Prior to assembly, the assembly substrate is hydrophilized by
exposure to an oxygen plasma to adjust the wetting properties to
be favorable for confinement assembly. Afterward, the particle
suspension, which can be prepared with any gold to silver par-
ticle ratio, is cast onto the substrate, confined by the template,
and dried under ambient atmosphere. During this process, the
Brownian motion of the particles is directed by the flow induced
by the evaporating solvent and the steric hindrance applied by
the template, which generates the particle lines with an interpar-
ticle distance of less than 1 nm on the substrate.

As the Au and Ag particles have the same geometry and
polymer coating, they are expected to distribute stochastically

B @
W00

Figure 1. Concept of synthesis and analysis: a) particle suspensions of Ag (upper row) and Au (lower row) nanospheres (left column: bright-field TEM,
right column: STEM-EDX) are b) assembled via confinement assembly by first mixing the gold and silver nanoparticle suspensions and confining the
droplet between substrate and template. c) After drying, the template is lifted off, revealing the stochastic assembly. d) The composition of the chains can
be determined by HAADF-STEM (left), where Au NPs appear brighter than Ag NPs owing to their larger scattering cross section, and SEM-EDX (right).
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Figure 2. Image analysis and statistical evaluation of heterogeneous Ag—Au NP chains: Algorithms applied to a) the SEM image of the assembly allow
segmentation of the image into b) single particles, which are part of c) the line ensembles. This enables the assignment of each particle to a particle
line. d,e) By comparing the element mappings of silver and gold, particle composition can be assigned. f-h) Variation in gold share (15.5%, 68.2%, and
93.8%, respectively) allows altering the makeup of the complete ensemble. i) The analysis of the gold sphere share in particle lines of length 10 shows
the difference between those assemblies and confirms the proclaimed stochastic assembly behavior. j) In combination with the broad distribution of
chain lengths, a wide range of compositions is assembled on only one substrate.

within the particle lines. To test this claim, scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX) was performed on these assemblies as detailed
below (Figure 1d).

2.2. Statistical Analysis

To gain a meaningful insight through statistical methods, a suf-
ficiently large sample size is necessary. This is accomplished by
analyzing the distribution of about 66 000 particles (depending
on the sample) on an area of about 2.8 x 10 m? in one SEM-
EDX measurement. The acquired images were processed by
the following image analysis algorithm to cope with the large
sample size. First, the image was binarized by applying a cer-
tain threshold to the image. Second, a watershed algorithm
was applied to separate the particles from each other. Third, to
generate areas that represent the particle lines, the thresholded
image was diluted (adding white pixels around each already
white pixel). The complete automated process is visualized in
Figure 2a—e.

This procedure allows assigning each particle to a tuple of
pixels and each line to a tuple of particles. The composition can

Adv. Optical Mater. 2021, 9, 2001983 2001983 (3 of 8)

now be resolved by comparing the SEM-EDX intensity sum of
silver and gold of each particle (see Figure 2f-h for three dif-
ferent compositions). Subsequently, this assignment is con-
verted to 0 and 1 for silver and gold, respectively, to treat them
as a binary sequence for the statistical analysis.

Various statistical tests have been developed for testing
random binary sequences owing to their importance in cryp-
tography.™®l A selection of those tests has been applied to
our sequences representing the particle chains; the results
are shown in Figure 2i and Figure S3 (Supporting Informa-
tion). The result of each test on the sample (colored bars) is
compared to 1000 Monte Carlo runs of the exact same particle
count and gold share, assuming perfect stochastic behavior.
The error bars denote the 99th percentile of outcomes around
the mean value.

The test depicted in Figure 2i checks the distribution of
gold particles within the ensemble of lines of a certain length.
For illustrative purposes, all lines including ten particles were
considered; similar results could be obtained with lines of dif-
ferent lengths. If the interaction between gold and silver parti-
cles is the same as for silver-silver and gold-gold, the assembly
should be perfectly random and the graph should follow a bino-
mial distribution. The obtained result clearly lies within the

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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expected result; therefore, this (among others) concludes that
the assembly is truly stochastic by nature.

