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Abstract:
Plasmonic nanostructures are extensively used building blocks for engineering optical materials
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and device architectures. Plasmonic nanocomposites (pNCs) are an emerging class of
materials that integrate these nanostructures into hierarchical and often multifunctional systems.
These pNCs can be highly customizable by modifying both the plasmonic and matrix
components, as well as by controlling the nano- to macroscale morphology of the composite as
a whole. Assembly at the nanoscale plays a particularly important role in the design of pNCs
that exhibit complex or responsive optical function. Due to their scalability and tunability, pNCs
provide a versatile platform for engineering new plasmonic materials and for facile integration
into optoelectronic device architectures. This review provides a comprehensive survey of recent
achievements in pNC structure, design, fabrication, and optical function along with some

examples of their application in optoelectronics and sensing.



Table of Contents

Colloidal Plasmonic Nanocomposites: From Fabrication to Optical Function................cccccvvvvenee. 1
Y 0] 1 =T ool PSP PPPR 1
(I a1 (oo (Ui (o] o IO PRPPPP T PPPPI 5
LI = 22Tt e | {01V o o I PP P O PPOPPPPPRPPPRN 6
1.2 Classification of Plasmonic NanoCOmMPpPOSIteS .........ccoooeviiiiiiii i, 9
P =011 o] N PR PR 10
2.1 Nanoparticles in SOlAS ... 10
2.2 NanopartiCles iN POIYMEIS . .........uuiiiiiiiie e e e 12
2.2.7 1N SItU SYNENESIS ...t e e e e e e e 12
2.2.2 Nanoparticle-Polymer BIENAS ........ccooi i e e e e eeeeees 16
B I N1 T =T 0 1 o] 1= To 1 ] N 21
B0 TRt I =T o T T o AL 22
3.2 NanoPartiCle ChaiNS .......ooiiiiiiieee e e e e e e e e e e e e e e e e e nneeees 25
3.3 NaNOJUNCLIONS IN PINCS ......uuuiiiiiii e aaa s aaaaaasanssanssnnssnnnsnnnnnnns 27
4. RESPONSIVE PINCS ... nnnnnnnns 30
4.1 Modulation of PlasmoOniC GapsS........ccuvuiiiiiiiiiiiiiiieieeeeeeeeeeee ettt e 31
4.2 Modulation of Orientation .............eeiiiiiii e 33
4.3 Modulation of pPNC COMPONENTS .......oooiiiiiiiiiiiiiiee e 36
5. Interfacial PlasmoniC COMPOSIES ........uuuuuuiiiiiiiiiiiiiiiiii e eeeeennenes 38
5.1 Nanoparticles at an INterface ........ ... e 39



5.2 Nanoparticles and Two-Dimensional (2D) Materials ............ccccuuiiiiiiiiiiiiie e 43

5.3 Nanoparticles Coupled to @ Backplane ... 45
6. ConCluSIONS AN OUHIOOK .........coiiiiiiiie it e e e e 48
A Ao g oNT T=To [o 1T g =Y o1 48
8. REfEIrENCES CIEA ....coiiiiiiieee e e e e e e as 49
S B U g T gl =1 o o =T o] o (=T SR TT P 71



1. Introduction

Plasmonic nanocomposites (pNCs) are emerging materials that have the potential to transform
a variety of applications where light management is critical, such as local refractive index
sensing, light trapping in photovoltaic devices, label-free analyte detection, and nanoscale
optics. A simple description of a pNC consists of a plasmonic component, typically a metal
particle or nanostructure, encapsulated within a dielectric matrix such as polymer or glass. One
of the oldest known pNCs can be found in the 1,600-year-old Roman chalice known as the
Lycurgus Cup, where 70 nm silver and gold particles are isotropically embedded within glass.
These nanoparticles, which support surface plasmon resonances in the visible range, provide
the glass cup with its characteristic dichroic quality, where it appears jade-green when
illuminated from outside the chalice and wine-red when illuminated from inside. The Lycurgus
Cup is an excellent example the glass and ceramic plasmonic composites that have been
utilized by artisans for more than centuries for their unique color profiles. (Figure 1) Today,
pNCs provide access to an entirely new set of materials functions, including optical confinement
and enhanced spectroscopy. Recent advances in the synthesis, assembly, and characterization
of nanomaterials are now enabling a new generation of pNCs whose structures are highly
engineered to elicit a specific far-field or near-field optical response. The ability to design these
functional nanocomposites with precision is critical for the integration of plasmonic components
into device platforms and architectures. The motivation of this review is to provide an overview
of pNC fabrication, processing, and device integration, as well as to provide an outlook on state-

of-the-art plasmonic nanomaterials.
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Figure 1. The Lycurgus Cup, one of the oldest known plasmonic nanocomposites, is composed of Roman
glass embedded with 70 nm Ag-Au alloyed nanoparticles and can be classified as a bulk pNC. The
extinction spectrum of a colloidal dispersion of similarly sized Ag nanoparticles shows the strong
scattering response due to plasmonic excitation at green wavelengths. As a result, the thick regions of the
cup where scattering processes are dominant appear olive green, whereas thinner regions where

transmission is dominant appear red. Photo by Marie-Lan Nguyen is licensed under CC BY 2.5.

1.1 Background

pNCs are heterogeneous, multicomponent systems. At the basic constituent level, they can also
be classified as metal-insulator composites, where nanoscale metallic particles or inclusions are
dispersed within or on a dielectric substrate. However, early on researchers realized that the
behavior of pNCs did not adhere to simple scaling laws (e.g. a “rule of mixtures”) that are used
to characterize traditional composite materials. The optical properties of these materials fail to
scale with particle volume fraction. In the mid-1980s," researchers observed that metal-insulator
composites consisting of isotropically distributed Au nanoparticles exhibited anomalously high

absorbance values near the percolation threshold, where the particles approached long-range
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connectivity. This absorption could not be accounted for by effective medium theories such as
Maxwell-Garnett and Bruggemann approaches, which only explained optical behavior at very
low or very high particle volume fractions. These early studies highlighted the importance of the
local arrangement of the metal constituents, which we now know plays a critical role in
determining the optical behavior of these composite materials.

Today, we recognize that these anomalous optical properties arise from the excitation of
surface plasmons. Surface plasmons are coherent electron oscillations that are driven at the
frequency of the incident electromagnetic field. These charge oscillations result in intense and
highly localized electromagnetic fields that are trapped near the metal surface and can be
confined to volumes that are smaller than the diffraction limit. Propagating surface plasmons are
excited at metal-dielectric interfaces and result in near-fields that are strongly localized in one-
dimension. Localized surface plasmon resonances (LSPRs) are supported by metal
nanoparticles and nanostructures that are smaller than the wavelength of light. When excited,
LSPRs cause the incident electromagnetic field to become strongly localized to the surface of

the particle.

Figure 2. Parameters that affect the electromagnetic response of pNCs.



Metallic Ag and Au nanoparticles are the most widely utilized building blocks of pNCs.
These metals possess dielectric functions with a negative real component and small positive
imaginary component, enabling surface plasmon excitation in the visible spectrum. (Semimetals
and doped semiconductors also support plasmon excitation, but possess lower free carrier
concentrations such that excitation occurs in the near- to- mid-infrared range.) Nanoparticle size
and shape are also critical determinants of LSPR wavelength and near-field intensities, since
the excited charge wave is essentially bound to the particle geometry. For example,
nanoparticles with anisotropic shapes exhibit high field localization at sharp corners, which is
advantageous for application in surface-enhanced Raman scattering and fluorescence
enhancement. Ag and Au nanoparticles can also exhibit large scattering and/or absorbance
cross-sections at the resonance wavelength, which is the basis for refractive index sensing and
plasmonic structural colors.

Plasmonic coupling is observed when two metal interfaces (either from nanoparticles or
thin-films) are brought into close proximity. The strength of this capacitive coupling across the
dielectric gap is highly dependent on gap distance. Weak coupling is observed at gap distances
larger than 20 nm. Strong coupling is typically observed for gap distances <20 nm, and can
result in energy transfer between neighboring particles, large shifts in the resonant frequency,
and extreme light confinement. For example, nanojunctions between two Ag nanoparticles or an
Ag nanoparticle and Au thin-film can be designed to generate electromagnetic hot spots where
the resulting near-field is several orders of magnitude stronger than the incident field.>® For
shaped nanoparticles, interparticle orientation is also a critical factor in determining coupling
strength. Gap distances < 1 nm have been observed to exhibit quantum effects such as electron
tunneling. Due to these varying coupling regimes, the optical behavior of pNCs is highly

dependent on plasmonic component spacing and arrangement within the dielectric matrix.



