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Colloidal Self-Assembly Concepts for Plasmonic Metasurfaces
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Metallic nanostructures exhibit strong interactions with electromagnetic
radiation, known as the localized surface plasmon resonance. In recent

years, there is significant interest and growth in the area of coupled metallic
nanostructures. In such assemblies, short- and long-range coupling effects
can be tailored and emergent properties, e.g., metamaterial effects, can be
realized. The term “plasmonic metasurfaces” is used for this novel class of
assemblies deposited on planar surfaces. Herein, the focus is on plasmonic
metasurfaces formed from colloidal particles. These are formed by self-
assembly and can meet the demands of low-cost manufacturing of large-area,
flexible, and ultrathin devices. The advances in high optical quality of the
colloidal building blocks and methods for controlling their self-assembly on
surfaces will lead to novel functional devices for dynamic light modulators,
pulse sharpening, subwavelength imaging, sensing, and quantum devices.
This progress report focuses on predicting optical properties of single colloidal
building blocks and their assemblies, wet-chemical synthesis, and directed
self-assembly of colloidal particles. The report concludes with a discussion

of the perspectives toward expanding the colloidal plasmonic metasurfaces
concept by integrating them with quantum emitters (gain materials) or

oscillation, known as a surface plasmon
resonance, depends on specific wave-
length, polarization, and angle of inci-
dence of the light as well as the thickness
of the metallic thin film.l! Less precision
is needed to reach the resonance condi-
tions for spherical metallic nanoparticles,
for which the excitation wavelength must
be much larger than the particle diam-
eter.Zl Because of the localization of the
oscillation within nanoparticles, surface
plasmon resonances allow for localization
of electromagnetic field below the diffrac-
tion limit.}! Furthermore, the scattering
and absorption properties of plasmonic
nanoparticles can be tailored by control-
ling their composition, size, geometry,
and environment.l These special proper-
ties of plasmonic nanoparticles stimulated
growing interest in a variety of applica-
tions, including coloring agents (e.g.,
plasmonic windowsP!) electronics (e.g.,

mechanically responsive structures.

1. Introduction

In metallic thin films, light can drive coherent oscillations
of the free electrons at the metal-dielectric interface. This
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plasmonic solar cellsl®), optics (e.g., reso-

lution below diffracting limit”!), medicine

(e.g., cancer treatment®), and sensors
(signal/sensitivity enhancement!)). Although these effects are
obvious in isolated, individual plasmonic nanoparticles. The
plasmonic coupling of metallic nanoparticles in assemblies can
be controlled and imparts tunable interactions with electromag-
netic radiation and new, emergent properties. Examples include
a dramatic color change when varying the distance between
coupled nanoparticles,!'% strong electromagnetic field enhance-
ment,'l and hybridized plasmon modes.l'?l Simply assembling
nanoparticles into dimers can result in superior field enhance-
ment and improved sensitivity in Raman scattering spectros-
copy.'3] Moreover, advancements in theory, simulations, and
computing power have facilitated the rational design of com-
plex nanoparticles and well-defined assemblies.['

Plasmonic metasurfaces are assemblies of plasmonic nano-
structures deposited on surfaces. The reduction to two dimen-
sions has a decisive advantage that the exceptional abilities for
controlling the flow of light can be integrated in planar, scal-
able and low-cost manufacturing processes.”! With proper
control and design of the local and long-range coupling effects,
novel and useful properties, beyond the behavior of single nano-
particles, can emerge. These properties include the capability
to manipulate amplitude, phase, and polarization of light!!%l at
subwavelength resolution,”! intense electric field enhancement
in hot-spots between nanoparticles,”) and an effective negative
index of refraction for a particular wavelength for some types
of hierarchical assemblies.['8! These mentioned concepts can
be further exploited to target imaging below the diffraction

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.201800564&domain=pdf&date_stamp=2018-09-17

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

limit (superlenses)™! and ultrathin invisibility skin cloaks.2

The general term, “plasmonic metasurface,” is not defined in
the literature in the strict sense of the classical metamaterial
definition of Cai and Shalaev. “A metamaterial is an artificial
structured material, which attains its properties from the unit
structure rather than the constituent materials. A metamate-
rial has an inhomogeneity scale that is much smaller than the
wavelength of interest, and its electromagnetic response is
expressed in terms of homogenized material parameters.”?!l
Rather, the phenomenon of emergent properties is used as the
defining element.[!”]

Despite the excellent potential for applications, there have
been few practical demonstrations of plasmonic metasurfaces.
Applications are often hampered by the limited scalability of
the available fabrication techniques. Approaches for designing
and functionalizing colloidal nanoparticles that allow for con-
trolled self-assembly and the fabrication of monolayers with
macroscopic dimensions are therefore critically important for
advancing the field. These concepts enable programmability
of the self-assembled metasurface, scalability, and reproduc-
ibility.?l Moreover, plasmonic nanoparticles of high optical
quality arising from their homogenous sizes and shapes
and defined crystallinity can be obtained from wet-chemical
synthesis techniques, including seeded growth.?2l

In the following sections, we discuss steps in rationally
designing and realizing colloid-based plasmonic metasurfaces.
We begin with the structure—property relationships of single
nanoparticles, followed by a discussion of interactions between
plasmonic nanoparticles and their interactions with surfaces.
Precise requirements for the design of plasmonic metasurfaces
complement the state-of-the art techniques for wet-chemical
synthesis and colloidal assembly. Finally, we extend the scalable
colloidal metasurface concept to responsive and functional
metasurfaces through integration with gain and mechanosensi-
tive materials.

2. Electromagnetic Modeling and Wet-Chemical
Synthesis to Fabricate Colloidal Plasmonic
Metasurfaces

2.1. Optical Properties and Synthesis of Plasmonic Particles

In this section, we introduce the design rules and experimental
approaches for tailoring the optical properties of isolated,
noninteracting nanoparticles. The theory presented has been
selected to align with the types and properties of nanoparticles
that are readily obtained through wet-chemical synthesis.
Therefore, the reader is guided in the choice of optical proper-
ties and synthetic methods.

The optical response of an isolated nanoparticle is the
starting point toward designing complex assemblies. Figure 1
shows the design principles of plasmonic building blocks
and their correlated optical response, as summarized in the
following rules: Increasing the diameter of the nanoparticle
causes (1) a redshift in the surface plasmon resonance (to lower
energy) and (2) an increase in the effective absorption cross-
section. Mie theory calculations of spherical gold particle with
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diameters of 20-80 nm in water (n = 1.33) illustrate this effect
(Figure 1a). We chose Mie theory, because it gives a nearly exact
solution of the absorption and scattering properties of plas-
monic particles while requiring only modest computational
resources. Moreover, knowledge of the nearly exact extinc-
tion properties is an important reference for comparison with
other models. The effective extinction cross-section is defined
by the intensity of extinction cross-section divided by the cross-
sectional area of the scattering nanoparticle. This definition
holds for all of the calculations discussed in this progress
report, and the effective extinction cross-section makes the
optical responses from different types of metal nanoparticles
comparable. (3) The optical responses can also be tuned, when
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Figure 1. Design principles and colloidal plasmonic building blocks: Optical properties of colloidal building blocks shown by a) substrate-supported
gradient plasmonic array of gold nanoparticles,?®l b) sensitivity to refractive index by dark field spectroscopy,?!l c) TEM image of spherical gold nano-
particles and silver shelled nanocubes,?? and d) gold nanorods with tailored deposition of silver on the ends.?’ Definition of abbreviations: effective
extinction cross-section (Q), wavelength (), sphere (‘s’) and cube (‘c’). Electromagnetic modeling by Mie theory and FDTD method. (a) Adapted with
permission.?l Copyright 2014, American Chemical Society. (b) Adapted with permission.?!l Copyright 2003, American Chemical Society. (c) Adapted

with permission.l?2 Copyright 2017, Wiley-VCH. (d) Adapted with permission.[?’l Copyright 2015, American Chemical Society.