Allowing to fully exploit the combinatorial approach, this fab-
rication approach also features a variance of chain length. The
distribution, as shown in Figure 2j, decays at a slow exponen-
tial rate. Accordingly, the “line growth” probability is at a much
higher rate than previously reported (85-90% in contrast to 70%
in the most optimal case, which was achieved by sequential
capillarity-assisted particle assembly).®l Together with the sheer
number of assembled particles, this generates a comprehensive
ensemble of all possible line morphologies on one sample, ena-
bling a combinatorial study of their plasmonic properties.

Scaling the examined area to the total substrate area, about
2.36 billion particles on 1 cm? can be expected on average, with
about 71% assembled in particle lines of length 2 and higher. The
average line comprises 9.25 particles, leading to about 180 million
particle lines on one sample. Considering the chain length distri-
bution in Figure 2j, it can be calculated, under the assumption
of equal shares of gold and silver spheres, that all particle lines
with lengths up to 17 particles (about 1.3 pm) can be expected on
the sample with 99% certainty. Detailed calculations and further
examples can be found in the Supporting Information.

To sum up, the combination of millions of chains with a
broad chain length distribution in combination with a sto-
chastic distribution of Au and Ag NPs, which is at the same
time extensive and tunable, is the core strength of our assembly
approach. It eliminates the bottleneck of synthesis and shifts
the effort to the detection of the right ordering (an easily
automatable task as shown above) and the proper analysis of
the features of the desired composition.

2.3. Localized Surface Plasmons on Oligomers (Four NP Chains)

To illustrate the introduced complexity in heterogeneous particle
lines, we investigate lines of four particles as a next step in the
line of research. As an example, Roller et al.”* showed one spe-
cific line of three particles in their study, which is one-sixth of
the whole parameter space. Extending this to all possible lines
of three particles, five more assemblies would have to be assem-
bled via DNA-origami: an achievable, but time-consuming pro-
cess. Going further to longer particle lines, this will eventually
break down, as the parameter space increases exponentially with
line length, unable to be explored with a linear scaling synthesis
setup. We choose all lines of four particles now, consisting of
ten nonsymmetric permutations, to show that the synthesis
method can deliver a comprehensive set of all possible particle
lines (about 16 million particle lines of length 4 on one silicon
substrate), while keeping the combinatorial complexity manage-
able to be covered in a single paper. Moreover, it will be shown
that the impact of remaining fluctuations in the chain geometry
and composition (e.g., with respect to NP distance and shape)
are currently rendering a systematic study of longer chains very
challenging. Long chains of particular orderings will be there-
fore considered separately in another study.

To obtain a qualitative understanding of the complex optical
properties and underlying hybridization principles of het-
erogeneous particle chains, both strategies, bottom-up and
top-down, are illustrative. The former begins with degenerate
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LSP modes of the single NP constituents of the chain (Au and
Ag NPs in our case). After assembly of n NPs in a chain, they
split into =n modes via hybridization. Upon n — « (i.e., the
infinite chain limit), the discrete modes eventually form con-
tinuous plasmon bands. For the case of gold chains, the matter
has been studied experimentally by, e.g., Mayer et al.l and
Barrow et al.'® In the top-down approach, the starting points
are the already hybridized modes in homogeneous chains of
Au or Ag NPs of defined length. The emergent modes in the
corresponding heterogeneous chain are then considered as a
mixture of the homogeneous ones. We will mainly adopt the
latter in the following combined experimental and theoretical
study of chains of four NPs.

We focus on the modes as excited by a focused electron
beam in a scanning transmission electron microscope (STEM)
to facilitate a straightforward comparison to the experimental
results obtained from our spatially resolved scanning trans-
mission electron microscopy coupled with electron energy loss
spectroscopy (STEM-EELS)!® studies. The latter allows stud-
ying both optically bright and dark modes owing to the evanes-
cent character of the fields of a focused electron beam.

