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Abstract: We have studied the optical response of chiral metastructures composed of a
disordered array of couples of plasmonic Au nanorods helically piled along the vertical
direction. The fabrication is based on the use of multiaxial and multimaterial evaporation of
the different metastructure building blocks through nanohole masks. From the analysis of the
Mueller Matrix elements of the system, obtained both experimentally and from dedicated
numerical simulations in forward and backward illumination conditions, we have been able to
determine the linear and circular dichroic response of the system, as well as to sort out the
optical anisotropy and intrinsic circular dichroism contributions to the circular differential
extinction. We have also analyzed the dependence of the optical properties as a function of
the angle between the rods and of the thickness of the dielectric separator. The study of quasi-
planar as well as three-dimensional structures allows unraveling the role played by
interactions between the constituting building blocks and, in particular, the distance between
rods. We have experimentally and theoretically observed a decrease of the circular dichroic
contribution and a change of the optical anisotropic contribution when the structures evolve
from non-planar to planar.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metastructures with tailored optical response can be obtained by smart spatial combination of
different, simple building blocks exhibiting well-known optical properties. The individual
properties and the specific spatial localization, either in two- or three-dimensions, allow
obtaining complex systems with properties, ruled now via interactions, not achievable
otherwise. A versatile plasmonic building block is the metallic rod, whose plasmonic
resonances can be spectrally tuned by material and dimensions choice. Besides, they respond
differently to light polarized along the principal axes of the rod [1,2]. Actually, this
asymmetry in the optical response lies behind the development of different types of
polarization-sensitive devices. When arranging rods in a 2D or 3D fashion, the
electromagnetic interaction between them induces new optical properties [3—6]. For example,
structures with linear and circular dichroism can be obtained just by combining different in-
plane inter rod orientations with a smart piling up of them. The simplest example is vertically
stacking two rods with their long axes twisted with respect to each other, making rods dimers
good candidates for chiral sensing applications [7].

The fabrication of these 3D stacked rod dimers can be approached in different ways. For
example using multistep lithographic (electron beam lithography and vacuum deposition
techniques) or chemical routes. Using multistep electron beam lithography and vacuum
deposition, dimers with inter rods distance of more than 40 nm and with variable relative
orientation between the rods have been fabricated [8—11]. Alternatively, using chemical
routes, dimers with inter rod distances of only a few nanometers, but with a much less
accurate control of the relative orientation between the rods, have also been obtained [12-16].

#367534 https://doi.org/10.1364/OE.27.021142
Journal © 2019 Received 14 May 2019; revised 20 Jun 2019; accepted 21 Jun 2019; published 15 Jul 2019


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.27.021142&amp;domain=pdf&amp;date_stamp=2019-07-15

Research Article Vol. 27, No. 15| 22 Jul 2019 | OPTICS EXPRESS 21143

“

Optics EXPRESS

In this work we study the linear and circular dichroic responses as well as the role of inter-
rod interactions in 3D chiral Au nanorod dimers. From the fabrication point of view, we make
use of a well-known shadow nanomask evaporation technique [17], in our case with different
materials to evaporate in the deposition system, and polar and azimuthal degrees of freedom
in the relative orientation of the nanomask-substrate unit with respect to the incoming beam
of material. This has allowed us to obtain, in single deposition runs, a large variety of
disordered arrays of 2D and pseudo 3D nanostructures with different shapes and components
(disks [18-22], rods [2], complex rings [23-26]). In the present work, this has allowed us to
achieve a fine control of the inter-rod relative orientation, but also to tune the vertical
separation between them at the nanometer level. In this way, we have ample freedom to tune
the interaction between the rods and, therefore, their optical characteristics. In particular, we
focus on the different response to linear and circular polarized light, clarifying the different
contributions to these signals. To complete the analysis of this optical response we show
complementary experimental and theoretical results, where we make use of the Mueller
matrix formalism, in forward and backward illumination conditions, as it is the most
convenient procedure, to obtain a detailed description of the optical response of systems with
a high degree of geometrical complexity.