1.2 Classification of Plasmonic Nanocomposites

In this review, we primarily focus on pNCs that consist of metal nanoparticle building blocks

introduced into a dielectric medium or interface. Plasmonic metamaterials and metasurfaces

generated by photolithography or layer-by-layer deposition are also an important category of

pNCs, but their fabrication and characterization have been described extensively elsewhere in

the literature.*® For ease of discussion, we categorize pNCs into the following four main

categories that are primarily determined by pNC architecture (Figure 3):

Isotropic_or bulk pNCs: Plasmonic components are distributed isotropically within a

dielectric matrix. Here, we define bulk pNCs as composites that can be described by
effective medium theories, with the plasmonic nanocomponents typically comprising a
low volume fraction of the total material. In most cases, the dielectric matrix serves as an
insulating barrier between plasmonic components, but can also contribute to optical or
electronic function. Nanoparticles can be isotropically distributed while adopting specific
orientations within the matrix.

Assembled pNCs: Plasmonic components are organized into clusters or regions of

anisotropic density within a dielectric matrix. The directed or self-assembly of particles is
typically desired for the formation of nanojunctions, where strong plasmonic coupling is
present. The pNC possesses behavior characterized by the collective optical properties
of the plasmonic components. Nanoparticle assembly is often carried out within a fluid or
viscoelastic matrix.

Responsive pNCs: Plasmonic components can be rearranged to exhibit a tunable or

adaptive electromagnetic response. These composites are typically a subset of
assembled pNCs, but are categorized separately due to their unique function.

Interfacial pNCs: Plasmonic nanoparticles that straddle a metal-dielectric or dielectric-

dielectric interface. These composites are often two-dimensional (2D) and engineered



for integration within planar device architectures. The plasmonic component of the
composite possesses optical or electronic properties that are distinct from bulk or
assembled pNCs.

The remainder of the review discusses each of these pNC categories in detail, from fabrication

and processing to characterization of pNC properties.

Figure 3. Schematic of the various classes of pNCs described in this review.

2. Bulk pNCs

2.1 Nanoparticles in Solids

Solid pNCs are typically comprised of bulk nanocomposites where metal nanoparticles are

incorporated into glass and ceramic materials. Glasses composed of SiO, and TiO; offer
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several advantages as a matrix for plasmonic components, including high transparency in the
ultraviolet and visible range, good mechanical strength, and amorphous materials structure that
readily accommodates nanoparticle encapsulation. Given the long-history of metal nanoparticle
incorporation into oxide matrices®®, here we focus only on the most recent advances in this
category of pNCs. Previously, the fabrication methods for solid pNCs required approaches that
necessitate high temperature treatments or high energy irradiation due to the high melting
temperature of common glasses.’® Recent work has made progress in the development of
simple encapsulation methods for solid pNC fabrication, which have been demonstrated for
enhanced photocatalysis and photoluminescence. Fang et al. fabricated mesoporous Au-TiO2
pNCs using a sol-gel method, where a poly(ethylene glycol)-based co-polymer enables
chemical compatibility with silica systems and 99.9% transmittance in the ultraviolet and visible
range. The co-polymer forms micelles that serve as a sacrificial skeleton for silica coating, and
is then burned out to create a porous template for metal nanoparticle generation. These pNCs
were observed to be excellent materials for light-driven H» evolution, which is attributed to
plasmon-assisted hot electron generation by the Au nanoparticle and subsequent electron
transfer to the TiO.."" Som et al. developed a single-step melt-quench method to synthesize
plasmonic Au and Ag NPs embedded in both glass and ceramic matrices, where a molten
Sby03-based matrix acts as a mild reducing agent for metal salts. The high viscosity Sb>O3
matrix also plays a critical role in templating the nucleation and growth of anisotropic
nanoparticles with different sizes and shapes. The pNCs are made by melting the mixture of
metal and glass precursors, casting the molten mixture into a carbon plate for annealing, and
finally slowly cooling down to room temperature to partially crystallization the Sb,O3 matrix.'?15
In applications where the desired outcome is enhanced photoabsorption or emission, the
plasmonic component is often separated by a thin dielectric barrier to prevent quenching. Core-
shell structures where Ag nanoparticles are encapsulated by a thin SiO, shell are often the
basis for upconverting pNCs, where the core-shells are co-embedded with rare earth ions such
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as Sm3" and Er® into a dielectric matrix. The SiO; shell serves as a tunable spacer to control
the distance between the Ag core and upconversion material.'®'” More recent work has
incorporated similar plasmonic core-shells into perovskite layers for enhanced photovoltaic
performance by enhancing topical absorption'®'® and increasing hole transport.?® Zhang et al.
incorporated SiO,—encapsulated Au nanoparticles into organometal halide perovskite solar
cells, resulting in an average efficiency increase from 8.4% to 9.5%.2' They showed that this
increased efficiency was not due to enhanced light absorption, but instead resulted from
reduced exciton binding energy and enhanced generation of free-charge carriers in the active

layer.

2.2 Nanoparticles in Polymers

Polymer pNCs possess unique mechanical behavior (stiffness, flexibility, Young’s modulus) and
physical properties (glass transition, viscosity) properties that distinguish them from their solid-
state counterparts. Polymers also serve as a convenient dielectric matrix that is amenable to
solution-based and scalable processing. The fabrication of bulk polymer pNCs can be classified
into two broad groups: (1) in situ methods where plasmonic nanoparticle components are
synthesized directly within a polymer matrix, and (2) nanoparticle-polymer blends where
preformed plasmonic nanoparticles are mixed to form a binary or multiphasic mixture. These
techniques have been well-developed for the fabrication of generic particle-polymer composites
and have been translated for the preparation of pNCs. In the following sections, we review the

most widely employed fabrication methods and architectures of polymer pNCs.

2.2.1 In situ synthesis

In situ synthesis typically involves the reduction of Ag or Au salts that are pre-loaded into the
matrix polymer. Metal salt reduction can be achieved by thermolysis,???* irradiation with a high

energy source (e.g. electron beam, ion beam, or X-ray),?>?” or chemical reduction using agents
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such as NaBH4, Hz, hydrazine, or reaction with the polymer matrix itself.?3-3> One example of the

latter are pNCs composed of polyvinyl acetate (PVA), poly(methyl methacrylate) (PMMA), and

poly N-acylethylenimine, all of which can serve as reducing agents for Ag' and Au'".3 In general,

the size and shape of metal NPs generated within a polymer matrix can be controlled by

adjusting the reducing power (e.g. temperature or irradiation dose rate). The polymer matrix

also plays a critical role in dictating the properties of the resulting pNC by serving as a template

for metal nanoparticle nucleation and growth. Specific examples of this are outlined below:

Hydrogels: The three-dimensional polymer network characteristic of hydrogels serves as
a suitable template for nanoparticle growth. Nanoparticle size and clustering is typically
controlled by crosslinking density of the hydrogel network, where free space in the
swollen hydrogel serve as “nanoreactors” for nanoparticle growth (Figure 4b).3?
Hydrogels can also be designed to possess chemical moieties that anchor metal salts,3¢
as demonstrated by the metal-chitosan pNCs fabricated by Huang et al.3’

Photoresist: In these pNCs, optical or electron-beam lithography can be used to
simultaneously pattern the polymer matrix and nucleate metal nanoparticles. The
plasmon response of the resulting pNCs can be tuned through the metal salt loading
concentration and post-bake conditions, both of which alter nanopatrticle size and shape
(Figure 4c).?? Electron-beam writing can also be carried out to direct-write plasmonic
components within these pNCs. Abargues et al. demonstrated that for Ag' loaded inside
a PVA-based negative resist, electron beam irradiation is sufficient to both cross-link
PVA and form dense regions of Ag nanoparticles.?®

Block co-Polymers (BCPs): Carrying out metal salt reduction within the ordered polymer

domains of BCPs is one strategy for generating dense and highly ordered plasmonic
nanoparticle arrays over large areas. Metal salts and complexes can be readily loaded
into the lamella or micelles formed by hydrophilic BCP domains, and the ordered BCP

morphology is typically retained for the formation of nanoparticles between 2-12.5 nm in
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diameter.3° In this manner, pNCs that possess long-range hexagonal order?® or periodic
lamellar morphologies (Figure 4D).?° This is advantageous for the generation of bulk
pNCs that possess an isotropic optical response. Control over the optical response of
the resulting pNCs can be improved by crosslinking the BCP and selective swelling of

