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Tunable 3D Extended Self-Assembled Gold Metamaterials
with Enhanced Light Transmission

Stefano Salvatore, Angela Demetriadou, Silvia Vignolini, Sang Soon Oh,
Sebastian Wuestner, Nataliya A. Yufa, Morgan Stefik, Ulrich Wiesner,
Jeremy J. Baumberg, Ortwin Hess, and Ullrich Steiner*

Exploiting self-organised colloids!?l and monolayers! is a valu-
able approach to obtaining features at the sub-micrometer scale,
but this approach is limited in the achievable architectures and
symmetries and consequently in the optical properties that
can be realized. Microphase morphologies of polymers, on the
other hand, provide a convenient platform for the manufacture
of truly three-dimensional metamaterials with a wide range of
geometries. In particular the alternating gyroid®l architecture
has received increasing attention>! due to both its continuous
3D structure and chirality. In tailoring the optical response in
such metamaterials it is fundamentally important to be able
to control their structures and tune their properties. State-of-
the-art dynamically tunable infrared metamaterials employ the
orientation of a liquid crystalline phase in an ion milled fishnet
structure by applying an electric field,"] but similar systems for
optical metamaterials do not yet exist.

In this paper, we tune the optical response at visible fre-
quencies of a bulk metamaterial obtained by replicating a block
copolymer self-assembled morphology into Au, using three dif-
ferent tuning methods. In the first, the structural dimensions of
the mesoscopic unit cell are controlled by varying the molecular
weight of the structure-forming block copolymer. In the two other
strategies using post-processing, tuning is achieved by control-
ling the metal filling fraction of the plasmonic structure or by
filling different refractive index media into the metal scaffold. The
experimental results show good agreement with finite difference
time domain (FDTD) calculations! of the full 3D structures and
also match an approach based on a three-helix model (THM).['3!

Block copolymersl consist of two or more chemically dif-
ferent polymers that are covalently tethered. Self-assembly
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in such systems is principally driven by enthalpy reduction
through microphase separation that minimizes unfavorable
interfaces and is balanced by entropic factors encouraging the
reduction of chain stretching.!'” Depending on the relative
molecular weight and number of blocks, a range of architec-
tures are formed.'! In this study a polyisoprene-block-poly-
styrene-block-polyethylene oxide (ISO) terpolymer,'7'8] which
assembles into the alternating gyroid morphology was used
as a mold for the fabrication of a plasmonic metamaterial.
The block copolymer microphase separates into two interpen-
etrating, chemically distinct gyroid networks (isoprene and eth-
ylene oxide) embedded in a majority phase (styrene).

The replication of one of the gyroid networks is accom-
plished by selective degradation and removal of polyisoprene by
UV radiation, followed by back-filling of the nanoporous tem-
plate via the electrodeposition of gold. The remaining polymer
is then removed by plasma etching. The optical properties of
the resulting gold gyroid were investigated by reflection and
transmission spectroscopy in a confocal configuration.

It was shown recently that the nanoplasmonic gyroid’s optical
properties can be well described by a simplified tri-helical meta-
material (THM) model,/'®l assuming that the gyroid’s internal
structure derives from a network of interconnected metallic
helical wires. In particular, there are two types of helices with
different radii,l”! the smaller of which determines the optical
properties close to the cut-off wavelength (see Figure S4a in
the Supporting Information for a 2D representation of the
structure). This cut-off wavelength originates from the contin-
uous nature of the metallic helices and is called plasma wave-
length. No wave can propagate in the gyroid for wavelengths
larger than the plasma wavelength leading to high reflection
at these wavelengths. Conversely, there are three propagating
modes just below the plasma wavelength which are highly con-
fined within the smaller helices (see Supporting Information,
Figure S4b). As a result, the THM model allows us to calcu-
late the plasma wavelength from the following equation which
makes use of the geometric parameters of the smaller helices:
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where f and a are the filling fraction and unit cell of the gyroid,
€, is the dielectric constant of the medium (with refractive index
n) the gyroid is immersed in, &y, is the dispersive permittivity of
gold, and ¢,_; are geometrical coefficients (see Supporting Infor-
mation). The optical properties can therefore be tailored by varying
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Figure 1. a) SEM images of gold gyroid metamaterials obtained from 1SO terpolymers of two different molecular weights, yielding lattice constants of
35 and 50 nm, respectively. b) Spectra of the gold gyroid metamaterials, spectra marked a refer to lattice constant of 35 nm, while b to 50 nm. Scale
bar: 100 nm. ) Corresponding transmission and reflection spectra for unpolarized incident light. Film thickness = 300 nm.

the geometric parameters of the metallic gyroid and the dielectric
material it is filled with.