the refractive index of the dielectric environment is systemati-
cally increased from water, to polymers, and to glass (Figure 1b).
Increasing the refractive index of the surroundings results
in an excitation at lower energy and an increase in effective
extinction, which is caused by an increase in polarizability
and lower damping, respectively.?®! All of the Mie theory cal-
culations in this progress report can be reproduced by using
the MATLAB (MathWorks) code implementation written by
Mitzler.?’] In order to reproduce the calculations of the optical
response at a particular wavelength, the complex refractive
index constant must be reasonably approximated from fitting
experimental data using polynomial functions. For the dielectric
properties of gold, we utilized the sample data from Johnson
and Christy,?® which was fitted using sixth-order polynomial
function with a root mean square (RMS) error of 0.2 over
the range of 300-1600 nm. We chose the data of Johnson and
Christy, because it shows the best match between simulated and
experimental optical response. The optical constants of the envi-
ronment (water, polymer, glass) were assumed to be constant for
all wavelengths. If higher precision is necessary for optical con-
stants of the environment, the online refractive index database
is a useful resource.’” The Mie theory can now be used as a
tool to interpret spectroscopic data obtained for nanoparticles
formed by wet-chemical synthesis. By comparing experimental
spectra to Mie theory fits, the size and shape of the plasmonic
nanoparticles can be determined. For instance, the presence of

Adv. Optical Mater. 2019, 7, 1800564 1800564 (3 of 17)

anisotropy and facets would lead to a broadening and/or red-
shift of the localized surface plasmon resonance, as discussed
below.

Colloidal dispersions formed through wet-chemical syn-
thesis methods are employed in a wide range of applications.
Wet-chemical methods allow tuning of the optical response of
plasmonic nanoparticles in a cost-efficient manner. Although
methods for synthesizing simple gold colloids are already well
established, utilizing these nanoparticles as building blocks for
assemblies on plasmonic metasurfaces requires fulfillment of
additional criteria:*” Dispersity in size and shape lead to the
broadening of the plasmonic peak extinction due to superposi-
tion of the optical response of all (different) nanoparticles in the
ensemble. Modern synthesis, in some instances, however, can
reach theoretical limits of optical quality for colloidal ensembles.
For example, Gonzalez-Rubio et al. impressively showed that
the optical linewidth of gold nanorods can be reduced close to
the theoretical limit by femtosecond laser reshaping.*! Espe-
cially seed-mediated growth has proven to result in small size
and shape variations meeting the requirements of high optical
quality (Figure 1a).?? In this synthesis approach, the nuclea-
tion of the particles known as the seeding and growth stages
are separated from each other. Typically, such seeds (<5 nm
diameter) are formed by a fast reduction with a strong reducing
agent, followed by a slow and controlled overgrowth to achieve
the final size and shape under milder conditions.’3 Since the
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dispersity of the final particles is inherited from the initial seeds,
this synthesis approach can yield particle size distributions with
a standard deviation of the diameter well-below 5%.53* Besides
the size dispersion, the shape yield, i.e., the amount of mor-
phological by-products of the synthesis also hinders assembly
processes and gives in consistent optical properties that often
appear as broadening of spectral features. This size and shape
distributions can often be improved by additional purification
steps, such as exploiting depletion forces.*! Material is lost
during each purification step, however, so a highly pure sample
can be obtained from a polydisperse mixture only with low yield.

The introduction of nanoparticles with anisotropic shapes
is an exciting development that extends the accessible range
of excitation wavelengths and allows high sensitivity in com-
parison to spherical particles (Figure 1d).3¢! Anisotropic shapes
result in anisotropic surface plasmon resonances with more
complex and tunable optical properties.’”] (4) The number of
plasmon modes increases, when there are more different ways
of polarizing the nanoparticles in respect to the electric field
of light.®® Figure 1d depicts nanorods, which can be excited
by the electric field vector parallel (longitudinal mode) or per-
pendicular (transverse mode) to the long axis of the nanorod.
Methods for synthesizing nanoparticles with anisotropic
shapes or sharp edges and corners are well established.*! In
seed-mediated growth, the nanoparticle shape can be tuned
through passivation and selective stabilization of specific crystal
facets.*)) Most prominently, surfactants containing halides—or
in the case of gold nanorods, combined with silver nitrate—act
as shape-directing agents by energetically favoring growth of
certain facets of the crystal.*!] Facet-selective growth gives rise
to a variety of morphologies including spheres, triangles, cubes,
and rods.*4

It is also important to be able to control the faceting of nano-
particles, between the limits of spheres and cubes, which can be
obtained through overgrowth processes or polyol processes.*3!
The following design rules are determining the optical proper-
ties of spheres, cubes, and intermediate shapes of plasmonic
nanoparticles (Figure 1c): (5) The plasmon shifts red, when
fewer geometric symmetries are available and (6) multipolar
modes can be excited. In addition to multipolar modes, an
interesting feature of cubic structures is the possibility to excite
bright and dark modes. (7) Due to their typical signature of
surface charge oscillation at the metal-dielectric interface,
plasmonic nanoparticles can be approximated as dipole oscil-
lations. This dipole can couple to light and is defined as bright
mode. (8) On the other hand, when quadrupole mode is excited
(dipole moment is zero), the mode is defined as dark mode,
where no direct coupling to light is possible.[*4]

For electromagnetic simulations of nonspherical nanoparti-
cles shown above (Figure 1), we used a commercial-grade simu-
lator based on the finite-difference time-domain (FDTD) method
(Lumerical FDTD).*! For investigating the scattering behavior
of the plasmonic nanoparticles, a source designed for scattering
behavior of objects (total-field scattered-field source) was utilized
to isolate the scattering field from the incident field. A balance
between the computational effort and accuracy, which can be val-
idated by comparison with Mie theory calculations, is a consid-
eration when using this finite-element method. Thus, we have
set the frequency points to be half the wavelength span and the
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mesh size to 1 nm. For objects smaller than 20 nm, even smaller
mesh sizes are necessary. Finally, the injected electromagnetic
field must converge during the defined simulation time. For
the dielectric properties of silver, a CRC Handbook of Chem-
istry and Physics approximation by Hagemann et al. was used
(five coefficient, 0.2 RMS error, 300-1200 nm fitting range).[*¢]
In order to calculate the surface charges of the bright and dark
modes in Figure 1c, we have implemented the electrostatic limit
approximation from Zhang et al*¥ into FDTD. Briefly, this
approximation considers in its calculations small object sizes
(3 nm), symmetric/antisymmetric boundary conditions and
optical constants from the Drude model (intraband only).