BCP domains.®®
In-situ pNC synthesis can also be carried out by using techniques that involve simultaneous
nanoparticle growth and polymerization. Microwave-assisted pNC synthesis has been used to
fabricate a homogeneous distribution of metal nanoparticles within an acrylamide medium?3%-40
and ultraviolet irradiation has been similarly employed for pNCs with an acrylonitrile matrix.4!' A
significant advantage of these irradiation methods is that no additional reducing agent or
polymerization initiator is required; plasmon response can be tuned through irradiation power
alone. Physical deposition methods such as co-evaporation or co-sputtering also do not require
chemical reduction for pNC formation. In these methods, tunable optical response is controlled
by metal fill factor, cluster size, and interparticle separation distance. Metal fill factor has been
demonstrated for an extremely wide range, between 4-80% by co-sputtering.*> These methods
allow for the quick deposition of mechanically and chemically robust dielectric media, such as
polytetrafluoroethylene (PTFE), which would otherwise be difficult to fabricate as composites.
For example, Schirmann et al. formed Ag nanoparticles distributed isotropically within a PTFE
matrix by co-sputtering Ag and PTFE, using the direct current sputtering power as a knob for
tuning the LSPR of the Ag nanoparticles in the visible range.***4 Physical deposition methods
also allow for flexibility in the choice of metal target. This can be useful for generating plasmonic
nanoparticles from exotic metals or from metal alloys, where independent metal deposition rates

can be used to dictate the final nanoparticle composition.*>
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Figure 4. a) In situ synthesis of polymer-nanoparticle pNCs. Metal salt precursor is dispersed in the
polymer matrix followed by reduction. b) Three-dimensional polymer network of the hydrogel, poly[N-
isopropylacrylamide-co-(sodium acrylate)], acts as the template for the synthesis of well-dispersed metal
nanoparticles. The size of nanoparticles can be tuned from 21.11 + 4.60, 6.63 + 2.37, 4.36 + 1.18, o
2.67 £ 0.97 nm by controlling the degree of cross-linking of hydrogel.3?3% Reproduced with permission
from ref 32. Copyright 2007 Elsevier, Ltd. and Reproduced with permission from ref 36. Copyright 2006
Wiley Periodicals, Inc. c) Photosensitive polymer can be used to fabricate nanocomposite patterns. The
average size of NPs change from 6.3 £ 3.3 nmto 11.4 £ 4.1 nm by increasing baked temp. from 160 to
240°C, causing the LSPR peak of the pNC to red-shift from 433 to 449 nm.?? Reproduced with permission
from ref 22. Copyright 2010 The Royal Society of Chemistry. d) The lamellae structure of polystyrene-
block-poly(4-vinylpyridine), PS-b-P4VP, is used as a template for selective synthesis of Au nanoparticles

in the P4VP domain. Au precursor coordinates to the pyridine units of P4VP, templating nanoparticle
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nucleation as shown in cross-sectional TEM images.?° Reproduced with permission from ref

29. Copyright 2001 American Chemical Society.

2.2.2 Nanoparticle-Polymer Blends

A major disadvantage of in situ synthesis methods for producing pNCs is that these techniques
tend to produce plasmonic nanoparticles that are largely polydisperse in both morphology and
particle size. The fabrication of plasmonic nanoparticle-polymer blends overcomes this
challenge by incorporating already synthesized metal nanoparticles into a polymer matrix.
Because each component of the pNC is synthesized independently, pNCs can be fabricated in
a combinatorial manner with the potential to generate a wide range of multifunctional
nanocomposites. For pNCs, a significant advantage is the incorporation of shaped metal
nanoparticle building blocks that possess tailored LSPRs.4-%3 Shaped pNCs — such as
nanorods, nanocubes, and triangular nanoprisms — possess higher order LSPRs and large

electromagnetic field enhancements due to the presence of sharp corners and edges.
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Figure 5. a) Schematic of nanoparticle-polymer blends for pNC fabrication. b) Poly(ethylene glycol)
(PEG)-functionalized Au nanorods self-assemble in a poly(methyl methacrylate) (PMMA) film. The
average spacing between nanorods and absorption of the nanocomposite can be tuned by changing the
volume fraction of Au NRS (¢,.,4). AS ¢,.q increasing from 1 to 16 vol %, the average spacing between
NRs decreases from 120 to 20 nm and causes the a red-shift of the LSPR peak.>* Reproduced with
permission from ref 54. Copyright 2010 American Chemical Society.c) The location of nanoparticles in a
BCP matrix can be adjusted by tuning miscibility of the particles and BCP domains.%® Reproduced with

permission from ref 55. Copyright 2005 American Chemical Society.

Chemical modification of the nanoparticle surface is critical in the fabrication of blended
pNCs. To prevent unwanted agglomeration or phase separation, plasmonic components are
typically grafted with polymer chains that are miscible with the polymer matrix. Grafts with large

radii of gyration and/or grafts tethered at a high surface density impart the maximum possible
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stability to the polymer blend.® For example, Au nanorods grafted with polystyrene % and
embedded in a PS thin-flm show a strong optical resonance at 780 nm consistent with
excitation of the longitudinal dipolar LSPR mode. For long grafts and short matrix polymer, the
Au nanorods remain effectively dispersed and optically isolated within the pNC. For longer
matrix polymer chains, the optical response of the pNC shows a clear blue-shift of the LSPR
resonance due to the formation of nanorod aggregates.®® Selection of appropriate polymer
grafts is crucial for achieving isotropic nanoparticle distribution, even at high loading densities.
For example, by selecting a polyethylene glycol (PEG) graft for Au nanorods, the nanorod
loading into a poly(methyl methacrylate) (PMMA) matrix could be increased up to a 16% volume
fraction while still remaining uniformly dispersed. As a result, the average spacing between
nanorods decreases from 120 nm to 20 nm, causing the LSPR peak to red-shift about 50 nm
due to weak plasmon coupling.>* (Figure 5b)

Polymer grafts not only prevent agglomeration, but also play an integral role in tuning the
electromagnetic response of the pNC through the control of interparticle spacing. In the strong-
coupling regime, field localization can result in extreme optical confinement, highly polarized
near-fields, and large wavelength shifts in the far-field optical response. Appropriate selection of
polymer graft length can dictate whether or not the pNC exhibits these electromagnetic coupling
effects. Polymers grafted on the nanoparticle surface can be used as molecular spacers to
control particle separation distances, where the degree of plasmonic coupling is determined by
the length of the grafted chain. (Figure 6) Moreover, the grafts provide an entropic barrier to
touching or fused nanoparticles. For example, spherical Au nanoparticles form clusters after
surface modification with poly(oxypropylene)diamines. The bifunctional polymer serves to cross-
link particles, and as molecular weight of the polymer increases from 230 to 4000 g mol-,
interparticle distances increase from 2.7 + 0.7 nm to 7.3 + 1.3 nm. Correspondingly, the LSPR
wavelength of these aggregates shows a large blue-shift from 759 nm to 569 nm.%® (Figure 6a)
Dendritic polymers can also serve as effective spacer molecules that accurately govern
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interparticle spacing with sub-nanometer accuracy.® (Figure 6b)

wavelength (nm)

1000 2000 3000
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Figure 6. Schematic of two strategies to control the spacing between nanoparticles in a homopolymer
matrix. a) Au nanopatticles are functionalized with poly(oxypropylene)diamines, then self-assembled into
2D and 3D nanocomposites with tunable spacing by controlling the molecular weight of the polymer
chain.®® Reproduced with permission from ref 59. Copyright 2005 American Chemical Society. b)
Dendritic ligands, such as poly(amidoamine), act as molecular spacer to accurately control interparticle
spacing. Equilibrium particle distance is maintained by the electrostatic attraction between the amine-
terminated polymer matrix and the carboxylic acid- terminated the Au nanoparticles.®® Reproduced with

permission from ref 60. Copyright 2005 American Chemical Society.
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In many cases, such as the fabrication of metamaterials and plasmonic arrays, pNCs
with periodic morphologies are desired. The use of BCPs in blended pNCs has been somewhat
successful in creating pNCs with more sophisticated control of nanoparticle distribution. Similar
to pNCs generated by in situ nanoparticle synthesis in BCP templates, blended pNCs take
advantage of the various BCP phases to control nanoparticle distribution. Plasmonic
nanoparticles can be modified to either reside in a particular BCP domain, or to reside at the
interface between two domains by controlling the surface chemistry of the NPs. For example,
Au nanoparticles with sizes of 3.9 + 1.0 nm can be integrated into a matrix of poly(styrene-b-2
vinyl pyridine) (PS-PVP). When the nanoparticle is modified by either PS-thiol, PVP-thiol, or a
mixture of PS-thiol/ PVP thiol, the nanoparticles migrate to either the PS domain, PVP domain,
or the interface between the PS and PVP domain, respectively.%561-62(Figure 5c) In this manner,
plasmonic nanoparticles can be loaded into BCP matrices at high loading fractions (up to 0.5)
without macrophase segregation.®® A significant disadvantage of these BCP templates,
however, is that at least one of the BCP microdomain dimensions must be near equal to or
significantly larger than the nanoparticle dimensions in order to avoid significant distortion of the
BCP microphase structure. Few BCP-based pNCs have been generated with nanoparticles >30
nm, which is typically the size of metal nanoparticle employed for LSPR excitation.

For the generation of pNCs, more sophisticated control over the nano- and mesoscale
morphology of metal-polymer nanocomposites is necessary. In general, the above methods
have been optimized mainly for spherical NPs or low aspect-ratio nanorods as the plasmonic
component. However, many novel optical effects derived from plasmon excitation require
components that possess higher shape anisotropy (e.g. antenna effects) or large aspect-ratios
(e.g. plasmonic waveguiding). In situ methods are also limited in the integration of plasmonic
components with already existing electronic or optical components. The ability to control NP
spacing is limited when synthesizing NPs that possess large size distributions and poor
dispersity. These challenges with bulk polymer pNC fabrication point towards self- or directed
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assembly techniques as more viable options for generating composites with advanced

plasmonic function.