Following Mie theory,l”) the LSP mode structure of single
spherical NP may be classified by angular momentum quantum
numbers (Figure 3a). Usually, the dipolar modes (named
p-modes, in analogy to atomic orbitals) of the particle are
dominating the excited state if the electron beam is sufficiently
separated (impact parameter >10 nm) from the NP. This is
mainly owing to the increasing localization, hence decreasing
the interaction of the induced electric and magnetic fields of
higher multipole modes (i.e., d-modes and higher). At small
impact parameters (<10 nm), both p and d modes (and possibly
some higher-order modes) contribute significantly (Figure 3b).
Owing to the shape of the dielectric function, the Ag modes are
higher in energy than their Au counterparts are. Furthermore,
the steeper slope of the Ag dielectric function leads to spectrally
separated p and d modes, while the Au modes form a smeared
out single spectral peak in the corresponding energy range.

These single-sphere LSPs give rise to a simple coupling
regime for particle chains, which mainly exhibit two different
types of modes:

1) Strongly coupling p, modes (i.e., modes arising from cou-
pled dipoles aligned along x), which spread over a large en-
ergy band and may be distinguished by the number of field
minima. As an example, the (PAgPAg)l mode with one field
minimum is shown in Figure 3c.

2) Almost degenerate single particle modes of constant energy,
involving transversal p,, p, and higher-order multipoles,
which couple only weakly owing to their short-ranged fields
along the chain axis.

This discrimination is an approximation, whose accu-
racy depends on the coupling strengths and hence particle
sizes, distances, etc., for example, there are also hybridized
d-modes in Ag dimers (see the (dagdag), mode in Figure 3c)
or p,d-coupled modes either observable through small energy
shifts or characteristic field modulations. A selection of these
coupling possibilities for an Ag—Ag dimer is illustrated in

Figure S4 (Supporting Information). In the following, we

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. LSPs on single NP spheres and hybridization via coupling. a) Angular momentum classification of LSP modes according to Mie theory, using
a cubic harmonic basis (I=02s,1=12p,1=22d,1=32f ..). b) Simulated spectrum and modes on Au and Ag spheres as excited by an electron
beam focused aloof in front of the spheres. The observable spectral splitting of | =1 and | > 1 modes in the Ag case is too small in Au and hence not
visible. c) Antisymmetric hybridized dimer modes as excited by a focused electron beam including notation used in the text. The underlying hybridiza-

tion mechanism is similar to the concept of atomic orbital coupling.

distinguish the modes by denoting their dominant character
and symmetry (Figure 3c).

As stated previously, important hybridization effects are
present in the p,-coupled modes and, to a lesser extent, p,d
coupled modes. Figure 4 shows a composition series of four
NP chains including their (hybridized) LSP modes. The com-
plete data set of all possible Ag—Au permutations is shown in
Figures S5 and S6 (Supporting Information). One sees that the

a

Au plasmonic@>
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—— 0000

— 0000
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types of observable p,-coupled modes do not vary throughout
the composition series. Indeed, (pppp);, and (pddp) modes are
present in the homogeneous Au and Ag systems already. It is
therefore not surprising that by varying the chain composition
they are still present at intermediate spectral positions with a
modified mode structure. The observed behavior illustrates
the logic behind the previously discussed top-down approach
in describing the qualitative evolution of LSP modes in the
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Figure 4. a) Simulated and b) experimental LSP spectra and c) corresponding EELS maps of excitation probability for the hybridization in four NP
chains of varying Au and Ag content. p, coupled modes denoted by circles, squares, and triangles are present throughout the differently composed
chains. Modes denoted by diamonds (pentagons) correspond to weakly coupling Au (Ag) modes, whereas the Ag bulk mode is labeled by a hexagon.
The gray shaded area indicates the spectral regime where plasmonic excitations in Au are suppressed owing to its dielectric function. The notation
convention of the coupled modes was introduced in Figure 3.
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composition series. Accordingly, the presence of the observed
(ppPP)1,2 modes may be explained by the rather small difference
of Au and Ag dielectric functions for energies below 2 eV. How-
ever, there are also modes that do not show up in the whole
composition series. This mainly pertains to weakly coupling d,,
modes in the spectral range of Au interband transitions. The
latter represents another coupling possibility in a wide energy
range, yielding broadening (increased damping) and an asym-
metry (Fano resonancel’®)) of the spectral peaks. The simulated
spectra displayed in Figure 4a reveal a shift of the coupled d and
p mode energies depending on the composition of the chain.
The blueshift of the excitation energies with increasing Ag per-
centage is also observable in the experimental data (Figure 4b)
and may be used to tune LSP resonance energies in future
applications.