Similar results can be achieved using noncommer-
cial solutions, which is appealing for researchers who may
use plasmonic nanoparticles in their research but do not spe-
cialize in optical property simulations. For example, the discrete
dipole approximation (DDA) method can calculate extinction
responses for particles of arbitrary shape. The open source
code implementation by Draine and Flatau (DDSCAT) and
by nanoHUB (nanoDDSCAT) is widely used.*”] However, the
DDA method has a significant disadvantage in computational
effort when surfaces are added, since these surfaces must be
approximated also by dipoles.

To be complete, we briefly discuss various simulation
methods to determine the optical response of structured multi-
layer stack: Multilayer planar stacks can be calculated by the
analytic transfer matrix method.*®! The complex reflection and
transmission coefficients can be calculated either using custom
code, publicly available programs for FDTD (stackrt and stack-
field), or other commercial solutions. For simulating periodic
structures, a semianalytical method such as rigorous coupled-
wave analysis is recommended.[*”) Analytical and semianalytical
methods can contribute to a better understanding of optics
because of their computation efficiency in comparison with
numerical methods, as discussed in the review article by Garcia
de Abajo and co-workers.>"

2.2. Plasmonic Excitation across the Entire Visible Spectrum:
From Gold to Silver

The optical and chemical properties vary widely among
plasmonic materials. In this section, we compare the optical
properties and wet-chemical syntheses for the most commonly
used plasmonic materials. For plasmonic excitation in the vis-
ible spectrum (380-750 nm), silver is generally the preferred
material for colloids rather than gold. The reason lies in the
quality factor (QF), which was introduced by Wang and Shen
w(de’ | dw)
2e”

and defined,”? QF = , where ¢ and &” are the real

and imaginary parts of the dielectric function () of the metal,
respectively. Thus, a large QF is obtained when ¢” is small
and the change in ¢ is large. As shown in Figure 2a, silver
has a large QF in the blue, and has a significant QF across the
entire visible spectrum, while gold’s QF vanishes in the blue.
The observed effect is also correlated with the band transition
from intraband to interband of silver (at 326 nm) and gold
(at 515 nm).*%l Because of the distinct optical properties of
silver and gold, the expected dipolar resonances for silver
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Figure 2. Plasmonic quality factor and examples of well-defined and stable silver nanoparticles: a) Wavelength-dependent quality factor (QF) for bulk
silver and gold in the visible spectrum. b) Spectroscopic response of 60 nm silver and gold cubic nanoparticle in water and surface charge images of
the silver plasmonic modes from FDTD calculations. c) Finely-tuned surfactant-based silver nanocube synthesis as shown by Xia and co-workers. Alter-
natively, d) silver overgrowth from gold particle seeds inheriting their size distribution and crystal structure. The abbreviations are defined as follows:
effective extinction cross-section (Q) and wavelength (4). e) Subskin-depth gold layer as oxidation protection for silvers nanoparticle. (c,d) Adapted
with permission.[3#311 Copyright 2016/2013, American Chemical Society. (e) Adapted with permission.?2l Copyright 2017, Wiley-VCH.

and gold nanocubes occur at 505 and 595 nm, respectively.
It should be noted that the energetically lowest modes for
silver and gold are both dipolar. For clarify in Figure 2b, the
plasmonic dipolar mode was only labeled and illustrated for
silver. Due to the high QF of silver in the ultraviolet range,
energetically higher plasmonic modes can be observed as well.
These higher plasmonic modes are potentially useful for propa-
gating energy because of their lower radiative damping.

The sensitivity of silver to oxidation makes the synthesis
of durable silver nanoparticles challenging and poses some
experimental limitations. Gold, in contrast, is the most noble
metal and is least prone to oxidize upon contact with ligands
or the environment. Furthermore, the size and shape of gold
nanoparticles can be readily controlled following a vast range
of well-established synthetic protocols.’?) Consequently, gold
nanoparticles are commonly the material of choice for proof-of-
concept realizations of plasmonic metasurfaces.”®l Despite the
superior optical properties of silver, the number of reproducible
and tunable protocols that result in a narrow distribution of
nanoparticles as well as high yield of shaped nanoparticles
is limited.P! These protocols typically involve chemical-
passivation of the particle—surface by polymer layers like
polyvinylpyrrolidone (PVP).?>°!l The drawback of passivation
by a polymeric layer can be overcome through recent advances
in surfactant-based synthesisP®! and/or the use of well-defined
gold particles as seeds for the silver deposition,2>*3254
depicted in Figure 2c—e. In the later approach, the narrow size
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distribution of the gold cores is templated into highly uniform
silver shell, which dominates the optical properties by masking
the gold core. By combining the superior optical properties
of silver and the synthetic advantages of gold in this manner,
wires, cubes and cuboidal morphologies with outstanding
optical properties can be achieved.?>?>*3% Recent developments
have also established silver nanocubes that are stable against
oxidation, while keeping the surface functional, by overgrowth
of a protecting gold layer with a subskin depth thickness (i.e.,
=1 nm), as shown in Figure 2e.?2l This method allows for the
combination of the colloidal and synthetic stability of gold with
the high optical quality of silver, because the effect of the thin
gold shell is negligible.

2.3. Short- and Long-Range Coupling in Colloidal Plasmonic
Metasurfaces

With the optical properties of noninteracting nanoparticles
and methods for synthesizing and engineering the optical
properties of plasmonic nanoparticles established, this section
is dedicated to understanding the properties of nanoparticles
on surfaces with broken symmetry, including short- and long-
range coupling effects between the nanoparticles. The plas-
monic hybridization that occurs through symmetry breaking
is important for understanding the properties of plasmonic
metasurfaces.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Design principles for breaking the symmetry of plasmonic nanoparticles: Simulations of plasmonic hybridization a) when a silver cube
approaches a dielectric substrate (bonding and antibonding (B/AB) modes), b) for twisted dimers of silver nanorods (symmetric and antisymmetric
(S/AS) modes), and c) first-order Bragg diffraction (D) in a periodic lattice. All effective extinction cross-sections (Q) are calculated in water (n=1.33),
except for (a) symmetry breaking with a substrate (n=1.5) and air (n=1) in the gap. The abbreviations are defined as follows: wavelength (1), left and
right polarized (LP/RP, respectively) light, and lattice periodicity (p). Electromagnetic modeling by FDTD method.