3. Assembled pNCs

In recent years, intense focus has been directed toward plasmonic materials that exhibit
advanced optical functions by rationally engineering how plasmonic nanostructures self-
assemble and perform within complex nanocomposite materials. This opportunity stems from
the convergence of two major developments and discoveries. First is the realization that solid-
state nanoparticles functionalized with polymers can be assembled into a rich variety of
architectures. Specifically, the ability to synthesize nanoparticles with anisotropic shapes has
provided a new arena of phase space for state-of-the-art nanocomposites. Second is the
burgeoning field of optical metamaterials and metasurfaces, where researchers have predicted
and experimentally demonstrated that plasmonic nanocomponents can be arranged into
mesostructured materials architectures that give rise to novel optical phenomena such as
negative index of refraction, fast and slow light propagation, and perfect lensing. The challenges
in fabricating these hierarchical structures using top-down fabrication techniques has spurred
interest in bottom-up approaches such as self-assembly to overcome obstacles in
nanomanufacturing that include scalability, designing flat and precise metal surfaces, and
engineering three-dimensional mesostructures.

Self- and directed assembly provides a bottom-up approach to the fabrication of pNCs
and has been demonstrated to achieve precise nanoparticle arrangements in a massively
parallel, scalable manner. Polymer-based pNCs are especially attractive as they allow for facile
device integration using techniques that take advantage of batch, low-cost processing. In the
sections below, we outline three major types of pNC architectures generated by assembly
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methods, present strategies for fabrication, and provide a general framework for understanding

the optical response of each type.

3.1 Periodic pNCs

Periodic arrangements or arrays of plasmonic nanostructures are highly desired structures for a
wide range of optical applications, including metamaterials®-%” and ultrasensitive spectroscopic
sensing.%7° For example, ordered two-dimensional (2D) arrays of metal nanoparticles can give
rise to sharp Fano resonances that can be utilized in LSPR sensing for chemical binding
events.”’7* The templated assembly of nanoparticles within a pNC offers a scalable route for
fabricating such ordered structures. One strategy for generating a periodic pNC is by ordering
plasmonic nanoparticles within self-ordering soft materials such as BCPs and liquid crystals.
Nanoparticles introduced into BCPs can be directed to co-assemble into periodic 1-, 2-, and 3-
dimensional arrays by engineering nanoparticle surface chemistries to interact selectively with
the microdomains of a given BCP. For example, Kao et al. demonstrated that Au nanoparticles
assemble into 1D periodic chains when integrated into the lamellar structure of a
supramolecular BCP that contains a PS block. When a similar BCP architecture is modified to
adopt a cylindrical phase, the Au nanoparticles are excluded from the cylindrical PS cores and
form periodic 2D hexagonal arrays in the interstitial sites of the cylindrical domains.”>7¢ This
assembly strategy can be extended to anisotropic plasmonic building blocks, such as Au
nanorods, where nanorod confinement within the BCP framework results in end-to-end oriented
1D arrays for moderate nanorod loading densities (3-6 vol %).”” Additional control over BCP-
base pNCs can be obtained by utilizing additional hard templates or surface patterning to direct
co-assembly.”® (Figure 7a) Shukla et al. obtained 2D Au nanorod arrays that support coupled
transverse LSPR modes in the near-infrared by co-polymerizing nanorods and polymer within
porous alumina templates.”

Anisotropic plasmonic components such as Au nanorods present particularly interesting
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building blocks for periodic pNCs, since their optical response is highly dependent on
interparticle orientation within the pNC. Ng et al. fabricated free-standing 2D superlattices of PS-
grafted Au nanorods with two types of arrangements: horizontally-aligned and vertically-aligned
nanorods. The nanorods form self-assembled sheets in these two orientations, where solvent
evaporation rate is the primary determinant for sheet orientation. As a result, the optical
extinction of the periodic pNC is highly polarized along the axis of alignment rather than the
nanorod axes due to strong coupling between neighboring nanorods.®° For example, coupling
between the longitudinal LSPRs of the nanorods results in a polarized field perpendicular to the
nanorods’ long axes. More exotic periodic pNCs structures can be constructed by explicitly
controlling nanorod orientation within a soft matrix. For example, chiral pNCs were obtained
from incorporating Au nanorods into a macroscopic cholesteric film formed by self-assembled
cellulose nanocrystals. In this system, the cholesteric host dictates pNC periodicity and order,
leading to a pNC that exhibits strong circular dichroism and polarization rotator function. Similar
to other superlattice structures, the strength of plasmonic chiroptical activity exhibited by the
pNC strongly depends on the dipole-dipole interactions and interparticle spacing of coupled Au

nanorods.81-82 (Figure 7b)

Overall, the morphology of nanostructured matrices such as BCPs or cholesteric films
serves as a director for the resulting pNC morphology. As a result, pNC parameters such as NP
orientation and cluster size are highly limited by the domain geometries of the matrix. As such,
it may be difficult to use these templating strategies to assemble NPs into plasmonic junctions
or tightly-spaced cluster. For example, the spacing between NPs can be reduced to sub-10 nm
by choosing a BCP that possesses a narrow domain size or by increasing NP loading prior to
pNC phase segregation. However, achieving strong electronic-plasmonic or photon-plasmonic
coupling typically requires interparticle spacings in the range of 1-3 nm. This small spacing is

difficult to achieve by BCPs due to the instability of periodic BCP phases with high NP loading
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Figure 7. Formation of periodic pNCs. a) A BCP-based supramolecular matrix, PS-b-P4VP((PDP);, self-
organizes into lamellar or cylinder morphologies by tuning the volume ratio of PS:P4VP(PDP). Spherical
nanopatticles and nanorods selectively self-assemble into the P4VP domain due to strong attraction
between the hydrophilic nanoparticles and the PMMA matrix.”>7¢ Reproduced with permission from ref
75. Copyright 2012 American Chemical Society and Reproduced with permission from ref
76. Copyright 2009 Nature Publishing Group. b) Fabrication of a chiroptical pNC film by mixing aqueous
suspensions of cellulose nanocrystals (CNCs) and gold nanorods. A cross-sectional SEM image of the
pNC shows the nanorod (bright spots) periodically dispersed in the matrix. The helical pitch (P) depends
on the loading concentration of nanorods in the pNC and NaCl content, causing changes in the circular
dichrosim spectra. [NaCl loading: 0% (black), 0.02% &, 0.06% (orange), 0.13% 8, 0.22% (blue), 2.13%
(violet)]. Polarization microscopy images of the pNC show the chiral nematic nature of the film. 8'-82
Reproduced with permission from ref 81. Copyright 2014 American Chemical Society and Reproduced

with permission from ref 82. Copyright 2015 American Chemical Society
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3.2 Nanoparticle Chains

As observed for periodic pNCs, the optical response of assembled pNCs relies largely on
coupled LSPRs between closely spaced nanoparticles. pNCs where the plasmonic components
are assembled into 1D chains with small interparticle spacings are an oft-targeted structure
because of strong coupling along the length of the chain. The resulting plasmonic
superstructure can exhibit complete charge delocalization over the entire chain or charge
localization at discrete sites along the chain.®> Nanoparticle chains can also serve as plasmon
“waveguides” through which optical fields can propagate despite the physical size of the chain
being much narrower than the diffraction limit.2¢

A conventional strategy for aligning plasmonic nanocomponents into a 1D structure is
through the use of a polymer template. Similar to periodic pPNCs where metal nanoparticles are
sequestered into BCP domains, nanoparticles can also be aligned at BCP domain interfaces to
produced chain-like superstructures. In a simple polystyrene-b-poly(methyl methacrylate) (PS-b-
PMMA) BCP, Au nanoparticles functionalized with thioctic acid are self-organized into single
particles, dimers, and nanochains by controlling the size of the PMMA block. PMMA domains
modified with ethylenediamine can be linked with the acid-functionalized nanoparticles using
carbodiimide cross-linking to fabricate the nanoparticle pattern with nanoscale periodicity and
minimal aggregation.®” (Figure 8a) Au nanoparticles can also be chemically conjugated to
pendant groups of a polymer chain, where polymer backbone length controls chain length and
the internal spacing of the pendant groups dictates interparticle spacing.® In this strategy,
interparticle spacing is capable of reaching the close-packed limit (~ 3nm), which is dictated by
ligands directly grafted onto the Au surface. (Figure 8a)