We initially study the influence of the lattice constant a on
the optical properties by comparing two gyroid morphologies
obtained from ISO terpolymers with two different molecular
weights but identical block volume fractions (Figure 1). The
overall molecular weight of the terpolymer directly determines
the gyroid unit cell between 10 and =200 nm. The used ISO
molecular weights of 33 and 53 kg mol™" correspond to meas-
ured unit cell sizes of of 35 and 50 nm, respectively, while
maintaining the same filling fraction of 30%. The scanning
electron microscopy (SEM) images in Figure 1a,b show the gold
gyroid structures fabricated from the two ISO terpolymers and
Figure 1c compares their reflection and transmission spectra. A
remarkable transmission of =20% was found for a 300 nm thick
layer with the smaller gyroid unit cell. This high transmission
across a several-hundred-nanometer-thick layer with Au volume
fractions of >30% is evidence for the transport of the optical
energy flux through the strut network by plasmon resonances
and is therefore the hallmark of an optical metamaterial.

As expected, the highest reflection values are observed on
the long wavelength side of the spectrum and a dip in the
spectrum is found for both lattice sizes when wave propaga-
tion in the gyroid slab is permitted (i.e., for A < 4;). Further-
more, as predicted by the THM model, the a = 50 nm unit cell
has a lower plasma frequency compared to the gyroid with a =
35 nm. The reflectivity of the smaller gyroid has a minimum
at a wavelength of =550 nm, which shifts to =620 nm for the
larger gyroid. For larger unit cells and identical filling fractions
f (i-e., identical effective electron densities) the gyroid struts are
thicker and, as a result, the induced self-inductance is stronger,
corresponding to a higher effective electron mass per unit cell
(see Supporting Information). Since the effective electron mass

is linearly proportional to the plasma wavelength, larger lat-
tice constants lead to an increase in the plasma wavelength, as
observed in Figure 1c. This property is also clearly evident in
Equation 1, where for constant f, 4, is linearly dependent on a.
A smaller value of a however significantly reduces absorption,
resulting in transmissions approaching 30% which is remark-
ably high for a 300 nm-thick gold layer.

The manufactured gyroids can be post-processed by fur-
ther gold electrodeposition. In the absence of the surrounding
polymer matrix, the entire network structure acts as a cathode
and gold growth occurs homogeneously to thicken the gyroid
struts without affecting the symmetry of the network. This con-
tinuously increases the filling fraction by thickening the struts,
leaving all other parameters unchanged.

Figure 2 shows the effect of an increase in the filling fraction
from 30 to 90%, resulting in a reduction in the plasma wave-
length, thereby causing a blue shift of the reflectivity edge to
shorter wavelengths. As the filling fraction approaches 100%
(i-e., solid gold) the reflection spectra indeed approach that of
the gold and the reflection minimum disappears (Figure 2d).
As the plasma wavelength defined in Equation 1 cannot easily
be extracted from reflection and transmission spectra, we intro-
duce the plasma edge wavelength A, which is the wavelength
at the point of inflection of the reflectivity (i.e., the wavelength
where the first derivative of the spectrum has a maximum,
which is easily identified in experimental and calculated
spectra, see Supporting Information for details). Although the
plasma edge 4,. and plasma wavelength A, are not identical,
they have the same behaviour and differ only by small shift as
the gyroid metamaterial is tuned.

A quantitative analysis of the results in Figure 2d is shown
in Figure 3, where the plasma edge wavelength is plotted versus
the filling fraction. This analysis reveals a continuous shift in

Figure 2. a—c) SEM images of gold gyroids with a = 35 nm and filling fractions of 30%, 60%, and 75%, respectively. Scale bar: 100 nm. d) Reflection

spectra for filling fractions varying from 30% to 90% in =8% increments.
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Figure 3. Variation of the plasma edge wavelength A,. (see Supporting
Information, Figure S3) with filling fraction. Experimental data (circles)
compared to the THM analytical model (line) and a FDTD calculation
(diamonds).

Ape of more than 100 nm between solid gold and a gyroid with a
filling fraction of 30%. These results are in excellent agreement
with the results of FDTD calculations (see Supporting Informa-
tion), as well as with the analytical THM model for the plasma
wavelength.

The numerically calculated plasma edge results closely
follow the experimental measurements and show only a small
divergence from the analytical plasma wavelength. This is
due to localized plasmonic modes that are supported on the
metallic gyroid, in addition to the three propagating modes
(see Supporting Information), which are not taken in account
in the analytical model. Due to the complex geometrical shape
of the gyroid, multiple localized plasmons are excited, leading
to a high density of modes appearing at =580 nm and shorter
wavelengths for a gyroid with a = 35 nm. As the filling fraction
increases, the wavelengths at which these high density local-
ized plasmonic modes appear remain relatively constant. The
three propagating modes are however shifted to shorter wave-
lengths until they are fully immersed in the region of the high
density of modes. Since the localized plasmonic modes absorb
incident fields, they therefore reduce reflectivity and have an
impact on the experimentally measured and numerically calcu-
lated plasma edge wavelength.
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The change of filling fraction also affects the linear
dichroism in the [110] direction which is typical for the gyroid
metamaterial B Figure 4 shows the reflection spectra for dif
ferent filling fractions and with incident polarizations perpen-
dicular and parallel to the in-plane [100] direction of the gyroid
lattice. For =50% filling fraction, the linear dichroism is lost.
The dichroism arises from a variation of the coupling of polar-
ized light with the differing gyroid lattice symmetries. As the
anisotropy of the gyroid is reduced with increasing filling frac-
tion, the dichroism disappears.