Since the symmetry of the dielectric environment is broken
by placing a plasmonic nanoparticle onto a substrate, it has
a pronounced impact on the spectroscopic properties of the
system (Figure 3a). Another type of complexity arises when
plasmonic nanoparticles interact, such as stacked nanorods
(Figure 3b) or an arrangement in periodic lattices (Figure 3c).
In each of these examples, two of more plasmon resonances
overlap and interact with each other. These interactions result
in an asymmetric line-shape (Fano resonance), where the
extinction of the coupled resonators has a distinct minimum
and maximum arising from the coupling. Because of the wide
range of simple interactions that give Fano resonances, Fano
line shapes are commonly observed in many plasmonic sys-
tems. The sharpness of the Fano resonance makes it highly
appealing for several applications. For example, structural
color can be brighter than pigmentary colors, is immune to
photo bleaching, and can be tuned dynamically, if the system
is mounted on a flexible substrate.’>l Nonlinear effects, such as
lasing, can be achieved when light is coherently coupled to a
periodic nanostructure.® Further applications include highly
sensitive refractive index sensorst’l and selective injection of
hot electrons.P®¥ For further reading about Fano resonances
at plasmonic metasurfaces, we recommend the review from
Chong and co-workers.’” In an analogy to classical coupled
oscillators, the Fano resonance usually occurs when broad-
band resonance interacts with a narrowband resonance.’¥ In
the case of a nanocube on a substrate, the interaction between
the bright mode (broadband) and dark mode (narrowband) is
responsible for the asymmetric line shape (see also bright and
dark mode in Figure 1c). As shown in Figure 3a, the interac-
tion results in a lower-energy bonding mode and higher-energy
antibonding mode. The antibonding is useful for applications
in sensing because of enhanced electric field facing toward the
environment.®!] Plasmonic field enhancement from the gap
between the nanoparticle and substrate (nanocavity) is impor-
tant for plasmon-induced hot electron injectionl® controlling
radiative processes in such plasmonic cavities.®¥l A limiting
factor in colloid-based approaches is the presence of stabilizing
surfactants (=2 nm thickness) around the nanoparticle, which
can limit charge transfer and the gap size. Despite the possi-
bility of removing this dielectric shell by plasma cleaning or
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heat or chemical treatment,® it is usually preferable to func-
tionalize the particles with adequate alternative ligands (see
also Section 3.1).

The Fano resonance can be described in analogy to the hybrid-
ization model of molecular orbital theory, where the resulting
plasmonic modes can be described as the linear combination
of resonances of the two isolated modes.®! Twisted nanorods
dimers demonstrate this concept, where the dipole modes of each
nanorod hybridize into symmetric and antisymmetric modes.!%
The optical responses of chiral plasmonic systems can be evalu-
ated by calculating the difference between left and right polarized
light in extinction (Figure 3b). The negative sign corresponds to
the symmetric mode, while the zero crossing corresponds to the
primary plasmonic mode (the longitudinal mode of an isolated
nanorod) and the positive sign corresponds to the antisymmetric
mode. The same optical signature can also be observed for the
hybridized transverse mode (not shown). It is important to note
that the symmetric and antisymmetric plasmon modes are
connected to the electric permittivity and magnetic permeability,
thereby making such chiral systems attractive for applications in
negative refractive index materials.[*°)

Another approach for generating a narrow and asymmetric
line shape is by diffractive coupling of the localized plasmon
mode with a Bragg grating, also known as surface lattice
resonance (Figure 3c), which is special type of Fano resonance.
The wavelength location of the first Bragg mode (D) is propor-
tional to the lattice constant a and the refractive index n of the
surrounding media (Dy; o 1 X a),I”) which results in tunability
of the surface lattice resonance by changing the periodicity.
Recently, Gérard and co-workers identified the resulting hybrid-
ized lattice modes as delocalized “photonic-like” (energetically
lower resonance) and localized “plasmonic-like” (energetically
higher resonance) modes.[®® For simulating surface lattice reso-
nances by FDTD, the previous selected boundary condition (in
the lattice plane only) must be changed from a perfect matched
layer to periodic boundary conditions. The same optical
response can also be attained by using inverse structures, such
as nanohole arrays, which is known as Babinet’s principle.[®]
The tunability of surface lattice resonances makes them attrac-
tive for structural color®® or for strong coupling to obtain
lasing, when the system is coupled to an emitter.”"!

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Principles of Colloidal Self-Assembly

Self-assembly is the spontaneous organization of pre-existing
components into complex organized structures.’! Self-assembly
is controlled by the chemical and physical properties of nano-
particles, surfaces, and their interactions.®! The driving force
for the organization of these structures is the reduction of
free energy to approach local equilibrium. Approach a spe-
cific local equilibrium can be externally aided or modulated by
exploiting directing fields and/or confinement effects. In the
directed self-assembly processes, templates, external fields, or
directing agents are typically used to induce selective clustering
of colloids and spatial order. For template-assisted colloidal
self-assembly—the primary method for bottom-up fabrication
of colloidal metasurfaces—capillarity and capillary forces drive
self-assembly process on the interface of templates (i.e., surface-
modified objects with selective binding sites).

Recent developments in colloidal science have enabled the
precise self-assembly of plasmonic nanoparticle, resulting in
well-controlled emergent properties through plasmon coup-
ling. In particular, simultaneous progress in surface modifica-
tion, miniaturization of features, and improved scalability of
template fabrication in the last decade have led to significant
advances in self-assembly.*>72l The improved reproducibility
and fine control now available through templated self-assembly
provide a strong and necessary foundation for complex spatial
organization that is required for applications. The field of tem-
plate-assisted self-assembly has matured to a point, where effi-
cient scalability, how to obtain precise control, and subsequent
system integration need to be considered early in the develop-
ment of self-assembly processes.

Following the theory of plasmon hybridization, complex
materials can be constructed from their primary components by
stepwise introduction of additional nanoparticles to a plasmonic
metasurface, increasing its size. As visualized in Figure 4,
for large, periodic assemblies obtained in this manner, long-
range lattice effects can dominate the properties. Hence, hierar-
chical plasmonic metasurfaces can be designed by assembling
the colloidal building blocks in a rational manner.”?!

(I)  As represented by nanospheres, nanocubes, and nanorods
in Figure 4la, colloidal (noble metal) nanoparticles consti-
tute the primary component. The optical properties are de-
fined by the composition and shape of the nanoparticles,
as discussed in previous sections. The resulting metas-
urfaces from a stepwise increased number of interacting
particles in the unit cell can be grouped as follows:

www.advopticalmat.de

(I) A group consisting of a few building blocks support addi-
tional properties such as Fano resonances and/or electric/
magnetic resonances. Therefore, they are dominated by the
local coupling, which is dependent on the coupling strength
and the number of particles. The most basic motif'is a closely
coupled particle dimer (IIb), which can be further simplified
to a single particle coupled to a dielectric or metal surface that
breaks its symmetry (Ila), as illustrated in Figure 4 (group II).

(III) For linear particle chains or plasmonic polymers, the optical
response is independent of the number of particles in the
chain due to the radiative damping—thereby distinguish-
ing them from smaller clusters.”*l Linear particle chains
are particularly interesting for subwavelength energy and
information transport applications or applications in strain
sensing, as a result of their directional and anisotropic
optical properties.7#7°]
In the case of plasmonic crystals, the building blocks are
arranged in a period array to exploit the collective coupling
effects induced by the long-range ordering of well-separated
nanoparticles. The resulting Fano resonances are sharp
because they combine coherent coupling of the individual
plasmon modes and Bragg diffraction of the lattices.

(v

-

(Ia) Role of surface functionalization of individual nanoparticles

For achieving well-controlled colloidal self-assembly, several
requirements of the building blocks and the templates need to
be met. Hence, the surface properties of the colloids, defined
by their chemical functionalization, are essential for the self-
assembly process and need to be matched to the chosen
assembly technique. The main requirements are (1) col-
loidal stability in solution, (2) suitable properties of the spacer
material between adjacent building blocks, and (3) the ability
to form connections between the template and the directing
fields and/or confinement effects during the assembly process.
These features are determined by the (typically organic) ligand
stabilizing the nanoparticles, which is either employed as the
capping agent when synthesizing the nanoparticles or can be
modified or exchanged later via functionalization or ligand
exchange in an additional step. Several examples of functionali-
zation for assembly are summarized in Table 1.