The experimental data also demonstrate the sensitivity of LSP
resonances to the arrangement of various particles, although
there are noticeable discrepancies with the simulations for ideal
combinatoric chains. First, the modes of lowest energies are
redshifted with respect to the simulated ones in all cases. This
suggests a dielectric constant of the surrounding medium larger
than the vacuum value (€ = 1), leading to redshifted LSP mode
energies. Both the carbon substrate and the organic ligand shell
of the particles have dielectric functions larger than one in the
optical frequency regime and can potentially cause such red-
shifts. Additionally, there are specific deviations unique to each
chain. Slightly varying distances between the spheres, which
influence the coupling strength, as well as shape variations of
the single spheres (diameter, deviation from a perfect sphere)
are possible causes for this behavior. Moreover, the silver spheres
surfaces suffered from degeneration leading to a plasmonic inac-
tive (£ > 0) shell with an uncertain thickness on the Ag spheres,
which affected both the distance between the NPs and their
dielectric environment. On the one hand, slight shape variations
of single NPs do not change their plasmonic properties signifi-
cantly.!’”! On the other hand, a change of the coupling strength
of the arranged NPs, caused by shape anisotropies or varying
gaps between the NPs, influences the plasmonic response of
the chains considerably. The effect of deviations in the dielectric
surrounding depends on the slope of the frequency-dependent
dielectric function of the NPs material. The strongest shift of the
plasmon mode frequencies can be observed for flat curves. To
consider those effects approximately, the dielectric environment
was described by an effective medium in previous studies.?
Despite discrepancies for the specific chains, the general trend
of blueshifted LSP mode energies with increasing Ag content is
seen in the experimental data as predicted by the simulations.

Overall, the experimental characterization gives insight into
the optical properties and LSP mode coupling behavior of het-
erogeneous NP assemblies. In the inhomogeneous systems, we
found coupled p and d modes already observable in homoge-
neous Au and Ag chains. Depending on the NP composition
the mode structure and the excitation energies of the coupled
modes varies, which can be exploited in future applications.

3. Conclusion

We present stochastic confinement assembly as a tool to access
a comprehensive ensemble of linear, heterogeneous particle
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systems. By combining silver spheres and gold spheres in vast
numbers, we are able to assemble virtually all possible combi-
nations up to a length of 17 building blocks, shifting the bot-
tleneck of synthesis/assembly to the analysis of the obtained
structures, which can be facilitated by our presented image
analysis algorithms.

In a closer look at particle lines of length four, we provided a
scheme to explain the observed coupling patterns between gold
spheres and silver spheres, which were observed in electrody-
namic simulations and STEM-EELS measurements. The intro-
duction of silver enables a coupling over a wider energy range.
This includes not only the previously observed dipolar longitu-
dinal coupling but also other coupling modes, e.g., coupling of
higher-order modes with transversal modes.

Beyond the specific example, our assembly approach allows
for the first time the investigation of plasmonic properties in
heterosystems in a combinatorial fashion. Especially the com-
bination of such combinatorial procedures with deep learning
algorithms has great potential for harnessing plasmonic sys-
tems of higher complexity and is subject to further investiga-
tions. Here, long heterogeneous arrangements potentially
forming complex plasmonic band structures (multiple bands,
bandgaps, crossing bands) are of special interest. Thus, the
assembly method shown in this work is a key step in terms of
plasmonic band engineering.