A further way to reversibly tune the optical response of
the gyroid metamaterial involves changing the dielectric
medium infiltrated into the gyroid. Figure 5 shows reflec-
tion spectra of the 35 nm unit cell gyroid with a fill fraction
of 30% for increasing refractive index media. The plasma
wavelength increases linearly with n as illustrated by the
variation of the reflectivity curves in Figure 5b. This varia-
tion agrees quantitatively with the numerical and analytical
results. The modification of the surrounding medium can
also be permanently achieved by embedding the gyroid in a
polymer matrix or by leaving the polymer scaffold in place
after gold deposition.

In conclusion, we have demonstrated three successful
approaches to tune the optical behavior of gyroid self-assembled
optical metamaterials. Optimised structural parameters led to a
transmission through 300 nm thick layers of gyroid-structured
gold of up to 20%. These methods can also be applied to other
3D metamaterials. Increasing the lattice dimensions in the
gyroid metamaterial reduces the plasma frequency and the
transmittivity, which is highest for the small unit cell with
the lowest filling fraction. Increasing the gold strut thickness
(i-e., the filling fraction) causes a continuous deformation in
the shape of the reflectivity curves and increases the plasma
frequency towards solid gold. Finally, the optical characteris-
tics can be reversibly tuned by adjusting the refractive index of
the medium that is infiltrated into the gyroid pore structure,
revealing a linear variation of the plasma edge with n. The
robust agreement of the experimental results with model calcu-
lations and simulations is highly encouraging, confirming the
predictive power of these methods, which now aid in the quest
to create a material with a negative refractive index in the vis-
ible optical range.
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Figure 4. Linear dichroism of the gold gyroid in the [110] direction as a function of the filling fraction. a) Reflection spectra with incident polarization
perpendicular (grey) and parallel (black) to the in plane [100] direction of the gyroid lattice. b) Experimental data for the linear dichroism as function of
the filling fraction. The dichroism measure was calculated as the difference of the plasma edge wavelengths of perpendicular and parallel polarizations

to the [100] direction. The dotted line is a guide to the eye.
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Figure 5. a) Reflection spectra for unpolarized light incident on the a = 35 nm gyroid filled with dielectric media: air (n = 1), water (n = 1.33), toluene
(n=1.5), and Cargille Refractive Index Liquid Series B (n = 1.7). b) Variation of the plasma edge wavelength 4, for different refractive index media

compared to the THM analytical model and FDTD calculations.

Experimental Section

Sample Preparation: The gyroid forming polyisoprene-block-polystyrene-
block-polyethylene oxide (ISO) triblock terpolymer with relative block volume
fractions of 0.28, 0.57, and 0.15 of I, S and O, respectively was used. The
synthesis of this polymer is described elsewhere.'” Several hundred nm-thick
films were made by spin-coating followed by annealing for 20 min at 180 °C
in a vacuum oven. The isoprene block was then degraded under UV radiation
for two hours and rinsed away with ethanol. The resulting porous network
was then back-filled with gold by electrodeposition from a glass substrate
coated with fluorinated tin oxide (FTO). In the electrochemical setup the FTO
layer acts as a working electrode, a saturated calomel electrode is used as
the reference electrode, and a platinum mesh acts as the counter electrode.
The gold-plating solution was bought from Technin (EC60) and 0.5 vol%
of brightener was added to achieve a smooth deposition. The thickness of
the deposit could be adjusted by the electrodeposition duration and was set
to =300 nm. The remaining polymer was subsequently removed by plasma
etching (Supporting Information, Figure S1).

Filling Fraction Variation: The filling fraction was varied by further gold
electrodeposition on the gold gyroid struts. The resulting gold filling
was calculated by measuring the total surface area by oxygen absorption
using cyclic voltammetry.20.21]

Optical Characterization: Confocal optical microscopy was performed
using a 50 um core optical fiber that served as pinhole in the conjugate to
the focal plane of a x20 microscope objective. A broad-band halogen lamp
acted as the illumination source. Linear polarization measurements were
obtained with a x100 microscope objective which allowed the collection of
a signal with a spatial resolution below the sample domain dimensions. An
achromatic polarizer was mounted on a rotational stage to vary polarization
rotation. All the measurements were normalized to a silver mirror reference.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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