(1) The colloidal stability of nanoparticles is especially important
during the self-assembly process: the ligand has to prevent
irreversible agglomeration, even in situations when external
forces acting during the assembly process bring the nanopar-
ticles into contact with each other.”®! Colloidal stability needs
to be attained at high concentrations in order to prevent

adding n building blocks to the metasurface l

(lla) (llb) (U1}

VMg o
ootpo 58

(Ib)

template-assisted

(I-'=l)O

O @ W;;W/ oo0o0

isolated local coupling collective coupling lattice coupling

Figure 4. Self-assembly concepts for colloidal metasurfaces via incremental increase in the number of particles in the unit cell: (1) Colloidal particles
with well-defined morphology (la) and templates (Ib) as building blocks for the self-assembly; (I1) unit cells from (Ila) surface-coupled colloids or (l1b)
few closely placed colloids, both dominated by near-field coupling; (111) 1D plasmonic “polymers” from spheres acting as quasifinite chains by collective
coupling within the particle cluster; and (IV) 2D lattices with long-distance order resulting in surface lattice plasmons.
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Table 1. Surface functionalization of nanoparticles for self-assembly.
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Cat. Purpose Type of functionalization Example Thickness Ref.
m Capping agent Surfactant from synthesis CTAB, CTAC <5nm [41]
m Capping agent Polymer from synthesis PVP/polyol <5nm [25,51]
(2) Responsive Spacer Responsive polymer/hydrogel PNIPAm, PVP-Gel <1 pm [78,79b,80b]
(2) Spacer Inorganic (+label) Sio, >5 nm [63¢,83]
(2) Conductive spacer Conductive polymer PEDOT:PSS, PANI <50 nm [79a,80c]
(2) Responsive spacer (Labeled) protein/DNA BSA, DNA <10 nm [77a,79d]
(3) Wetting modification Surfactant for assembly SDS/Triton - [76]
(3) Hydrophobic linking Polymer for assembly PSS/P2VP <5nm [82a]
Electrostatic linking PAH/PVP <5nm [84]
Wetting modification PEG-SH <2nm [85]
(3) Chemical linking DNA ssDNA, DNA =1 nm [86]

uncontrolled agglomeration. The assembly process can be
accompanied by changes in ionic strength and pH. Thus,
the nanoparticles need to be stable over a range of pH and
ionic strength. This can be achieved by electrostatic or steric
(or both combined: electrosteric) interactions.””) Typically,
colloidal stability is provided by the capping-agent used in the
synthesis, e.g., cetyltrimethylammonium bromide (CTAB) or
PVP. Unfortunately, these ligands often lack functionality
and/or are incompatible with assembly processes. Replacing
the initial capping-agent via functionalization with polymeric
ligands can introduce the required properties/functionality,
for example the inversion of surface charges.

(2) Beyond providing colloidal stability, ligands can act as a di-
electric spacer in the plasmonic metasurface and introduce
tunability and responsiveness, thereby enabling and affecting
the optical properties of the metasurface.’8! Synergistic effects
between colloids and spacers or substrates can be introduced
via “smart” ligands. A few examples include (semi-)conduct-
ing polymers, poly(N-isopropylacrylamide) (PNIPAm) as
temperature responsive polymer, or fluorescently labeled
DNA/protein.””) By employing smart ligand, properties such
as conductivity, environmental responsiveness, (e.g., pH or
temperature), and optical effects like fluorescence can be
introduced into the system. 0!

(3) Most of the different self-assembly processes, which are
discussed later, require optimizing interactions between
the colloidal nanoparticles and the surface, as well as wet-
ting of the colloidal dispersion. Surface modification of the
nanoparticles can be used to render both their interactions
and wetting behavior compatible with the assembly process.
Examples for tuning wettability can be found in refs. [76]
and [81] and ref. [78]. As explained in refs. [76] and [81], the
contact angle of the wetting solution defines the strength
of the capillarity, which is exploited for the assembly pro-
cess. In ref. [78] the colloids are rendered surface active by a
polymeric shell, in order to freely float the on the water—air
interface. Examples for the significance of particle-surface
interactions can be found in ref. [82]. In these examples
assembly on the templates is achieved via hydrophobic—
hydrophobic interactions,822] electrostatic interactions, 82>
and chemical linking.®?d Surface functionalization guides
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the interactions with the template, which can include com-
plementary charges or highly selective groups, such as DNA.

(Ib) Role of the template

The role of the template is to direct the forces guiding
self-assembly to produce hierarchically ordered nanoparticle
assemblies."?’! Templates have specific binding sites for the
approaching colloids, which employ chemical linkers to form
bonds or attractive interactions, spacers that provide repulsive
interactions, or topographical traps. Templates are often
designed to engineer specific interactions with nanoparticles,
based on the size, shape, and chemistry of the nanoparticles.
An overview of templates that have already been employed
for template-assisted self-assembly is provided in the next sec-
tion. The examples are sorted from those giving high posi-
tional control for the assembly to those that are scalable and
cost efficient—which is the general sorting scheme in this
progress report. These selected examples were chosen for the
outstanding and/or recent results of assembled nanoparticles
without respect to the novelty of the method for fabricating the
template.

For chemically structured templates (Figure 5a,b, top line),
sub-micrometer-sized chemical contrast is crucial for providing
attractive and repulsive regions for physi- or chemisorption.
Exploiting the dielectric shell encapsulating the colloids as
spacer is commonly employed for obtaining ordered (mono)
layers. The shell serves as a template for close-packed films,
allowing tuning of the interparticle distance via the shell thick-
ness and its hydrophobicity,2377>78.90]

Chemically structured templates can be fabricated by nano/
microcontact printing. In this process, chemical contrast is
printed using a topographic stamp by transferring/removing
binding sides onto/from a target surface. The resolution of the
template primarily depends on the resolution of the stamp, and
a several different types of chemical contrast are commonly
used, including charge, hydrophobicity, and reactive linking
groups.82291]

Microphase separation can also be used to provide contrast
on templates. A common method is tailoring and fabricating
block-copolymers with contrast embedded in the different
blocks.®?l However, controlled formation of grains and domains

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Chemical (top) or topographical (bottom) templates for colloidal self-assembly: a) Microcontact printing (LCP) to stamp chemical contrast
onto a target: polyelectrolytes. b) Microphase separation of block-polymers featuring chemical contrast (scale bars: 100 nm). c) Topographic traps
fabricated via high-resolution electron beam lithography. d) Laser interference lithography to form channels and more complex structures. ) Periodi-
cally wrinkled templates formed by mechanical instabilities due to modulus mismatch between an elastomer slab and its surface layer. (a) Adapted with
permission.®2 Copyright 2012, American Chemical Society. (b) Adapted with permission.®”) Copyright 2017, American Chemical Society. (c) Adapted
with permission.3¢ Copyright 2016, Springer Nature. (d) Adapted with permission.88 Copyright 2011, Elsevier. (e) Adapted under the terms of CC-BY

license.® Copyright 2015, Royal Society of Chemistry.

needs to be considered for the scalability of this approach. By
selective etching of one component of the microphase, the
chemical template can also be converted into topographical
structures, thus bridging chemical and topographical template
approaches.’]