4. Experimental Section

Materials:  Ascorbic acid (AscH,, CgHgOg, >99%), copper(ll)
nitrate hemi(pentahydrate) (Cu(NO;3),-2.5H,0, >99.9%),
hexadecyltrimethylammonium  bromide (CTAB, 99%), hydrogen

tetrachloroaurate (HAuCl,, >99.9%), silver nitrate (AgNOs, 99.9999%),
poly(ethylene glycol) methyl ether thiol (PEG-SH, M, = 6000 g mol™),
and sodium borohydride (NaBH,, 99%) were received from Merck
KGaA, Germany. Sylgard 184 PDMS elastomer kits were purchased
from Dow Corning, USA. Acetone (99.98%) and propan-2-ol (99.97%)
were purchased from Fisher Scientific, UK. Ethanol was purchased from
VWR Chemicals, USA. Hexadecyltrimethylammonium chloride (CTAC,
>99%) was obtained from Molekula, UK. All chemicals and solvents were
used as received. Silicon wafers were purchased from CrysTec GmbH,
Germany. TEM grids (Cu, carbon coated, 200 mesh) were purchased
from Electron Microscopy Sciences, USA. Purified water (Milli-Q grade,
18.2 MQ cm at 25 °C) was used in all preparations. Metal precursor salts
were continuously added by a syringe pump system.

Synthesis of Gold Spheres: Spherical gold nanoparticles were
synthesized by a protocol from Zheng et al.?!l and adapted by Steiner
et al.'% The process follows a seed-mediated approach from Wulff seeds
via CTAC-capped seeds to spherical gold nanoparticles.

4.7 mL of a solution containing CTAB (100 x 103 m) and 1.25 pumol
HAuCl, were tempered for 10 min at 32 °C. Then, 300 pL of a freshly
prepared 10 x 103 M solution of NaBH, was added at vigorous stirring
in a swift one-shot injection into the vortex. Stirring was discontinued
after 30 s to allow aging of the particles for 30 min.

Afterward, 40 mL of CTAC (200 x 1073 m), 5 mL of AA (1 m), and T mL
of the previously prepared Wulff-seed solution were mixed. Then, 40 mL
of a solution of CTAC (200 x 10 m) and HAuCl, (1.0 x 1073 m) were
added under modest stirring. After 15 min, the solution was centrifuged
at 14 500 rcf for 1 h, washed with water, again centrifuged at 14 500 rcf for
1h, and redispersed in 10 mL of a 10 x 107> m CTAC solution.

To further grow these seeds, 200 mL of a solution of CTAC
(60 x 1073 M) and AA (3.9 x 1073 m) were mixed with 650 pL or 2.6 mL of
the above-prepared solution for large (75 nm) or small (22 nm) spherical
particles, respectively. Then, 360 mL of a 1.5 x 10 M HAuCl, in a
60 x 1073 M CTAC solution was added at 1 mL min™" with a syringe pump

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

under modest stirring. Afterward, 40 mL of the same solution were
added to etch the remaining edges of the particles to generate spheres.
Thereafter, the suspension was centrifuged at 350 rcf for 35 min, washed
with water, centrifuged again for 35 min at 350 rcf, and redispersed in
10 x 1073 m CTAC solution. The small spheres were handled in the same
way but centrifuged at 3600 rcf for 2 h, respectively.

Synthesis of Silver Spheres: The silver spheres were synthesized in a
two-step process. First, small gold nanospheres were overgrown with
silver to generate silver cubes(?2 and subsequently catalytically etched to
silver nanospheres.["

To synthesize silver cubes, 25 mL of a 10 x 107> m CTAC solution were
mixed with 0.696 mL of the suspension of the small spheres synthesized
above (21.55 x 10 m for a final concentration of 0.15 x 10 M) and
heated to 65 °C. Afterward, 0.300 mL of a 50 x 107> m AgNOjs solution
and 0.300 mL of a 200 x 1073 m AA solution were added simultaneously
at a rate of 200 pL h™" with a syringe pump setup. Then, 17.7 mL of a
50 x 103 m AgNO; solution and 17.7 mL of a 50 x 107> m AA solution
were added simultaneously at a rate of 200 pL h™' with a syringe pump.
Afterward, the solution was centrifuged at 1000 rcf for 25 min, washed
with water, and again centrifuged at 1000 rcf.