2. Fabrication

The model structure considered for the rod dimers and generated under each nanohole of the
mask is as follows: first a bottom Au rod with two adjacent CaF, pillars is deposited on BK7
substrates (previous deposition of Ti insures adhesion of the complete structure). Then, a
CaF, rod is deposited along the line intersecting the pillars and the central part of the bottom
rod. Finally, an upper Au rod is deposited on top of the CaF, rod. Mild sonication in adequate
solvents favors the removal of the polymer nanomask, leaving the BK7 substrates with a
disordered array of rod dimers. This way both Au rods are vertically separated by a distance
that is controlled by the thickness of the dielectric, CaF,, rod, presenting a twisting angle that
can be varied at will. CaF, and Ti are deposited by electron beam evaporation, while Au is
evaporated from an effusion cell. In Fig. 1 we present a sequential sketch of the multiaxial
deposition process, described in detail elsewhere [24].

e)

Au Top rod n
Au Bottom rod E
CaF, pillars -

Fig. 1. Scheme representing the fabrication process of the chiral metasurface by a combination
of shadow nanomask evaporation technique and multiaxis evaporation: (a) Initially, two pillars
of CaF, are fabricated through the holes of the gold mask. The dimensions and the distance
between the pillars are controlled by the evaporation system. (b) The gold bottom rod is
manufactured between the pillars of CaF, (c) A dielectric spacer is placed on the bottom rod.
(d) The fabrication process is finished by rotating the structure 45° and evaporating a gold rod
on the dielectric spacer and the dielectric pillars. To explain the process, SEM images of
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intermediate samples are included. (¢) SEM image of the chiral metasurface with top rod at
45° obtained in this way.

Despite its versatility, the described fabrication method presents some intrinsic
shortcomings that condition the actual choice on dimensions for the different elements, and
on whose existence one must be aware. One of the drawbacks is the limitation in controlling
of the spatial arrangement of the structures. Although it is possible to precisely stack the
structures, the planar spacing is difficult to manage. The most relevant disadvantage is the
gradual reduction of the diameter of the nanoholes in the mask, due to the accumulated
material during deposition at oblique incidence [27]. As a consequence, the final elements in
the metastructure are narrower and, for the same substrate oscillation span, shorter. This
gradual hole diameter reduction also limits the total amount of deposited material and
consequently the total height of the metastructure. As a consequence, the typical dimensions
when the deposited heights of the different elements of the metastructure are 12nm Au/6nm
CaFy/12nm Au/3 nm Ti/0.5mm BK7 result to be: (i) widths and lengths are 95 nm and 235
nm for the bottom rod and are 75 nm and 220 nm for the top rod, (ii) diameters of 20nm thick
CaF, pillars are 135nm and 100nm, respectively.

3. Results and discussion

The optical properties of the samples have been studied using a spectroscopic ellipsometer
(SE, M200Fi J. A. WoollamCo.) in transmission mode at normal incidence in the 400-1600
nm spectral range. In spectroscopic ellipsometers with PCSA configuration of the optical
elements (polarizer, compensator, sample and analyzer), the elements of row 4 of the Mueller
matrix (my;, My, My3 and my,) cannot be obtained due to the lack of a second compensator
[28]. From symmetry considerations, we have used a valid method based on measurements
with sample illumination from the metastructures side (Front-F) or from the substrate side
(Back-B) [29,30]. This allows, for example, to discern the different contributions of the
system to the circular differential extinction [26,31]. The sample was mounted on a rotational
stage which allows changing the in-plane orientation of the sample. Following this procedure
it is possible to obtain the Mueller Matrix Elements (MME) of the system [28,32], containing
full information about different optical aspects of the system [33,34]. As schematically
indicated in the left of Fig. 2, in transmission mode, the element my, is directly related to the
absorption difference for light that is polarized parallel or perpendicular to the x-axis (mj, =
(Ix-Iy)/2, linear dichroism (LD)). On the other hand, m;; is related to the difference in the
absorption of light polarized parallel and perpendicular to an axis rotated 45 degrees with
respect to the x-axis, x’-axis, (m;3 = (Ix--Iy)/2, linear dichroism at 45° (LD”)). Finally, my, is
related to the difference in transmission for left- and right-handed circularly polarized light
(my4 = (Ig-I)/2 or circular differential extinction (CDE)). The measured MME are normalized
to the element m;;, which is the total transmission intensity of the sample [28]. In Fig. 2 we
show the measured MME for three fabricated structures, namely single Au nanorods with
CaF, pillars symmetrically positioned at both sides of the rods, and complete Au rod dimers
at 45° and —45 degrees respectively with 6 nm thick CaF, dielectric rods separating them.
SEM images for individual structures are also shown. For the experimental determination of
the MME, the samples were carefully aligned in the plane so that the long axes of the Au rods
close to the substrate were oriented along the y-axis.