Topographical templates (Figure 5c—e) can provide excel-
lent control over the self-assembly process, resulting in highly
ordered structures by providing local energy minima. The
selectivity of topographical templates is determined by the
geometry of the features and their dimensions.[6>8191 Tem-
plates fabricated via electron beam lithography or focused
ion beam milling have the highest degree of control and
versatile trap geometries. This flexibility to create arbitrary
template structures comes at a relatively high cost, however,
and generally lacks efficient scalability to macroscopic areas.
Therefore, these kinds of templates are only well suited for
the proof-of-concept plasmonic metasurfaces. Laser interfer-
ence lithography is a scalable alternative to these methods,
whose resolution is limited by the diffraction limit of light.
Topography is constructed by interference of multiple laser
beams at a photoresist, utilizing the phase of light. The types
of patterns that can be fabricated by interference lithography
range from periodic lines and elliptical holes to holes/pillars in
hexagonal or square lattices.

Arrays of periodic lines can be fabricated in an extraordinarily
inexpensive and scalable manner, as compared to conventional
lithographic methods. Centimeter-scale wrinkled structures can
be formed through mechanical instabilities in polymer films,
as explained in detail in the reviews and book chapters by
Schweikart et al.®?l For example, periodicities down to 200 nm
can be fabricated by simply stretching a flat slab of an elas-
tomer, polydimethylsiloxane (PDMS), followed by intro-
ducing elastic modulus mismatch by plasma hardening of
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the surface layer and subsequent relaxation of the PDMS.[8%]
The wrinkled structures that result (Figure 5f) are well suited
as templates for colloidal self-assembly of nanoparticles into
macroscopic plasmonic metasurfaces. In summary, several
different methods are available for template self-assembly of
plasmonic nanoparticles, and the precision of the assembly,
scalability, and cost are key considerations.

(ITa) Building plasmonic metasurfaces from single nanoparticle
assemblies on substrates

One limiting behavior of plasmonic metasurfaces is indi-
vidual clusters that do not rely on interactions between
neighboring unit cells, but obtain their optical properties by
local coupling (depicted schematically in Figure 4IIa,b). The
only plasmonic coupling is within clusters of nanoparticle par-
ticles, e.g., dimers deposited from solution or formed during
deposition, or coupling to a dielectric/metallic substrate, which
enhances its electromagnetic field.

Formation of particle assemblies on surfaces will typi-
cally use the surface as an element in guiding the assembly
process, in contrast to bulk solution fabrication, which is not
discussed here. One of the most basic concepts is coupling a
single plasmonic nanoparticle with a surface, either a dielec-
tric surface to induce symmetry breaking***/l or a metal
film to induce plasmon coupling with the induced image
charges.’®l Nanoparticles can be deposited on substrates
through many common techniques, such as drop-casting,®”
spin-coating,*>**< and Langmuir-Schaefer techniques.81%
Hybridized plasmon modes,**! magnetic resonances,!°] and
high sensitivity can result from the formation of plasmonic
cavities.['00102] A key feature of such systems is the high sen-
sitivity and tunability of the plasmonic response by varying
the distance between the nanoparticle and the substrate. One
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Figure 6. Plasmonic metasurfaces dominated by local coupling within plasmonically isolated unit cells. a) Plasmonic modes of an isolated nanoparticle
coupled to a substrate, a simple and common design motif. b) Coupling scenarios for nanocube dimers. ¢) Circular heptamer supporting a hybrid-
ized plasmonic mode (scale bar: 200 nm). d) Heterotrimer consisting of two terminal gold particles and a central silver colloid (scale bar: 100 nm).
e) Multimetallic U-shaped pentamer consisting of gold and platinum particles via successive assembly steps (scale bar: 100 nm). (a) Adapted with
permission.®l Copyright 2013, Springer Nature. (b) Adapted with permission.3%3 Copyright 2016, Springer Nature. (c) Adapted with permission.l’4
Copyright 2013, American Chemical Society. (d—e) Adapted with permission.I’8l Copyright 2018, Royal Society of Chemistry.

of the most common structures is the coupling of a nanocube
to a substrate (Figure 41la and Figure 6a),’®! which does not
require fabrication of lateral features in the templates. The
quality and smoothness of the substrate is important, how-
ever, for reproducible coupling, and the dielectric spacer can be
exploited to introduce responsiveness to external triggers.[80103]
A recent example is the tuning of the distance between a gold
nanoparticle and gold mirror by a thermoresponsive PNIPAm
shell.[8]

(ITb) Plasmonic metasurfaces from finite colloidal assemblies

Moving beyond substrate effects, interparticle coupling also
has an important role in the formation of plasmonic metas-
urfaces (Figure 4IILIV). Thereby, the template provides steric
hindrance for selective linking reactions resulting in anisotropic
and more selective coupling scenarios. For example, plasmonic
necklaces and dimer formations are feasible, as shown by Bach
and co-workers and Yoon and co-workers, respectively.[1%

Capillarity-assisted particle assembly (CAPA) is a technique
that provides precise positional ordering of the building blocks,

Meniscus motion

Nanoparticle
"accumula!ion

Temperature control

even for complex designs.’#¢1%] The required topographic
template imposes limits on the design, resolution, and the
scalability of CAPA. Electron beam lithography is the predomi-
nant substrate fabrication method for CAPA because of its
high precision and well established protocols.B3%3 Self-assembly
is triggered by pulling a meniscus of the colloidal dispersion
droplet by a doctor-blade-like setup across the template (see
Figure 7a). Nanoparticles are concentrated in the accumulation
zone of the meniscus via convective flow. The concentration in
the accumulation zone is controlled by the rate of evaporation
of the meniscus front. The topographic features of the template
define minima of the free energy and selectively trap the parti-
cles.l761%6 For CAPA the choice of stabilizing ligand is largely
irrelevant, since trapping is triggered by capillary forces. Con-
trolling the contact-angle of the moving meniscus, however, is
critically important for directing capillary forces, while main-
taining colloidal stability in the accumulation zone. The contact
angle can be set by adding surfactants, which are typically also
used as stabilizing ligands or need to be compatible with the
ligands already on the nanoparticles.’®) CTAB—also in com-
bination with cosurfactants—is sufficient for stabilizing the

Figure 7. Capillarity-assisted particle assembly (CAPA). a) Assembly is triggered by pulling a colloidal dispersion over a topographic template. Nanopar-
ticle accumulation is triggered by the evaporation process, resulting in nearly complete filling with nanorods. (Inset) Assembled nanorods and freeze-
dried meniscus shows the high particle concentration in the accumulation zone. b) Electron beam lithography proves highly precise manufacturing of

dimers. Adapted with permission.3% Copyright 2016, Springer Nature.
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colloids.”®l Tuning the forces by controlling the contact angle
and trap geometry allows trapping of single nanoparticles and
successive assembly (SCAPA) of different types of nanoparticles,
giving rise to complex multimetallic plasmonic clusters, shown
by Ni et al.’® Such multimetallic clusters hold great poten-
tial for several applications, such as charge and information
transfer processes.'””] Selected examples of (s)CAPA are shown
in Figure 6b—f, and many more details about this method can
be found the recent review article by Wolf and co-workers:"®!
(b) simple dimeric nanorod antennas with tunable distance, 3%
(c) corner-connected nanocubes,% (d) circular heptamers,/4c!
and (e) multimetallic U-shaped assemblies.’!