To purify the solution from long silver wires, the residue was
redispersed in 10 mL of a 30 x 103 m CTAC solution and left for 1 h.
Then, the supernatant was collected and centrifuged with the same
parameters and redispersed in 3 x 103 m CTAC solution.

To synthesize silver spheres, the above-obtained suspension
was dispersed in 100 mL of a 30 x 107> m solution of CTAC and AA
(5.625 x 107 m). After heating the mixture to 65 °C, 1.5 mL of a
5% 107 M Cu(NOs3), solution were added. The solution was stirred at
65 °C until a diluted solution appeared clearly yellow and when the UV—
vis spectra indicated complete removal of the cubic modes, which was
roughly after 4 h. The solution was cooled in a cold-water bath. Then, the
mixture was centrifuged at 1000 rcf for 25 min, washed with water, and
left for 1 h to let AgCl crystals sediment. Afterward, the supernatant was
collected and again centrifuged at 1000 rcf for 25 min and redispersed in
3% 1073 m CTAC solution.

Functionalization: 0.1 mL of a 20 mg mL™" solution of PEG-SH
(6000 g mol™) in dichloromethane was added to 2 mL of a 1 mg mL™
aqueous particle suspension in 0.5 x 1073 m CTAC solution. Then, 1 mL
of methanol was added, and the suspension was placed on a shaker for
3 d. Afterward, the mixture was centrifuged at 350 rcf for 50 min, washed
with water, again centrifuged at 350 rcf for 50 min, and then redispersed
in water to adjust the particle concentration to roughly 50-100 mg mL™.

Template Fabrication: Adopted from previous work,?3 wrinkled
templates were made in a multistep process. First, 25 g of Sylgard
184 PDMS with a cross-linker-to-prepolymer ratio by mass of 1:5 were
prepared by mixing 20.83 g of prepolymer and 4.17 g of cross-linker and
pouring it into a leveled polystyrene dish of about 10 cm x 10 cm. The
mixture was allowed to cure for about 24 h at room temperature and
then 5 h at 80 °C. Subsequently, the PDMS was cut into T cm x 4.5 cm
strips. To generate a template, one of those strips was fixed in a home-
built stretching apparatus with a torque of 1.5 ctN m. Afterward, the
strip was elongated by 40% and O,-plasma-treated (Flecto 10, Plasma
Technology) for 120150 s at a plasma pressure of about 0.3 mbar and a
power output of 100 W. After the procedure, the strip was slowly relaxed.
For application, the wrinkled area was cut into Tcm x 1 cm pieces.

Preparation of Particle Suspension: Prior to assembly, the particle
suspension is prepared by mixing the synthesized and functionalized
gold spheres and silver spheres in appropriate amounts, depending on
the desired gold/silver ratio in the assembly. The concentration of the
stock solution is estimated by ref. 2l for gold spheres and ref. 2] for
silver spheres. For assembly, water and ethanol were added to adjust the
ethanol concentration to 20 vol% and the final particle concentration to
about 3 x 10'° particles L™

Assembly on Silicon Wafers: Silicon wafers were cut into 1.5 cm X
1.5 cm pieces. These pieces were first submerged in acetone and
sonicated for 5 min. This process was repeated with ethanol and
isopropanol as a solvent. Afterward, the pieces were dried with
pressurized N, and stored.
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For assembly, the wafer piece was hydrophilized in a plasma etcher for
2 min. Then, 1 uL of prepared particle suspension was carefully placed
on the substrate, which was placed on a leveled surface. Afterward, the
template was cautiously placed atop the suspension droplet. After drying
for at least 3 h, the template was carefully lifted, leaving the assembly on
the wafer behind.