More recently, the assembly of 1D plasmonic chains has been demonstrated by
selective modification of metal nanoparticle surface. For spherical metal nanoparticles, Janus-

type surfaces resulting from ligand-shell defects can lead to directed assembly in a preferred
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direction.®® For anisotropic building blocks such as metal nanorods, preferential modification of
either the side facets or end facets of the nanorod can direct assembly in 1D superstructures.
Plasmonic nanorods have been demonstrated to assemble step-wise into chains by selective
modification of nanorod ends with hydrophobic grafts®-°! and BCP grafts that can be cross-
linked.®2-%3 End-to-end alignment is confirmed by a clear red-shift in the longitudinal LSPR of the
nanorods, which becomes more pronounced with increased linearity of the chain. (Figure 8c) By
protecting the side facets of the nanorod with a second ligand or graft, chain formation can be
induced for single nanorods as well as rafts of nanorods. This assembly is the result of
competition between the different aggregation states that arise from the different solubilities of
the end- and side-grafts in a solvent mixture.®* However, the majority of these 1D assemblies

require further incorporation into an appropriate matrix before being classified as a true pNC.
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Figure 8. Three methods to control the inter-particle spacing in 1D linear nanopatrticle chain. a) Amine-
functionalized Au nanopatrticle chains form a 1D chain by covalent attachment with the carboxylic acid
groups on a polymer backbone. The interparticle spacing can be tuned by using different ligand lengths:
11-Mercapto-1-undecanol (2.7 nm), 16-hydroxy-1-hexadecanethiol (3.3 nm) and 1-mercaptoundecyl!

tetra(ethylene glycol) (5.4nm).The LSPR of the 1D chain shows two distinct absorption peaks at 534 nm
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and 614 nm due to coupling.®® Reproduced with permission from ref 88. Copyright 2008 American
Chemical Society. b) Thioctic acid-functionalized Au nanoparticles assemble into the PMMA domain of
PS-b-PMMA BCP template. The assembled nanoparticles result from cross-linking Au nanoparticles and
functionalized PMMA using carbodiimide chemistry. The concentration of Au nanopatrticles in the pNC
can be used to change the interparticle spacing.®” Reproduced with permission from ref
87. Copyright 2009 Institute of Physics Publishing. c) PS-co-Pl BCP ligands tethered to the ends of gold
nanorods induce nanorod self-assembly into 1D chains, which can then be cross-linked using a
photoinitiator. The LSPR wavelength of the 1D chain depends on the number of nanorods in the chain,
which is tuned by the irradiation time.%? Reproduced with permission from ref 92. Copyright 2012

American Chemical Society.

3.3 Nanojunctions in pNCs

Nanojunctions formed by closely-spaced, non-close-packed plasmonic nanoparticles are highly
desired because they exhibit high electromagnetic field confinement in their interstitial gaps.
Charge density accumulation at these sites can lead to enhancement nearing 107 times the
incident field intensity. While lithographic techniques are able to define nanostructure location
with a high degree of precision, metal deposition associated with these techniques typically
forms nanostructures with rough surfaces or composed of small coalescing grains.® As a result,
these metal nanostructures rarely achieve the perfectly sharp features that are ideal for
generating plasmonic nanojunctions. These surface irregularities also present a challenge when
fabricating nanojunctions where metal nanostructures are separated by only a few nanometers.
Self-assembly thus provides a compelling strategy for generating plasmonic nanojunctions and
pNCs using a bottom-up approach.

Shaped metal nanoparticles are a primary building block for the assembly of pNC
nanojunctions, since electromagnetic “hot spots” are particularly pronounced at sharp nanoscale
features (i.e. the antenna effect). Anisotropic metal nanoparticles support LSPR modes where

charge localization into the vertices and edges of the nanoparticle and enables strong,
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orientation-dependent electromagnetic coupling. For two approaching nanoparticles, the
attractive van der Waals forces scale linearly with the surface area of interaction.®® As a result,
shaped nanoparticles tend to organize into close-packed clusters that maximize this interaction
(e.g. rods align side-by-side,®” cubes align face-to-face®-?%). One strategy to avoid close-
packing and to assemble pNC nanojunctions is to selectively modify the surface of the
nanoparticle components. For Au nanorods, several methods exist for selective modification of
nanorod tips and can be utilized to control interparticle interactions within a pNC.'%° For
example, nanorods can be selectively grafted at their tips with PS tethers and then assembled
under controlled solvent conditions to promote tip-to-tip assembly. This orientation enables
coupling between the longitudinal dipolar LPSR modes of each nanorod.'®" (Figure 9a)

A second strategy is to utilize the interactions of the graft polymer and matrix polymer to
drive nanoparticles to adopt a preferred orientation based on minimization of entropic forces.
Close-packed structures are unfavored due to steric repulsion between grafted polymer chains.
Our group demonstrated that shaped nanoparticles such as Au nanorods, Ag triangular
nanoprisms, and Ag nanocubes grafted with hydrophilic polymers will form oriented
nanojunctions when assembled within a glassy hydrophobic PS matrix. For example, when Ag
nanocubes are grafted with long poly(ethylene glycol) chains, the cubes self-organize into linear
clusters where each nanocube is oriented edge-to-edge with its nearest neighbor and give rise
to coupled LSPR modes localized in the nanoscale (<4 nm) gaps. '9%193 Polymer-directed
assembly can achieve programmed self-assembly of metal nanoparticles into homojunctions3
(clusters composed of plasmonic building blocks with the same size and shape) and
heterojunctions'® (clusters composed of different plasmonic building blocks) with excellent
control over interparticle orientation. (Figure 9b) Moreover, the polymer matrix serves as a
convenient medium for capturing desired plasmonic structures as they evolve, enabling long-
term stability of the structures. A major challenge, however, is achieving precise nanojunction
orientation, rather than a distribution of orientations and cluster sizes.'%%-1% The morphologies of
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these pNCs typically result from diffusion-limited NP assembly, since NPs must move through a
high viscosity polymer medium. As a result, pNCs structures are limited to optical functions that

a highly defect-tolerant or do not place a stringent requirement on periodicity.
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Figure 9. Two examples of controlled orientation of a nanojunction. a) Selective modification of Au
nanorods. Nanorods are coated with the surfactant CTAB on the sides and thiol-terminated polystyrene
chains at their ends. The orientation of nanorods in each nanojunction is tuned by the molecular weight of
polystyrene.’9%-19" Reproduced with permission from ref 100. Copyright 2008 American Chemical Society
and Reproduced with permission from ref 101. Copyright 2007 Nature Publishing Group. b) Entropic self-
assembly of Ag nanocubes. Homogeneous polymer-coated nanocubes assemble in a PS matrix due to
spontaneous phase segregation. Interparticle orientation is tuned by graft length. For longer grafts (55k
PVP), the nanocubes favor edge-edge (EE) orientations due to large entropic forces stemming from graft
compression. For shorter grafts (5k PEG), nanocubes prefer a face-face (FF) orientation due to strong
van der Waals attraction. The EE junction possesses a highly confined electromagnetic field. This
strategy also can be used to fabricate oriented nanojunctions for spherical nanoparticles and various
anisotropic particles such as nanorods, and triangular nanoprisms.'3-'% Reproduced with permission
from ref 103. Copyright 2012 Nature Publishing Group and Reproduced with permission from ref

104. Copyright 2013 The Royal Society of Chemistry.
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One potential solution is to utilize DNA constructs. With the advent of DNA origami, it
has become possible to arrange plasmonic NPs into programmed nano- to mesoscale
structures.'”” Kuzyk et al. formed plasmonic NP helices with spatial accuracy of 2 nm that
showed both circular dichroism and optical rotary dispersion in the visible range.'® As the
sophistication of the field increases, increasingly complex and interesting geometries are
becoming available'® including NP superlattices."’®""" While these DNA—programmed
structures are still solution-dispersed d and often require buffering at specific ionic strengths to
stabilize DNA, the ability to backfill these structures with polymers or solubilize DNA constructs
in polymer solutions has the potential for integrating these NP assemblies into large-scale pNC

materials.

4. Responsive pNCs

There is growing interest in creating reconfigurable pNCs capable of modulating their optical
response upon being triggered by an external stimulus. The underlying philosophy for creating
reconfigurable pNCs has therefore been to develop strategies to modulate one or more of the
following material or geometric parameters in a reproducible and reversible manner: (i) the
spatial organization of the pNC, (ii) nanoparticle/nanostructure shape, and ''? the dielectric
constant of the pNC matrix. The former strategy provides several means of generating
responsiveness, since optical function is highly dependent on the separation distance (i.e. gap)
between plasmonic components, their absolute and relative orientation (in case of anisotropic
particles), and any hierarchical configuration into larger assemblies.

Apart from a handful of studies demonstrating top-down fabrication combined with
MEMS-based actuation of plasmonic nanostructures,''® reconfigurable pNCs require precise
control over nanostructure assembly. Significant advances have been made in developing new
and modifying already-existing strategies for reconfiguration involving temperature, electrical,

and mechanical triggers to actively modulate the optical properties of pNCs. Below we outline
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some of the most prominent strategies, categorized in terms of the parameters they modulate.

4.1 Modulation of Plasmonic Gaps

The evanescent near-field associated with LSPR excitation decays exponentially with distance
from metal surfaces. This effect is pronounced for plasmonic particles and surfaces that are
separated by gaps <100 nm. Thus, a simple yet effective strategy for modulating the optical
response of pNCs is altering the separation distance between plasmonic nanocomponents in
the composite material.

