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ABSTRACT

Block-copolymer (BCP) self-assembling provides a unique tool for realizing large-area ordered metamaterials,
with desired optical properties. The benefits of using BCPs as templates for metamaterials come from two main
aspects: first, BCPs show a rich range of available nano-morphologies, whose domains can be conveniently tuned
in size, shape and periodicity, by changing molecular parameters; second, the chemical properties of the block
polymers can lead to the selective inclusion of functionalized nanoparticles (NPs) of different materials in specific
nanodomains, generating periodic arrays of NPs according to the geometry of the BCP acting as template. This
approach allows finely modulating the optical properties of NPs and can be used as an intriguing and versatile tool
to build useful devices for Optics & Photonics applications, with significant benefits for both fundamental and
applied investigations. In this work, we investigate nanostructured thin films of polystyrene-block-poly(methyl
methacrylate) BCP (PS-PMMA), characterized by an hexagonal array of PS cylinders in the PMMA matrix.
The PS cylindrical domain are selectively filled by functionalized metallic (Au, Ag) NPs. The optical properties
of such nano-structures are strongly affected by localized surface plasmons (LSPs) in the NPs, arising from the
collective resonances of conduction electrons in the metal at a characteristic spectral range, usually in the visible
range. LSPs induce high field enhancement (FE), with respect to an incident light, in proximity of the NP
surface, and in particular in the gap between two close NPs (hot-spot). Moreover, LSPs increase the intensity
of absorption and scattering of light by the NPs in their range of resonance.
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1. INTRODUCTION

Metamaterials are re-defining the use of naturally-occurring materials for technological applications. In particu-
lar, electromagnetic metamaterials allow for unexpected effects of light ranging from the optical to the microwave
spectra. They consist of regular structures made of common media, such as dielectrics and conductors, with
geometrical features much smaller than the wavelength of the light interacting with them. As a result, it is
possible to control to electromagnetic response of these novel materials by accurately designing their geometries
and by selecting the composition of their constitutive bricks.

The fabrication of metamaterials is typically achieved by nano-patterning thin films with physical or chemical
methods, such as lithography or self-assembly. In particular, nano-scale geometrical features are needed for
applications in the optical spectrum of light. Moreover, the use of different materials is necessary to obtain the
desired optical response. As a matter of fact, these heterostructures are often characterized by several nano-scale
objects of different materials, at very small separations. The effective operation of nano-structured thin films as
metamaterials requires that the nano-patterns are regularly repeated on the surface and that the wavelength of
the interacting electromagnetic field is much larger than the pattern features. As a consequence, the incident
light ’sees’ an effective medium with unexpected optical properties, different from those of the starting materials,
and strictly depending on their patterning.

It is clear that the establishment of metamaterials in technological applications strictly depends on the
ability to fabricate large-area cost-effective films with nanostructured features and selected composite materials.
In the present work, we illustrate the use of a self-assembly method based on block-copolymers (BCPs), for
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the fabrication of metamaterials. The use of such polymeric materials is a promising route to realize ultrahigh
density devices, though maintaining low cost processing.

Block copolymers represent a class of materials that exhibit unparalleled versatility in the creation of nanos-
tructures. BCPs consist of two or more chemically distinct polymer fragments, or blocks, covalently bonded
together. If the constituent blocks are immiscible, the chemical incompatibility induces microphase separation
with formation of periodic nanostructures having chemically distinct domains with size and periodicity that
depend on the relative lengths of the blocks.*? Thus, depending on the molecular architecture of BCPs and
relative molecular masses of the polymeric blocks, different nanostructures can be produced, such as alternating
lamellae or spherical and cylindrical microdomains packed in cubic or hexagonal ordered lattices respectively,?
as shown in Figure 1.

The different microdomains of BCP nanostructures (spheres, cylinders or lamellae) can act as hosts for seques-
tering metal nanoparticles of appropriate chemical affinity and geometry.® In this approach, the nanostructured
block-copolymer matrix act as a structure-guiding matrix, where the nanoparticles are sequestered into target
microdomains of the BCP structure, resulting in an ordered spatial positioning of the guest particles guided
by the ordering of the host matrix and a hierarchical assembly of organic-inorganic (polymer-metal) nanostruc-
tures, in which one level of self-assembly guides the next. This ability makes BCPs ideal as scaffolds for the
engineering of new materials characterized by patterned surfaces, and controlled and ordered assembly of metal
nanoparticles.