For the single Au rod layer (left-hand column), the y-polarized light only excites the
resonance along the principal axis of the rod, which is located at a lower energy than the
corresponding for the short axis (only excited using x-polarized light). Therefore, the m;,
element has a sigmoidal spectral shape, with a negative dip centered at the position of the
long axis resonance of the rod and a positive peak at the position of the short axis resonance.
On the other hand, light polarized along x’ or y’ axes excites, in equal footing, long and short
axes resonances and, as a consequence, the mi; values for all the wavelengths are zero. The
same occurs for the circular differential extinction value, m4.
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A completely different behavior is observed for the rod dimers at 45 and —45 degrees
(center and right-hand column). First, m, is very similar for both cases, with a sigmoidal
shape resembling that obtained for the individual Au rod, but less pronounced. Even though
the bottom rod in the dimers still dominates the linear dichroic response of the system, the
presence of the + 45° top rod, modifies it, due to both the excitation of its characteristic
resonances for y- and x-polarized light, and very likely to interactions with the bottom rod.
The my; spectra have the same sign for both dimers, because the rotation of the upper Au rod
from 45° to — 45° does not alter the symmetry of the system with respect to the X and Y axis.
On the other hand, the presence of the upper rod at + 45° leads now to a non-zero m,;, and to
a change in sign in m,; due to the change of relative orientation of the top rod: for the dimer
at 45°, the x’-polarized light excites the longitudinal mode of the top rod, and partly both
longitudinal and transverse modes of the bottom rod, while y’-polarized light excites the
transverse mode of the top rod and again partly both longitudinal and transverse modes of the
bottom rod. However, for —45° y’- and x’-polarized light excite the modes corresponding to
x’- and y’-polarization for 45°. Finally, the circular differential extinction, my4, is also non-
zero for these two dimers, due to their twisted structure, and the change in sign is due to the
change in sign of the twist.
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Fig. 2. Definition of the MME considered in this work and their spectral evolution for the
different fabricated metasurfaces. Upper part: SEM images of the fabricated metastructures.
Left hand side: schema of the configuration of the axes that define the MME shown. Figures
2(a)-2(c) Linear dichroism, m,, is presented for single rod with pillars, rod dimers placed at
45° and rod dimers placed at —45° respectively. Figures 2(d)-2(f) Linear dichroism at 45°, m,3.
Figures 2(g)-2(i) Circular differential extinction, m4.

In short, the presence of the top rod induces a breaking down of the optical symmetry of
the system, leading to additional linear and circular dichroism signals, whose sign depend on
the relative alignment between top and bottom rods. Now, the CDE obtained in this system
has contributions from both its optical anisotropy (OA), which is a linear combination of
optical anisotropies such as linear dichroism and linear birefringence; and intrinsic circular
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dichroism (CDj,). It is known that, in complex systems with small anisotropies where these
two effects (optical anisotropy and intrinsic circular dichroism) coexist, it is possible to
separate their contributions to the CDE by carrying out forward and backward experimental
measurements, since these two magnitudes behave differently for forward and backward
illumination [26,33]. The experimentally measured circular differential extinction can be
decomposed in the intrinsic circular dichroism and optical anisotropy components (CDE =
CDy, + OA) where