An intuitive approach involves stretching an elastomeric substrate containing
immobilized metal nanoparticles to simultaneously increase the distance between nanoparticles
in roughly the same proportion as the applied strain. One of the first demonstrations of this
approach in pNCs was with ~100 nm Au nanostructures (bowties and rods) patterned via
nanostencil lithography with sub-50 nm gaps onto a flexible elastomer film."* By applying a
mechanical strain (5%) to the nanorod-polymer composite in the direction perpendicular to the
longitudinal axes of the rods, measurable shifts in the transmission spectra could be obtained.
Arguably, the magnitude of such optical shifts could be improved by shrinking the initial gap
between the nanostructures; however, the generation of small <10 nm gaps is limited by the
resolution limit of top-down patterning methods. Similar stretching-based approaches have been
used for creating responsive pNCs containing Au semishells'® and nanospheres,''® with the
potential for immediate application as strain sensors.%” The stretching of pNCs was also recently
used to create multiplexed metasurface holograms wherein the hologram switches from one
image to another with increasing strain.’” This was achieved by depositing a pattern of Au
nanorods into a stretchable elastomer film that yielded more than one hologram at different
image planes. By optimizing the nanorod pattern, the authors were able to achieve up to three
multiple holograms appearing at the same image plane at three different values of strain.

Another approach to modulating gap distances is by grafting nanoparticles with polymer
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chains capable of undergoing drastic conformational changes in response to a trigger.
Conformation changes can alter the steric repulsion between the grafts, leading to a change in
the equilibrium separation distance between the nanoparticles. Poly (N-isopropylacrylamide)
(PNIPAM) is an excellent candidate for this task, as it exhibits a lower critical solution
temperature (LCST) in water, whereby its chains undergo a drastic transition at ~33°C from an
extended to a collapsed state upon increasing temperature.’® This approach has now been
applied to a variety of plasmonic nanoparticle systems.''® An elegant implementation of this
strategy'?° used visible light to trigger solution-dispersed Au nanoparticles grafted with pNIPAM
chains. Photothermal heating from LSPR excitation caused the local temperature to exceed the
LCST followed by pNIPAM brush collapse, triggering the aggregation of the nanoparticles into
clusters. Cooling the solution below the LCST then caused immediate dissociation of the
clusters. This association-dissociation process was shown to be fully reversible over a large
number of cycles. While this strategy was applied in a solution, it would be useful to extend it to
a more robust polymeric platform. Other stimuli-responsive polymers such as poly(2-
vinylpyridine) which is sensitive to solution pH have also been successfully used for actively
modulating the gap between plasmonic nanoparticles.?

Introducing stimuli-responsive bonding motifs in the grafts may also dynamically alter the
interactions between plasmonic nanoparticles. While this can be readily achieved using mutually
complementary single-stranded DNA grafts,'?? synthetic polymer-based approaches offer a
more robust end product for optical applications. An example of such an approach involves Au
nanoparticles grafted with PS chains terminating in either diaminopyridine or thymine units,
which only form complementary hydrogen bonds at low temperatures.'?® By mixing
nanoparticles functionalized with the two kinds of units, the nanoparticles could be made to
assemble into ordered lattices at low temperatures, where an increase in temperature caused
the structures to disassemble. A major challenge for employing these reversible nanoparticle
interactions in pNCs is the ability to encapsulate the nanoparticles into a polymer or soft matrix
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that allows for nanoparticle motion.

4.2 Modulation of Orientation

The optical response of pNCs is sensitive to the absolute orientation of the embedded
nanocomponents due to the polarization of the incident light and the directional nature of its
impingement. (Figure 10A) While nanoparticles — especially anisotropic nanoparticles — can be
suitably surface-functionalized to self-assemble into highly oriented configurations, reconfiguring
these orientations to modulate the optical response is very challenging.

One solution is to use a liquid crystal (LC) medium that exhibits strong alignment over
macroscopic length scales, thus providing an additional driving force for orienting and
organizing the pNC. (Figure 10B) Moreover, many LCs exhibit order-disorder transitions with
respect to temperature and can be readily aligned by mechanical shear, electric field, and even
magnetic field. In this manner, LC-based pNCs have the potential to transduce external fields
into optical response. Surfactant-based lyotropic LCs have been successfully used to organize
Au nanorods and to realign them.'? In one example, the nanorods form the core of the LC
hexagonal columnar phase, which in turn exhibits long-range nematic order. The ordered Au
nanorods were found to exhibit strong polarization sensitivity and could be realigned via external
shear or strong magnetic fields. To enable easier realignment of nanoparticles in LCs with weak
electric fields, Zhang et al. used a thermotropic mesogen and functionalized Au nanorods with a
surface-anchoring surfactant. This led to nanorod alignment perpendicular (rather than parallel)
to the LC director.'?® A complementary approach to assembling LC-based pNCs involves using
LC molecules as grafts for the nanoparticles instead of using them as the medium.'?6-12% The
natural propensity of these molecules to assemble into aligned phases effectively introduces
anisotropic interactions between otherwise spherically-symmetric nanopatrticles, facilitating their
overall ordering into smectic, hexagonal, and lamellar phases. These systems have also been

demonstrated to re-align in response to shearing or heating/cooling.
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The relative orientation between anisotropic plasmonic nanoparticles is also a key factor
affecting the optical response as it directly determines the type of LSPR modes that participate
in coupling. Modulating the relative orientation of shaped nanoparticles within pNCs is
challenging, as orientation must typically be controlled over multiple nanoparticle pairs with
precision. A promising approach evolves from our own work on polymer-grafted Ag nanocubes
in polymer thin films where we observed that the grafting conditions (e.g. graft density, length,
and conformation), govern steric repulsion between grafts and, thus, dictate the relative
orientation of nanocubes.'%?-1% (Figure 10C) In particular, weak and strong grafting conditions
promote face-to-face (FF) and edge-to-edge (EE) configurations, respectively. We also
demonstrated that temperature could be used to switch from EE to FF configurations, albeit
irreversibly. The potential exists for stimuli-responsive polymer grafts capable of undergoing
reversible swelling-shrinking behavior to instigate similar nanoparticle orientation switching.
However, if the end goal is to attain a transition between a disordered and an oriented
configuration of NPs, then simpler approaches such as uniaxial stretching of pNCs may be
sufficient. For instance, Pletsch et al. demonstrated that the uniaxial elongation of an
elastomeric polymer originally carrying randomly-oriented Au nanorods oriented the nanorods in
the direction of stretching, and that the resulting optical spectrum displayed polarization
dependence upon stretching.’™® Gao et al. also demonstrated a pNC of ordered Au nanodisks
on an elastomeric polymer that shifted optical resonances over a range of 600 nm by uniaxial

stretching.'!
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Figure 10. Schematic of responsive pNCs exhibiting changes in absolute orientation versus relative
interparticle orientation. a) Absolute orientation typically requires realignment of plasmonic components
across the entire pNC. b) Nanorods aligned in a nematic liquid crystal host of 5CB respond to changes in
voltage, where the host serves as the director of orientation. The optical response of the pNC is observed
by a physical color change in the material with respect to both voltage and polarization.’?® Reproduced

with permission from ref 125. Copyright 2015 American Chemical Society. c) Changes in the relative
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orientation of a pNC involve local changes in relative angles of plasmonic components. The pNC in d)
responds to mechanical twist deformations, which causes Au nanorods to adopt chiral structures where
nanorods are oriented at varying angles relative to each other. The resulting pNC exhibits varying circular
dichroism response.’?? Reproduced with permission from ref 122. Copyright 2016 Nature Publishing

Group.

A more complex modulation of optical response, though not necessarily the most difficult
to implement, involves larger-scale rearrangement of the higher-order configuration of
plasmonic nanoparticles. One such rearrangement involves changes in chirality, which could
lead to interesting and useful polarization rotation effects. This is best illustrated by the recently
developed pNC created by coating multiple layers of plasmonic nanoparticles onto a twisted
elastomer film."?2 (Figure 10D) The subsequently relaxed film exhibited unique chiroptical activity
upon stretching that was attributed to S-shaped nanoparticle chains formed in the pNC. These
S-chains exhibit a non-planar buckled geometry that reversibly change their chirality upon
stretching and relaxing. A more drastic rearrangement involves structural phase transitions from
one ordered periodic phase to another, akin to those observed in metal alloys and oxides. The
closest relevant phase transition achieved for a nanocomposite was demonstrated with Au
nanoparticles grafted with promesogenic ligands, which led to transitions between well-defined
smectic, rectangular columnar, hexagonal columnar and isotropic phases.'?® Due to the small
size of the nanoparticles, the LSPR response was weak; however, such an approach seems

promising for creating switchable pNCs using more appropriate nanoparticle building blocks.