(ITI) Regularly spaced nanoparticle chains

Plasmonic polymers are closely related to smaller clusters of
plasmon-coupled nanoparticles. The transition between those
two types of nanoparticle clusters is rather smooth (Figure 4).
To define this term more precisely, we follow the definition of
polymers by International Union of Pure and Applied Chem-
istry (IUPAC): A molecule can be regarded as polymer “(...) if
the addition or removal of one or a few of repeat units has a
negligible effect on the molecular properties.”'%! By analogy,
we define plasmonic polymers via the sensitivity of their optical
properties to the number of constituting nanoparticles. If the
dominating plasmonic resonance (the super-radiant mode)
does not change upon addition (or removal) of one or a few
nanoparticles to the chain, such a linear colloidal cluster is a
plasmonic polymer.'%! The critical number, above which a par-
ticle chain is a plasmonic polymer, is commonly referred to the
infinite chain limit.'%! For linear chain-like plasmonic poly-
mers, this threshold of repeat units is typically reached within
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8-10 particles.’#11% Below the infinite chain limit, (linear)
clusters are referred to plasmonic oligomers.”*l The nature
of the plasmonic modes in a linear assembly can be consid-
ered in analogy to the particle-in-a-box model from quantum
mechanics. In this model, the end of the chain defines the
potential barrier, and the plasmonic chain modes correspond
to the energy eigenstates.!!l Results from classical electro-
magnetic simulations using coupled-dipole approximation
methods can be used to get a qualitative understanding of these
modes.''? Quantitative results can be obtained from FDTD
modeling or the efficient boundary element method.''3l An
important feature of these complex nanoparticle assemblies
is the high field enhancement in hot spots, the gaps between
nanoparticles, and their anisotropic optical response, shown in
Figure 8d,e for chains composed of spherical and rod-shaped
nanoparticles.®1#l Linear plasmonic polymers are especially
interesting for sub-wavelength information transport and light
harvesting applications.'!l Controlling the degree of coupling
between individual nanoparticles requires a precisely defined
spacer material. The ligands used as spacers serve several func-
tions simultaneously, because they provide colloidal stability in
solution and during the self-assembly process, and they also
keep the nanoparticles separated with controlled gaps after
assembly.

Many methods are available and commonly used for depos-
iting dispersions onto templates with chemical or topographical
features such that the template will guide the self-assembly
process. The remainder of this section is focused on techniques
using templates to guide formation of plasmonic polymers.
Templates are important for providing positional and orien-
tation control of nanoparticles and for directing the shape of
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Figure 8. Structure and optical properties of plasmonic polymers. a) Periodic single particle lines from spin-coating and b) periodic nanorod lines
from dip coating using wrinkled PDMS substrates as templates. c) Particle lines of varying thickness and morphologies by CAPA. d) Optical response
and respective plasmonic modes of a linear quasi-infinite line of nanoparticles, as shown in (a), for different polarization angles. e) Optical response
of linearly aligned gold nanorods as shown in (b). (a,d) Adapted with permission.'"l Copyright 2014, American Chemical Society. (b,e) Adapted under
the terms of CC-BY license.”3l Copyright 2015, Royal Society of Chemistry. (c) Adapted with permission.’2l Copyright 2007, Springer Nature.
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the clusters into lines. Thus, the methods for assembling long
linear chains of nanoparticles can be sorted from those that are
highly scalable to those that provide the best positional control
and allow assembly of the most complex geometries.

Spray coating is one of the most scalable methods for par-
ticle assembly and can be combined with templates to fabri-
cate plasmonic polymers. The colloidal dispersion is sprayed
onto the template and the colloids are assembled by chemical
trapping or directed topographically.'®! Spraying with grazing
incidence allows large-area fabrication of monolayers with
optical anisotropy.[84116l

In a drop casting, the colloidal dispersion is placed onto the
template, confinement in the template provides the external
trigger during the drying process for the assembly. The tem-
plates can have chemical binding sides and/or topographic
traps.7#117 The control and reproducibility of drop-casting is
limited, since the assembly process during drying is typically
dictated by the uncontrolled laboratory environment.

Spin-coating, however, provides greater control over the
drying rate and the amount of material deposited through
setting the acceleration and rotational velocity. Highly reg-
ular and perfectly linear arrays of plasmonic polymers can
be fabricated using centimeter-squared templates, as shown
in Figure 8a.'" Macroscopic wrinkled templates provide
the required topography and do not limit the scalability of
the assembly method, thus enabling conventional optical
characterization of strong plasmonic effects.>11* Interpar-
ticle distances are similarly tuned via the spacer material.l”4?]
PNIPAm and protein coatings, depending on the targeted
interparticle spacing, have proven suitable for self-assembly
through spin-coating, because they impart high colloidal
stability and can be used in the absence additional sur-
factants.''*118 Spin-coating lacks orientational control of
anisotropic nanoparticles, but dip coating is a closely related
method that can give control over the orientation of nano-
particles.''l In dip coating, the directed movement of the
drying front allows orientation of anisotropic particles into
the grooves of the templates by capillary forces, as shown for
gold nanorods in Figure 8b.[8%98]

As mentioned above, CAPA provides the most con-
trolled assembly of plasmonic polymers. The well-controlled
movement of the meniscus directs the colloids into the traps
in the template. Consequently, a wide range of nanoparticle
morphologies, nanoparticle sizes, and various materials of the
dielectric shell are feasible to be assembled by CAPA. This is
shown by Kraus et al. in Figure 8c for different sizes and for
spherical as well as for cubic particles.?®»’21 CAPA, however,
relies on traps with exact and perfectly-matching geometry.
Thus far, this demand is only fulfilled by lithographic methods
like electron beam lithography, which typically lack cost-
efficient scalability.

(IV) Plasmonic 2D ordered arrays

Finally, collective coupling of a 2D colloidal lattice can be
achieved by long-range interactions between unit cells with
domain sizes larger than the diffraction limit (i.e., several
micrometers).’”] As a rule of thumb, coupling occur between
two gold nanoparticles when their separation is less than
2.5 times their diameter (or five times the diameter for silver
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nanoparticles).'?] If the interparticle distances are too large to
give plasmon coupling the plasmon resonance (broad band)
can still couple to the first order Bragg diffraction resonance
(narrow band), resulting in a surface lattice Fano resonance, as
shown in Figure 9 (see also plasmonic symmetry breaking in
Section 3).[121]

As discussed earlier, the lattice constant needs to cause first-
order Bragg diffraction that energetically match the plasmon
of the colloids for effective coupling. Therefore, the design
relies on the precise packing of the self-assembled plasmonic
building blocks into a plasmonic crystal. The experimental
lattice constant is commonly defined by the thickness of the
dielectric shell. Periodic nanoparticle monolayers can be
prepared by spin-coating, dip coating or transfer of floating
layers of nanoparticles from the liquid—air interface, e.g., via
Langmuir-Blodgett or related systems.’®121l These techniques
result in close-packed lattices as shown in Figure 9a—c. For
example, PVP and polystyrene (PS) support short interparticle
distances, and for larger distances, PNIPAm has shown to be
sufficiently surface-active due to its hydrophobicity for forming
closed-packed plasmonic crystals when floating at the water—air
interface.l’8122