cp =| M T
m 2

OA — m14ﬁ _m148
2

It is worth noticing that the Eq. (1) is a valid approximation in the range of values of CDE
that we are studying. The real values of the CDE can be extracted from the differential
Mueller matrix elements [31,35-37]. It should be mentioned that the sources of the optical
anisotropy are the preferential in plane ordering of the structures in the array configuration, as
well as effects to the overlapping dimer. Therefore, it is possible to apply this methodology
thanks to the correlated orientation of all the rods dimers between each other provided by the
specific fabrication technique. This would not be possible in systems presenting a random
orientation of rod dimers, such as those obtained by chemical methods, where the anisotropic
contribution to the circular differential extinction cancels out [10].

In the left column of Fig. 3 we present the spectral dependence of my4 for forward and
backward illumination for both types of dimers. As it can be observed, the forward and
backward spectra of these layers are different, highlighting the presence of the two
contributions. On the other hand, comparing the spectra of the two samples they are, both for
forward and backward illumination, mirror images of each other (Figs. 3(a) and 3(d)), due to
their opposite twist sign. As mentioned before, with this kind of measurements, the two
contributions (optical anisotropy and intrinsic circular dichroism) to the circular differential
extinction can be obtained, and the results are shown in Figs. 3(b) and 3(e) and in Figs. 3(c)
and 3(f). As it can be observed, the spectral shape of the two contributions is different: the
intrinsic circular dichroism contribution (CD;,) has a sigmoidal like shape, whose sign depend
on the relative arrangement of the dimers, whereas the optical anisotropy contribution (OA)
consists of a broad peak, whose sign also depends on the twist. Minor differences on the
spectral dependencies of these magnitudes for both dimers are due to the lack of perfect
morphological reproducibility in the fabrication of these mirror structures.

()
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Fig. 3. The spectral dependence of the m,4 element and its contributions for nanorod dimers at
45° and at —45°. Black (red) curves in Figs. 3(a) and 3(b) represent the spectral responses of
myy for the structures in backward (forward) configurations. CDE has been separated in its two
contributions: intrinsic circular dichroism depicted as blue curves in Figs. 3(b) and 3(e) and the
optical anisotropy depicted as green curves in Figs. 3(c) and 3(f).The insets on the left hand
side shows the sketch of the measurement in forward (F) and backward (B) configurations.

Another aspect of obvious relevance in this kind of systems is the interaction between the
resonant building blocks and its consequence in the optical response. To study this aspect, we
have fabricated an additional rod dimer structures without dielectric CaF, spacer, so that the
Au rods are actually in contact.

In Fig. 4, we present comparison of the dimers with spacer (already detailed in Figs. 3(a)-
3(c)) with those without spacer. Regarding the CDE signal, the structures behave very
differently both in terms of spectral response and under illumination direction change: while
there are only subtle changes in the CDE response for the dimer with spacer, in the dimers
with rods in contact a change in the illumination direction leads to almost a net sign reversal
of the CDE signal. Once the two contributions to the CDE (CD;, and OA) are separated, the
picture becomes more illustrative: while for the dimer with spacer the contribution of the
intrinsic circular dichroic component dominates over the anisotropic one in terms of intensity,
the reverse situation is obtained for the dimers with rods without spacer, where the optical
anisotropy component dominates. It is clear that the role of the dielectric spacer to generate
the 3rd dimension in the system and electrically separate the two resonant rods is crucial to
endorse it with intrinsic circular dichroism. Obviously, the non-contact to contact transition
between these two cases strongly affects the interactions between the rods and as a
consequence to the dominance of one or the other effects.
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Fig. 4. Dependence of the circular differential extinction as a function of the dielectric spacer
for gold rods at 45°. The my4 in forward (F) (black lines) and backward (B) configurations (red
lines) is shown in the cases of 6nm and Onm of dielectric thickness. From the CDE signal,
intrinsic circular dichroism (blue lines) and optical anisotropy (green lines) are extracted.