4.3 Modulation of pNC Components

The approaches described above all involve changes in the structural configuration of pNCs.
We next discuss the remaining few approaches that involve altering the intrinsic optical
response of either the plasmonic nanocomponents or the dielectric pPNC medium, which provide

two additional knobs for tuning pNC properties.
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A classic example of a responsive optical nanocomposite where the plasmonic building
blocks are fundamentally altered are photochromic glasses, where AgCl undergoes reduction by
ultraviolet light to produce Ag® and an opaque composite. Reversible oxidation back to AgCl
produces a transparent composite. In a similar vein, photochromic behavior can be engineered
into pNCs by changing metal nanoparticle size and shape. For example, laser excitation can be
used to convert well-aligned Ag nanorods into spheres within a PVA matrix.'3? The approach
was inspired by an earlier observation that small Au rods molten by pico- and nanosecond laser
irradiation recrystallized as spheres.'® The simplicity of the approach and the ability to write
with different degrees of polarization (rod versus sphere content) allows for multiplexed optical
sensing. Nanosecond laser pulses were also recently used to organize plasmonic nanoparticles
in polymers.'3 Specifically, the optical forces arising from interference of the pulses were used
to manipulate nanoparticles within the polymer. Such capacity to write and erase plasmonic
patterns was used to demonstrate rewritable photonic crystals, optical elements, and 3D
holograms.

The dielectric constant of the pNC medium is most intuitively manipulated by altering the
polar or charged character of its functional groups. Ledin et al. achieved such modulation by
designing pNCs containing Au nanorods of a controlled aspect ratio and a solution-processable
electroactive and electrochromic polymer containing thiophene.'?® The oxidation state of the
thiophene group, and thereby the dielectric function of the polymer, could then be modulated by
an externally applied electric field, resulting in reversible LSPR modulation of up to 25-30 nm. A
subtler approach involves changing the isomerization state of molecules in the medium. This
was achieved by grafting azobenzene-silsesquioxane conjugates onto Au nanocubes deposited
on a quartz substrate.'*® The refractive index of the resulting Au-polymer thin film could then be
modulated reversibly via ultraviolet and visible light, which caused transitions between the cis

and trans states of the azobenzene moieties.

37



5. Interfacial Plasmonic Composites

A large motivation for the discovery and study of novel plasmonic materials is the development
of flat optical components'3” for application in optical coatings, ultra-thin or flexible photovoltaics,
and high-resolution imaging and lithography. To meet these needs, a new class of composite
materials has emerged, which we term plasmonic interfacial nanocomposites (pINCs). Classical
interfacial composite materials are defined as interfaces that are composed of multiple
components, where each component maintains a distinct property (e.g. particle size, phase) but
contributes to a collective interfacial property,’® such as miscibility or chemical function.
Examples include bubbles that gather at liquid-air interfaces and reverse osmosis membranes
comprised of binary polymer blends. Here, we define pINCs as interfacial nanocomposites that
exhibit collective optical behavior. Unlike bulk pNCs, the optical response generated by pINCs is
confined to a nanoscale boundary layer.

This classification stems from the inherently different electromagnetic response exhibited
by plasmonic components when placed at an interface versus in a bulk material. A simple
example is a spherical Ag nanoparticle that is encapsulated by a polymer matrix. (Figure 11)
When located in the bulk polymer, the nanoparticle supports a dipolar LSPR that can be excited
by incoming light at any angle; the resulting electromagnetic near-field is maximized in the
direction parallel to the polarization direction of the incoming light wave. If the same Ag
nanoparticle is now situated at the surface of the polymer (i.e. the air-polymer interface), the
plasmon response is fundamentally altered. The nanoparticle now supports two LSPRs, one
where the majority of the near-field is located at the Ag-air interface and one where the majority
of the near-field is located at the Ag-polymer interface. The resulting near-field intensities are
now dependent on both the polarization of the incoming light wave as well as the angle of
illumination with respect to the air-polymer interface. Figure 12A shows a finite difference time

domain (FDTD) simulation of the near field around an Ag nanocube at the interface of a
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dielectric material. There are two resonance peaks for the system, one in which the near field is

strongest at the Ag-air interface, the other at the Ag-dielectric interface.’®®

Figure 11. Schematic of a nanopatrticle located in a bulk, homogeneous matrix and of a nanopatrticle

located at three different kinds of interfaces.

Here, we discuss three unique interfacial structures that have emerged as pINCs: (i)
particles at the interface, (ii) nanoparticles on a 2-D material, and "2 nanoparticles coupled to a
metallic backplane. An important distinction that we have made in identifying these pINCs is that
the resulting plasmonic response is not a superposition of the response stemming from the

plasmonic component and the interface.

5.1 Nanoparticles at an Interface

The simplest pINC structure that can be identified is a plasmonic nanoparticle that is located at
the interface between two different dielectric media. As described in the previous section, such
pINCs exhibit distinctly different surface plasmon behavior than in bulk pNCs due to the

anisotropic environment imposed on the nanoparticle.
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Figure 12 a) FDTD simulations showing the nearfield intensities for resonance peak at Ag-air interface
and Ag-dielectric interface.”® Reproduced with permission from ref 139. Copyright 2005 American
Chemical Society. b) Experimental and simulated integrated absorption of standard Si cells (black) and
cells with Ag nanoparticles at the back interface’® Reproduced with permission from ref 140. Open
access under a CC BY license. ¢) Schematic energy diagram for carrier transport in perovskite solar cells
with Ag nanoparticles and Incident photons to current efficiency (IPCE) plot as a function of incident light
without (black) and with Ag nanoparticles.’™! Reproduced with permission from ref 141. Copyright 2016
Elsevier, Ltd. d) PL decay profiles for bulk heterojunction cell without (blue) and with plasmonic
nanoparticles.”* The decay indicates strong coupling between the plasmon and excitons, which facilitates
exciton dissociation. Reproduced with permission from ref 142. Copyright 2011 American Chemical

Society.

These interfacial structures are primarily exploited for two purposes. The first is to
increase light trapping and photoabsorption within a medium by using plasmonic components to
direct light scattering within a dielectric layer. Plasmonic nanoparticles located at a dielectric

interface support LSPR modes that can focus intense near-fields into an underlying layer, as
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observed in single-particle darkfield spectroscopy experiments for Ag nanocubes on a glass
substrate.'3® Optical scattering resulting from this LSPR excitation can be used to effectively
trap light near the interface. Consequently, these pINCs have been widely exploited to improve
the photon conversion efficiency of photovoltaic cells that suffer from poor photoabsorption,
such as thin-film devices.'#3-'%% Figure 12B shows the absorption of a thin film Si solar cell with
the traditional Al back reflector and with hemispherical Ag nanoparticles embedded in SiO;
between the Ag reflector and Si layer. Amorphous Si cells,40.146-148 gnd bulk heterojunction cells
also utilize pINCs. In the latter case, pINCs can be integrated into the device at the active
anode'? or into the electron or hole blocking buffer layers that sandwich the photoactive
layer.4%-1%0 The subject of plasmonic solar cells has been well covered in the previous review by
Jang et al.’®" While the increase in absorption for solar pINCs is promising, there is an inherent
trade-off that limits the utility of these materials. As surface coverage of the plasmonic
components is increased, reflectance increases and quenching of the active material can occur.
At high NP concentrations, the inclusion of a pINC layer can be detrimental to device
performance. Thus, each pINC must be optimized not just for maximum absorbance, but for
maximum conversion efficiency.

Second, these pINCs are platforms for hot electron generation, where LSPR decay
occurs via electron excitation and charge transfer into a semiconductor layer. Nanoparticle size
and shape are critical parameters in these pINCs, since nanoparticle morphology has a
profound effect on whether LSPR decay occurs radiatively or non-radiatively. Non-radiative
decay pathways tend to dominate for pINCs comprised of small metal nanoparticles that exhibit
large optical absorption cross-sections at the LSPR wavelength. Several examples of these
pINCs consist of Ag nanoparticles at a TiO- interface where excitation of LSPRs associated with
the nanoparticles results in hot electron injection into the TiO, layer,'5%'53 followed by in Ag
oxidation due to electron depletion. In photovoltaic devices where plasmonic nanoparticles are
incorporated into the buffer layer, pINCs can be utilized for controlling both charge separation
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and photoabsorption.'1.1%4-160 Figure 12C shows the schematic energy diagram for carrier
transport in perovskite/Ag solar cells, which undergo improvement of about 10% in internal
photoconversion efficiency. In organic solar cells, pINCs have also been demonstrated to
enhance fluorescence intensity and rate of exciton generation of 20 to 30 percent while reducing
the lifetime of photogenerated excitons.™? (Figure 12D) Similar use of pINCs has been
demonstrated for photocatalysis, as detailed in a recent review by Clavero.'®? The increase in
efficiency observed by the addition of pINCs is promising but not necessarily cost-effective for a
solar industry with an eye on decreasing device cost. New plasmonic materials such as Cu-
based or graphene may be able to exploit plasmonic enhancement effects with a lower cost per
Watt.