Block copolymer
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Figure 1. Nanostructures generated from a di-block copolymer. The chemical incompatibility between the two different
linked polymeric blocks induces microphase separation and formation of periodic nanodomains (lamellae, gyroid, cylinders
or spheres) that may act as hosts for sequestering guest nanoparticles.

In this work, we present a theoretical and experimental study of the collective plasmonic oscillations observed
in a BCP-based periodic nanostructure of nanocylinders filled with surface coated gold nanoparticles, whose
topological characteristics allow both important LSPs and strong collective effects due to the near field coupling.
The ability to tune the collective resonances in plasmonic nanostructures allows for the creation of a new rich
set of engineering materials with a wide range of controlled optical properties.

2. NUMERICAL RESULTS

In this Section, we numerically investigate a polystyrene-block-poly(methyl methacrylate) (PS-PMMA) thin
film with hexagonal geometry as a plasmonic metamaterial. We first consider the optical response of gold
nanoparticles confined in a single PS cylindrical domain, at different loading concentration, by using a coupled-
dipole numerical method.*® Then, we consider array effects arising from the regular distribution of the PS
cylinders into an hexagonal lattice by using the TMatrix method.%
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2.1 Single domain

By using functionalized gold nanoparticles it is possible to introduce gold into the PS domain, if their diameter
is smaller than the cylinder size. The extinction spectra of the PS cylindrical domain, with sequestred gold NPs,
are shown in Figure 2. The cylinder diameter is 40 nm and its height is 65 nm, in agreement with the geometrical
features of the fabricated BCP films discussed in Section 3. The nanoparticles diameter is » = 5 nm, and their
volume filling fraction filling fraction inside the cylinders is varied in the range 0% — 40%. It results that, for
a filling fraction lower than ~ 20%, the nanoparticles do not interact, and the extinction spectrum is similar
to that of isolated particles. As the filling fraction increases, the particles begin interacting, and the cylindrical
domain shows extinction peaks in the red and near-IR part of the electromagnetic spectrum.
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Figure 2. Extinction spectra of cylindrical PS domains filled by gold NPs with radius » = 5 nm, at different filling fraction.

A similar analysis is conducted by keeping fixed the number of particles inside the cylindrical PS domain,
and by increasing the particle size. Figure 3 shows the extinction efficiency of a cylindrical domain filled with
~ 90 particles. It is clearly shown that there is no particle interaction for shorter radii than 3 nm. For larger size
(r =5 nm and blue line in Figure 3), the particles interact and a second extinction peak arise at a wavelength
~ 800 nm. It is worth to notice that fabrication issues arise when trying to insert particles of diameter comparable
with the size of the hosting cylindrical domains. In conclusion the previous analysis reveals that, in order to
achieve a cylindrical domain with tunable optical properties by including nanoparticles, the best strategy is to
use medium-sized particles with high filling fraction.
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Figure 3. Extinction spectra of cylindrical PS domains filled by ~ 90 gold NPs, with varying radii.

2.2 Array effects

In the following, we investigate the effects of the hexagonal geometry on a PS-PMMA plasmonic array composed
by completely filled gold cylinders. We have performed an accurate numerical analysis to investigate the role of
the particle arrangement with the TMatrix method, also known as Null Field or Extended Boundary Condition
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method.% To this aim, a set of monolithic nano-cylinders arranged in an ideal hexagonal lattices with axes oriented
along the wave vector of an incident plane wave has been considered. The diameter and height of cylinders have
been set equal to the case described in the previous analysis on a single PS domain. The calculated extinction
spectra for a relatively large hexagonal array of NV = 37 cylinders are shown in Figure 4. Calculations are shown
for arrays characterized by inter-particle center-to-center distances D ranging from 65 nm to 48 nm.
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Figure 4. Extinction spectra for hexagonal arrays of N = 37 gold cylinders for different values of center-to-center inter-
particle distance D of 65 nm (cyan), 60 nm (magenta), 55 nm (blue), 50 nm (green), 48 nm (red).

The calculated spectra of Figure 4 indicate the occurrence of an asymmetric broadening toward the red
electromagnetic region of the extinction peak for low inter-cylinder distances, indicating that with decreasing
the lattice spacing the extinction contributions at wavelengths higher than 520 nm increase. In particular, for
center-to-center distances smaller than the cylinder diameter (D < 60 nm), a second extinction peak is observed.
Numerical simulations of Figure 4 are a clear indication that the distance between first-neighboring cylinders is
the major leading parameter driving the occurrence of near-field interactions.