System integration via subsequent transfer

For many potential applications of functional plasmonic
metasurfaces, integrating nanoparticle assemblies with other
materials or systems is crucial. Two strategies are showing
the greatest feasibility thus far, depending on the assembly
method and the desired complexity. Either the template for self-
assembly serves as the final substrate, or the self-assembled
unit cells need to be transferred onto another “target” structure.
As a general rule for transfer processes, the target substrate
needs to be “stickier” than the template.''8?] This stickiness
can be realized under wet and dry p-contact printing conditions
and can be practically achieved through various approaches,
including hydrophilic-hydrophobic interactions,[?3l selective
physi- or chemisorption of the dielectric spacer itself, addition
of an adhesive promoter (e.g., polyethylenimine),l72¢89114.124] or
transfer into a polymer heated above its glass-transition tem-
perature (e.g., poly(methyl methacrylate).*6")

4. Conclusion and Perspective: Smart Plasmonic
Metasurfaces and Gain in Colloidal Plasmonic
Metasurfaces

4.1. Mechanoplasmonic Metasurfaces

An intrinsic advantage of the colloidal approach toward plas-
monic metasurfaces as compared to lithographic approaches is
the compatibility with soft materials. While lithographic struc-
tures are typically formed on hard matter such as silicon wafers
or metals films, colloidal nanoparticles can be easily assembled
onto soft templates or be transferred onto soft materials after
assembly by p-contact printing processes.'?’! Transferring plas-
monic metasurfaces into soft materials can enable mechanical
tunability of plasmonic metasurfaces: interparticle distances or
symmetries of particle assemblies can be changed by externally

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

 — a0 . ' ‘
500 nm 400 600 800

www.advopticalmat.de

~_ lattice
0.31 resonances
[0]
(&)
0.2
o e
e .
2 isolated
2o plasmon

resonance

1000
A/nm

Figure 9. 2D lattices of plasmonic colloids supporting surface lattice resonances: a—c) SEM images of close-packed silver particles using PNIPAm
as spacer material. d) Extinction spectra of isolated particles (black line), a close-packed nanoparticle film (red line) and index-matched close-packed

particle film supporting a Fano resonance (blue line) due to the coupling of the Bragg lattice with the plasmon resonance. Adapted with permission.!

Copyright 2017, Wiley-VCH.

applied strain. Indeed, one of the classical experiments for the
demonstration of the plasmon ruler principle is based on a
nanoparticle dimer on an elastomeric substrate and the
systematic change of interparticle distance upon mechanical
deformation, shown in Figure 10a.['2¢]

Stretching the substrate causes disrupt collective coupling
effects, such as dividing extended lattices of plasmonic nano-
particles into smaller clusters, or even completely decoupling
plasmonic nanoparticles. Optical properties can therefore be
highly sensitive to mechanical deformation of the substrate. In
work by Steiner et al.,’#] an elastomeric substrate decorated
with aligned plasmonic polymers with chain lengths above the
infinite chain limit was mechanically stretched along the chain
direction. Consequently, the plasmonic polymers ruptured
into shorter plasmonic oligomers, which were shorter than the
infinite chain limit (Figure 10b). Upon removing the applied
stress, the optical properties changed reversibly to their initial
state. While this effect is useful for strain sensing, a broader
long-term application is mechanical modulation of optical
properties.[1?7]

4.2. Coherent Energy Transfer in Colloidal Plasmonic Metasurfaces

The concept of plasmonic nanoparticles can be further
extended by considering each nanoparticle or nanoparticle
assembly as a plasmonic resonator excited by a fluorescent
emitter,l'”8l which makes large-scale, flexible, cost-efficient,
and high-quality resonators readily available. When an emitter

Adv. Optical Mater. 2019, 7, 1800564 1800564 (13 of 17)

121]

comes in close contact to a plasmonic particle/assembly, the
excitation is used for superior performance (such as faster
decay rates, lower threshold and lower power consumption)
in comparison to traditional photonic devices.l'?! It is impor-
tant to match the fluorescent emitter with the optical response
of the plasmonic structures, as discussed in Sections 2 and 3
to observe coherent coupling effects. This optical response is
expressed by the effective extinction cross-section of the target
structure and for the UV-vis—NIR range, this is extensively
covered by commercially available fluorescent emitters. Effi-
cient coupling of light to the plasmon mode is important for
distributing and directing energy. Near metal interfaces, the
fluorophore couples nonradiatively and radiatively into decay
channels, and increasing the decay rate causes a decrease in
lifetime.3% In a single particle-to-film coupled nanoantenna,
radiative coupling processes can be studied systematically.%3
There has been significant interest in particle-to-film coupling
to understand weak and strong coupling scenarios, where the
latter is also known as Rabi-splitting.1?®! For chains of plas-
monic nanoparticles, a fluorescent emitter at one end can
excite all of the plasmon modes, both bright and dark modes
(all of the energy eigenstates). The plasmon modes with high
energies, also called subradiant modes, can suppress higher
radiative losses in comparison to the energetically lowest mode,
the super-radiant mode.'% This property can then make
chained assemblies useful as plasmonic waveguides for propa-
gating energy across length scales below one micrometer with
mode sizes smaller than the photon wavelength.”®! Alterna-
tively, fluorescent emitters can coherently couple to the hybrid

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Beyond static plasmonic metasurfaces: mechanoplasmonic metasurfaces. a) Polarized scattering of a gold nanoparticle dimer, where
stretching shifts the plasmon resonance for both longitudinal (left) and transverse (right) excitation. b) Reversible structural transition of quasi-infinite
chains (plasmonic polymers) to plasmonic oligomers caused by mechanical deformation. (a) Adapted with permission.l'2¢l Copyright 2010, American
Chemical Society. (b) Adapted with permission.’#3l Copyright 2017, American Chemical Society.

plasmonic modes in a lattice assembly of plasmonic nanoparti-
cles to generate lasing.[*3!

4.3. Conclusion

In conclusion, colloidal self-assembly has several distinct
advantages over top-down fabrication methods for plasmonic
metasurfaces. Plasmonic nanoparticles can be synthesized
with stunningly well-defined shape and crystallinity, which
is reflected in high optical quality on the single nanoparticle
level. Template-assisted self-assembly approaches are scalable
and energy efficient. Therefore, they merit consideration for
further research and development of applications. Colloidal
self-assembly is also a broad and highly general field that will
continue contributing useful techniques for fabricating plas-
monic metasurfaces. The mechanosensitive metasurfaces

Adv. Optical Mater. 2019, 7, 1800564 1800564 (14 of 17)

discussed above are selected examples that illustrate the poten-
tial for developing mechanically tunable or active plasmonic
metasurfaces. Achieving plasmonic metasurfaces with emer-
gent properties requires establishing strong rational design
strategies, where target nanoparticle shapes and self-assembled
structures are established on the basis of modeling and simula-
tion. Modeling can therefore guide the composition and shape
of the target nanoparticles and the desired structures of the
plasmonic metasurfaces formed through self-assembly. Struc-
tural and optical characterization can be used to assess the
experiments and their match or mismatch with the anticipated
results. This progress report summarizes the most important
aspects and recent results for plasmonic metasurfaces, which
will aid physicists in developing new concepts for optoelec-
tronic structures with emergent properties and chemists as well
as chemical engineers, who are advancing methods of wet-
chemical synthesis and colloidal self-assembly.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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