Aside from cost, a critical challenge for designing pINCs is the ability to control location
of the NPs at the interface. In many cases, It is unclear whether the NPs reside at the true
interface or whether the interface is inherently distorted by the presence of the plasmonic NP.
Conformal passivation of the NP by atomic layer deposition or layer-by-layer deposition, or the

use of core-shell plasmonic NPs may serve as effective means to mitigate these effects.
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5.2 Nanoparticles and Two-Dimensional (2D) Materials
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Figure 13. a) SEM image of Ag nanoislands formed on the surface of graphene.® Reproduced with
permission from ref 83. Copyright 2012 National Academy of Sciences. b) TEM images of Au
nanoparticles affixed to 1-pyrenebutyrate functionalized graphene’®’ Reproduced with permission from ref
161. Copyright 2010 American Chemical Society. c) Change in RhB concentration as a function of
irradiation time under visible light with different photocatalysts.”®? Reproduced with permission from ref
162. Copyright 2011 American Chemical Society. d) Photocurrent generated as a function of laser power
for typical graphene photodetector (black) and one with Au nanoparticles attached "% Reproduced with

permission from ref 163.0pen access under a CC BY license.

Plasmonic composites fabricated by integrating plasmonic nanoparticles and 2D materials such
as graphene are novel pINCs that are attracting significant attention due to their unique
physiochemical properties. 2D pINC structures are primarily fabricated by physical deposition
methods onto 2D substrates or by the attachment of colloidal metal nanoparticles. In a simple
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demonstration of 2D pINCs, Xu et al. carried out Au evaporation to form metal islands on top of
monolayer graphene.®® (Figure 13A) Using analytes deposited onto the graphene side of the
pINC, they observed that surface-enhanced Raman scattering signals were more robust and
reproducible due to the atomically smooth surface and uniform analyte adsorption afforded by
the flat graphene surface. pINCs can be fabricated by loading plasmonic nanoparticles directly
onto chemically modified surfaces of the 2D material, either through chemical linkers or
electrostatic interactions. For example, dispersions of graphene sheets functionalized with 1-
pyrenebutyrate (which imparts a negative charge to graphene) mixed with positively charged Au
nanoparticles results in spontaneous assembly of the two components. (Figure 13B) The
resulting pINC, which displays higher nanoparticle loading densities at the graphene edges,
exhibits electrocatalytic behavior indicative of stable and intimate electrical contact between the
two materials.'®' In chemical attachment methods, nanoparticle loading can be controlled by the
volume of nanoparticles in a mixed dispersion'64165 or by treating the 2D materials with an
adhesion layer to create a homogenous dispersion.'631%6 Plasmonic nanoparticles can also be
directly nucleated onto the 2D sheets.'®2167 Immobilization of nanoparticles onto 2D materials
serves to mitigate nanoparticle aggregation and maintain controlled interparticle separation
distances for specific optical functions.68

Importantly, 2D materials can serve as an active optoelectronic component in a pINC.
For plasmonic components attached to semiconducting 2D layers, the pINC interface produces
a Schottky barrier that promotes charge transfer between the 2D material and the metal,
accelerating photoinduced electron-hole separation. Hot electrons generated by LSPR
excitation can transfer rapidly to the 2D materials, as observed for Ag nanoparticles deposited
onto reduced graphene oxide'®? and Ag nanoparticles on CoS sheets.'®® pINC photocatalysts
show an improvement of photodegradation rate up to four fold over nanoparticles alone (Figure
13C) and are also stable over several recycle experiments. Graphene coupled to plasmonic
arrays have been demonstrated to exhibit plasmon-enhanced photocurrent generation.63.169
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Plasmonic Au nanoparticles attached to ultrathin 2D MoS, layers have already been
demonstrated as improved electron and hole transport layers in bulk heterojunction photovoltaic
cells, where the MoS, does little to alter the plasmon response of the Au nanoparticle
components.'63167 |n the case of a graphene-based photodetector (Figure 13D), the current
generated for a pINC device loaded with Au nanoparticles is 4 to 5 times higher than graphene

alone.

However, while these 2D pINCs exhibit potential as multifunctional materials with
improved optoelectronic functions, application of these materials is inherently linked to the ability
to nanomanufacture these pINCs at-scale and with high quality. Many of the reported pINCs to-
date have been demonstrated with small flakes of the 2D material. Translation of these pINCs to
large-area 2D sheets may fundamentally change both device performance and the ability to
pattern the pINC, since NP anchoring sites are typically associated with defect sites of the 2D

materials.

5.3 Nanoparticles Coupled to a Backplane

Recent exploration in optical metasurfaces has led to a new pINC structure consisting of metal
nanostructures that are placed near a metal surface, or backplane. In this configuration, the
plasmonic nanoparticle is optically coupled with the backplane, resulting in a strong optical
resonance associated with the interstitial gap between the two components. Previously,
lithographic structures with similar designs were demonstrated as metamaterials that absorbed
frequencies from THz to IR.77%172 This established knowledge provides important design
guidelines for producing strongly absorbingpINCs. Colloidal pINCs are able to provide a low-
cost, scalable alternative to lithographically produced structures Colloidal metasurfaces, where
synthesized metal nanoparticles are deposited or assembled onto a metal surface, have been

demonstrated to exhibit extraordinary optical absorbance.’”® For example, electromagnetic
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coupling of colloidal Ag nanocubes to an Au film results in a waveguide cavity mode whose
optical properties can be tuned by an ultrathin polymer spacer.'’* (Figure 14A) These colloidal
pINCs have been shown to create near-perfect absorbers for incident angles up to 50°'" and
for wavelengths that can be tuned from the visible to mid-IR wavelengths by controlling

plasmonic coupling between Ag nanocubes.'”® (Figure 14B)
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Figure 14. a) Geometry used in FDTD simulation showing magnetic field for mode formed in the gap
between Au film and Ag nanocube. Position of the resonance as a function of spacer thickness.’”®
Reproduced with permission from ref 173. Copyright 2012 Nature Publishing Group. b) Schematic of
close packed Ag nanocube film and reflectance spectra of simulated arrays of cubes with varied
interparticle spacing.’”® Reproduced with permission from ref 176.0pen access under a CC BY license. c)
Schematic of metallic film formation by controlled sputtering and Absorption (solid) and reflection (dotted)
achieved from composite.’””” Reproduced with permission from ref 177. Copyright 2015 American
Chemical Society. d) Absorption spectra of perfect composite absorber at varying angles of incidence.
The inset shows the flexible composite absorber.’”® Reproduced with permission from ref 178. Copyright

2011 Wiley Periodicals, Inc.
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The versatility and tunability of these nanoparticle-on-metal pINCs show great promise
for future devices that require strong absorption of a narrow wavelength range. Broadband
absorption requires a different approach. Highly ordered arrays of cubes can lead to multimodal
composites’® and the use of thermal annealing to create polydisperse particle size distributions
can lead to a wider absorption band."””'8 (Figure 14C) Zhou et al. designed a pINC absorber
by assembling metal nanoparticles onto a nanoporous template, with a measured absorbance
of 99% across the wavelengths from 400 nm to 10 ym.'®" Another method for achieving
broadband absorbance is to couple a bulk pNC layer to a metal backplane. For example, by co-
sputtering a metal and polymer pNC on a metal thin-film and controlling nanoparticle size and fill
factor, the optical response of the resulting pINC can be tuned from a highly conducting
transparent material'® to a perfect black absorber'”® through impedance matching. (Figure 14D)
Such a design has been shown to be effective for composites containing Ag, Au and Cu
nanoparticles.45183-184 By using a photoswitchable polymer as the polymer matrix material, the
optical absorption and transmission of the pINC can be further tuned upon irradiation of UV
light.'® These composites can easily be designed with solar applications in mind. pINC
materials such as these have the potential for use in photocatalysis, '8 multispectral imaging, '8’
selective thermal emissivity,'® directional high quantum vyield emission,'8-1%0 and
photovoltaics.®’

Of all the pINCs, the NP-on-metal absorbers are perhaps the most mature and well-
studied nanocomposite structure. The layer-by-layer techniques used to fabricate these pINCs
have proven to be successful over large-scales within a variety of platforms, such as chemical
sensing.'%6.192 |n contrast to other pINCs, NP-on-metal absorbers have also been demonstrated
with non-precious metals. In addition, the ability to control the geometric parameters of the
optical gap characteristic of these pINCshas the potential to allow fundamental studies of optical

device physics, such as quantum plasmonic effects and hot electron generation.
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6. Conclusions and Outlook

This review illustrates the major concepts in the synthesis, fabrication, and structuring of pNCs
as well as their development for various optical applications. We introduce the classification of
interfacial pNCs to clearly distinguish pNCs that function only at dielectric or dielectric/metal
interfaces and are likely to lead to new developments in metasurfaces, ultra-thin optical
coatings, layer-by-layer device integration.

In each of the pNC types discussed, the precision assembly of nanostructures is a
limiting factor in engineering advanced, state-of-the-art pNCs that rival top-down produced
materials. Even the simplest nanocomposite possesses chemical and structural complexities for
which no complete framework exists for predicting materials behavior. This presents a major
impediment for the development of multifunctional or responsive pNCs, where nanostructure
arrangement and function must be highly regulated. At the same time, it provides an excellent
opportunity for new theory-informed frameworks for understanding, tailoring, and rationally
engineering how nanostructures self-assemble and perform within a complex, hierarchical pNCs

at multiple relevant scales.
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