3. EXPERIMENTS
3.1 Fabrication

We fabricated thin films with regular patterns of hexagonal array of cylinders, by employing a PS-PMMA
copolymer.” The volume fraction of the PS block has been chosen in order to select the desired cylindrical
microphase-separated morphology. The cylinder domains inside the film consist of PS, while the surrounding
matrix is made by PMMA. Gold nanoparticles bearing on the surface 2-naphthylthiolate (NT) units (NT-
AuNPs) have been synthesized using the method of Brust et al., featuring an average diameter of ~ 3 nm.® The
presence of NT units on the surface of nanoparticles favors the chemical affinity of the nanoparticles with the
PS domains. Thin films consisting of PS-PMMA and gold NPs have been prepared by spin coating a toluene
solution containing 2 wt% PS-b-PMMA and 0.1wt% functionalized gold NPs. We obtained a configuration
characterized by PS domains with their axes parallel to the film surface, as shown by the TEM image in Figure
5a, and schematically represented in Figure 5a’.

By employing a simple method of annealing of the BCP film in a solvent atmosphere, starting from the
disordered configuration, we obtained a partial alignment of PS cylinders, as shown by TEM image of Figure 5b.
In this way a short range lateral order in the hexagonal packing of PS cylinders has been obtained. It is clear
that the fabricated films can be schematically represented as in Figure 5b’; where the PS cylinders are mainly
oriented with the axes parallel to the film surface, and the mean inter-domain spacing is 60 nm.
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Figure 5. (a, b) TEM images of thin films of PS-b-PMMA based nanocomposite obtained by spin coating a slight excess
of a toluene solution containing 2wt% BCP and 0.1wt% gold NPs, after drying at room temperature (a) and successive
exposition at room temperature to dicholoromethane vapors (b). (a’,b’) Schematics of the cylindrical morphology obtained
in a and b.

3.2 Measurements

The optical properties of the fabricated BCP films with sequestred gold nanoparticles were studied by measuring
the extinction spectra using an UV-Visible spectrophotometer. Spectra were recorded by measuring the ratio
of transmitted to the incident radiant power and subtracting the spectrum of a thin film of the sole PS-b-
PMMA film as background. The extinction spectra of the BCP thin films in the two configurations, i.e. the
random orientation ( Figure 5a’ ) and the vertical orientation ( Figure 5a’ ), are shown in Figure 6. We used an
unpolarized light beam perpendicular to the film surfaces, in the wavelength range 500 nm — 800 nm. Therefore,
in the case of oriented films ( Figure 5b’ ), the incident beam wave vector is parallel to the axes of PS cylinders,
whereas for the unoriented film ( Figure 5a’ ), there is no definite relationship between the direction of wave
vector of incident beam and the local axes of PS domains.

The spectrum of the unoriented film ( Figure 5a’ ) is characterized by the typical plasmonic resonance of
AuNPs centered at 520 nm (curve a of Figure 6). On the contrary, the extinction spectrum for the thin films
with vertically aligned cylinders (Figure 5b’ ) differs considerably from that of the unoriented film, since it shows
enhanced contributes at wavelengths higher than 520 nm, and consequently a broadening of the resonance peak
centered at 550 nm (red shift) (curve b of Figure 6). These data clearly suggests that the vertical orientation
of PS cylinders and their pseudo-hexagonal bidimensional arrangement at distance of few nanometer (average
center-to-center distance D =~ 62 nm) should be responsible for the variation of the extinction spectrum. We
argue, indeed, that since the gold NPs are selectively included in the PS domains, the nearly periodic array is
able to generate collective plasmon resonances which play a key role in the broadening of the extinction peak
toward the red spectral region, i.e. at wavelengths > 550 nm.

4. CONCLUSIONS

In conclusion, we investigated the optical response of plasmonic metamaterials based on self-assembled PS-
PMMA block-copolymer with sequestred gold nanoparticles. We showed that the nanoparticles inside a single
PS cylindrical domain interact if the particle size is sufficiently large and the particle concentration is sufficiently
high. Moreover we investigated the effects of the hexagonal lattice of the PS domains inside the PMMA matrix.
Eventually, we experimentally observed the effects of the array order in PS-PMMA thin films with small gold
nanoparticles sequestred in the PS domain. These results confirm the importance of block-copolymers as a
technological platform for fabricating large-scale metamaterials with tunable optical properties.
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Figure 6. Extinction spectra of PS-b-PMMA thin films (measured by the absorption factor = 1-Transmittance) presenting
random orientation (a), and vertical orientation of PS cylindrical domains (b). PS cylinders in b form an hexagonal array
with short range order and average periodicity of &~ 62 nm. In both cases AuNPs are selectively included in the PS
domains.
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