Assembly on TEM Grids: For assembly on TEM grids, the TEM grid was
hydrophilized in a plasma etcher for 2 min and afterward placed atop a
leveled bare silicon wafer. Then, 1 uL of prepared particle suspension
was carefully placed on the TEM grid. The template was mounted on a
weight of about 1 kg and slowly lowered onto the substrate. After drying
for at least 6 h, the template was carefully lifted, leaving the assembly on
the TEM grid behind.

TEM Characterization: TEM measurements were performed with a
Libra120 (Zeiss, Germany) with an acceleration voltage of 120 kV. For
TEM analysis, T mL nanoparticle solution was concentrated to 100 pL via
centrifugation and washed twice to reduce the surfactant concentration
below the critical micelle concentration (cmc). Subsequently, 2-5 pL of
these solutions were dried on a 200 mesh copper TEM grid with carbon
film. In the statistical evaluation,  values noted in the text represent the
respective standard deviations.

SEM-EDX Characterization: SEM-EDX was conducted on the prepared
silicon wafer substrates with an ULTRA PLUS SEM from Carl Zeiss
Microscopy GmbH (Jena, Germany) at 20 keV. The dwelling time was
set to 2 ms per 14.9 nm pixel, acquiring an image of 4096 x 3072 pixels.
The EDX detector was inserted in between the pole piece and substrate,
yielding a higher solid angle than standard detectors. EDX spectra were
processed by QUANTAX FlatQUAD software from Bruker Nano GmbH
(Berlin, Germany).

STEM-EDX  Characterization: ~STEM-EDX measurements were
performed using a JEOL F200 microscope operated at 200 kV using a
100 mm? windowless silicon drift detector.

STEM-EELS Characterization: The plasmonic response of the NP
was characterized by STEM-EELS. The measurements were performed
at 80 kV in a probe Cs-corrected FEI Titan® microscope equipped with
the Wien monochromator and the Gatan Tridiem energy filter. An
electron beam of 1 nm diameter and energy resolution of 75 £ 5 meV
was scanned across the NPs with the dwell time of 30 ms while
capturing EEL spectra and high angle annular dark field (HAADF)
images at the same time under the convergence angle of 20 mrad
and a collection angle of 7 mrad. The obtained spectra showed the
characteristic peaks owing to the excitation of surface plasmons.
Correspondingly, the maps of the excitation probabilities in the vicinity
of the NPs were extracted. The details of spectra processing can be
found in ref. [4].

Image Analysis: For image analysis, the Fiji distribution of Image)(2®l
and Matlab 2018a were used. First, the grayscale SEM image was
thresholded to acquire a binary mask to work with. Second, the
watershed algorithm already implemented in the Image) software was
used to split not completely resolved particles into single particles. This
image will be used in the assignment of particles to its tuple of pixels.
Third, this image was diluted to add another layer of white pixels to fuse
the particles back together to particle lines. This image will be used in
the assignment of lines to its tuple of pixels and subsequently in the
assignment of each line to its tuple of particles.

Afterward, the analyze particles feature of the Image| software was
used to find regions of interest (ROI) consisting of well-separated
particles and lines, respectively. Then, each ROl was assigned to its
composing pixels, giving a connection between particles/lines and
the pixels making up the structure. With a pixel size of about 15 nm, a
particle distance of about 30 nm is necessary to distinguish two distinct
particle lines. However, the observed distance between particles is
either much smaller or much larger than this threshold, leading to no
ambiguity in this task.

Subsequently, each particle was assigned its composition by adding
up the associated EDX intensities of gold and silver of all pixels
belonging to each particle. If the intensity of gold was higher than for
silver, the particle was assigned to be gold and vice versa.
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Electromagnetic = Simulations: Electromagnetic simulations of the
plasmonic response were obtained using a boundary element approach
(MNPBEM code) implemented by Hohenester.[”] Using that code, the
full Maxwell equations were solved for 80 keV primary energy electrons
inducing a coupled plasmonic response of four spheres with 70 nm
diameter and 0.5 nm gap in between. The dielectric functions of gold
and silver are taken from refs. [28] and [29], respectively. The surrounding
medium was supposed to be vacuum (e=1).
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