In order to shed more light into this issue, we present a theoretical modeling of the
ellipsometric response for the nanorods arranged in the shape of the 45° system. To that end
we have used a finite-difference time domain (FDTD) method, which takes into account all
(short and long range) electromagnetic interactions between the rods [38]. The specific
dimensions of the dimers are 12x95x235nm for the bottom rod and 12x75x220nm for the top
rod. The lattice constant is 500x500nm, and we made sure that any possible effects due to the
lattice (e.g. diffraction modes) are minimal. The dielectric permittivity of glass (SiO,) has
been obtained from references [39,40] and, for the shake of performance, the dielectric

permittivity of gold has been modeled wusing a Drude-type formula:

wZ

e=¢ —|——"L——|, where &. = 59752, . = 3.4629610"rad s and ®, =
(27axiy, +27m))

1.1449510'"rad s™'. These parameters lead to a very good agreement in the position and

broadening of the long axis resonance for the single rods.

To mimic the experimental case and gradually modify inter-rod interactions, in Fig. 5 we
present simulations where the distance between the two constituting bars is varied from 6nm
edge-to-edge, down to a complete overlap of the two bars. In this extreme case of fully
overlapping bars, the system is planar and geometry considerations advise to expect a mostly
vanishing intrinsic CD contribution. Thus, the signal should go from a CDE dominated by the
CD;y, contribution, through a gradual overall decrease of the CD;, [20,21].
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Fig. 5. Spectral dependence of the simulated MME for a rod dimer at 45°, where the evolution
from a CDE dominated by the intrinsic circular dichroism contribution to a CDE where optical
anisotropy governs the signal is clearly shown. Figures 5(a)-5(c) CDE, CD;, and OA
respectively, for a 6nm spacer between the bars. Figures 5(d)-5(f) The same for touching
dimers (no spacer). Figures 5(g)-5(i) Top bar halfway embedded into the bottom bar. Figures
5(G)-5(1) Fully overlapping rods, leading to a planar structure.

As it can be seen in Fig. 5, the overall quantitative reduction of the CDE as the distance
between the dimers decreases is apparent, to end with an almost zero intrinsic CD signal.
Once decomposed into the two contributions, the response of the CDjy, retains its spectral
dependence as long as the structure is non-planar, vanishing for the last considered case,
where both Au rods are actually co-planar. On the other hand, the optical anisotropy
component also decreases gradually as the third dimension is lost, presenting also an abrupt
change in spectral dependence for the pure co-planar case. In the planar case, the coupling
effects between the nanorods modify their responses and generate changes in the sign of the
spectral response [41]. The comparison with experiments is in line with the dimer with 6 nm
spacer, reproducing both the spectral dependence of the CD;, and optical anisotropy
components, and the dominance of the first one over the second. Qualitatively, the
experimental results for the dimer with rods in contact are better reproduced by the theoretical
pure co-planar structure, with a clear dominance of the optical anisotropy component, good
spectral dependence correlation also with the global CDE, and a minor contribution of the
circular dichroic response. In view of the true morphological nature of the fabricated
structures, the obtained theoretical results are satisfactory, since truly reproducing all the
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existing morphological details is a great challenge. For example, it is worth noticing that,
since in the modeling all interfaces are crisp and defect free, the CD;, keeps governing the
CDE down close to the planar case. In the experimental case the spacer free system already
shows an almost vanishing the intrinsic CD contribution, which we attribute to the natural
fabrication constrains, such as porosity, misalignments (especially in the height of the
auxiliary pillars) that largely affects the CD;, and tends to increase the optical anisotropy.

4. Conclusions

We have fabricated Au nanorod dimers helically stacked with different relative orientations
and separation between them using a single deposition run technique. We have addressed the
dependence of their linear and circular dichroism performing a careful analysis of the Mueller
Matrix Elements obtained from both experimental measurements and dedicated FDTD
numerical simulations. We have shown that there is a nearly proportional increase of the
intrinsic circular dichroic contribution, and a dramatic change of the optical anisotropic part
when departing from the planar situation. These findings highlight that the contributions to
circular differential extinction can be controlled by carefully acting on the morphology of the
sample.
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